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Xix

Opening Address by Professor Marc Henneaux

Dear colleagues, dear friends,

In the name of the International Solvay Institutes, it is my great pleasure to
welcome all of you to the 23rd Solvay Conference on Chemistry, “New Chemistry
and New Opportunities from the Expanding Protein Universe”.

The Conference that starts today is part of a long and prestigious tradition and
2013 is a year that marks the anniversary of many important dates in the history
of the Solvay Institutes.

The Institute of Chemistry was created in 1913 by Ernest Solvay. 2013 is there-
fore the year of its hundredth anniversary. [The Institute of Chemistry fused in
1970 with the Institute of Physics to become The International Solvay Institutes
for Physics and Chemistry.]

We are celebrating also another anniversary, the 60th anniversary of the 9th
Solvay Conference on Chemistry that took place in Brussels in 1953. This conference
was quite remarkable because it is during this conference, on the 9th of April, that
the original announcement of the double helix structure of DNA deduced by Watson
and Crick, was made, prior to the publication of their paper in Nature on April 25,
1953.

The announcement was made by Bragg, who was rapporteur at the conference,
and the director of the Cavendish Laboratory in Cambridge where Crick and Watson
worked. Bragg had actually very closed ties with the Solvay Institutes since he was
then the chair of the International Committee for Physics, in charge of the Solvay
Conferences on Physics. The report by Bragg in the Proceedings contains a note
by Watson and Crick, who were clearly aware of the importance of their discovery.

We are also celebrating the 30th anniversary of another important confer-
ence, the 18th Solvay Conference on Chemistry “Design and Synthesis of Organic
Molecules Based on Molecular Recognition”. In that conference, topics related to
this year’s conference were discussed. And indeed at least two of this year’s partic-
ipants were already participants in 1983. This was an excellent conference, and a
significant fraction of the participants got the Nobel prize in the meantime!

If T have chosen to mention these two conferences, that of 1953 and that of 1983,
it is, besides the fact that they both occurred a multiple of ten years ago, because
proteins played a central role in them. Proteins are again the stars of this year’s
conference. This is not a topic that I know well — I am a physicist — but while
reading the Proceedings of the previous conferences on the subject and preparing
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xx  Opening Address

my speech, I have been impressed and amazed by the beauty and intricacy of the
discipline. I am convinced that the research carried in the last sixty years has
not only brought an enormous, overwhelming understanding of the growing protein
universe, which might be exponentially expanding if I understand well, but also has
led to new questions, new puzzles and new challenges which are as fascinating and
intriguing as the challenges that existed in the fifties.

As you know, the Solvay Conferences are very special. These are elitist con-
ferences by invitation-only, with a limited number of participants. There are few
presentations but a lot of discussions. People come to the Solvay Conferences for
the scientific interactions, which are indeed privileged, not for giving a talk. The
format adopted this year to implement this philosophy and to initiate the discus-
sions is an innovation with respect to the original format where each session started
with one or two rapporteur talks. The rapporteur talks have been replaced by 5 to
6 short introductory statements.

For the discussions to be fruitful, a careful preparation is needed. Here is how it
goes: the subject and scientific organizers of the Solvay Conferences are chosen by
the Solvay International Scientific Committee for Chemistry, which has complete
freedom in doing so. The organizers are then in charge of the invitations and the
program, and again have complete “carte blanche” for achieving this task.

I would like to express our deepest thanks to the Solvay Scientific Committee for
Chemistry, and in particular to its chair, Kurt Wiithrich, for choosing the subject of
the 23rd Solvay Conference on Chemistry. I would also like to express our gratitude
to Ian Wilson, Donald Hilvert and Kurt Wiithrich, for accepting to organize the
Conference. I know that this means an enormous amount of work.

Since the discussions are important, they are included in the Proceedings. This
is the tradition. We have an editorial committee that already remarkably worked
since all the contributions have been received before the meeting. This is to be
praised and I would like to thank the editorial committee, and in particular Anne
De Wit and Dennis Wolan, for carrying the publication task. They are assisted for
the transcriptions of the discussions by a scientific secretariat to whom we are also
very grateful.

Thank you very much for your attention. I wish you a very fruitful meeting.

Marc Henneaux,
Director of the Solvay Institutes
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Preface

On the occasion of the 150th anniversary of the Solvay Company and the centen-
nial anniversary of the first Chemistry Council in 1913, the November/December
2013 issue of Chemistry International devoted its cover to “A Look Back at Ernest
Solvay”, and pages 4—11 to this same theme and to “The Solvay Chemistry Coun-
cils”. It is thus highly fitting that a Solvay Conference on Chemistry was held in
the same year, with the theme “New Chemistry and New Opportunities from the
Expanding Protein Universe”. This 23rd Solvay Conference on Chemistry assem-
bled an illustrious group of invited scientists representing a diverse range of research
disciplines, including chemistry, chemical biology, computational biology, structural
biology, biochemistry, and cell biology. All of the attendees are at the forefront
of their fields and have advanced our knowledge of the structure and function of
biological macromolecules and their supramolecular assemblies, the chemistry of es-
sential biological processes, and the development of new small-molecule drugs and
biologicals.

The theme of this Solvay Conference was inspired by explorations into the ex-
panding protein universe, using the tools of proteomics and structural genomics
that have opened up new frontiers and opportunities for scientific investigation.
The program was presented in six Sessions, and the Proceedings are organized ac-
cordingly. Session 1 on “New Chemistry in the Expanding Protein Universe” was
devoted to innovative reports on discovering new chemistry associated with explo-
ration of today’s expanded protein space. Session 2 on “Exploring Enzyme Families
and Enzyme Catalysis” was focused on recently identified families of enzymes and
on studies of enzyme mechanisms. Session 3 on “Microbiomes and Carbohydrate
Chemistry” was devoted on the one hand to the microbiota that are adapted to
their particular environment in the human gut, and consequently have enhanced
networks for carbohydrate metabolism, and on the other hand to recent advances
in carbohydrate synthetic chemistry. Session 4 on “GPCRs and Transporters:
Ligands, Cofactors, Drug Development” was dominated by exciting new results
on GPCRs and membrane transporters from structural biology and biophysics,
with a strong emphasis on biomedical applications. Session 5 on “Biologicals and
Biosimilars” provided a perspective on the current state of development of protein-
based drugs. The final Session 6 on “Proteins in Supramolecular Machines” focused
on the impressive recent developments in understanding and dissecting complex
macromolecular assemblies with the use of structural biology. The six Sessions thus
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xxii  Preface

provided a spectacular overview of the present state of protein science and an out-
look to anticipated developments during the coming years and in the more distant
future.

Considering the wide scope of present-day protein science, we decided on a
novel format for this Conference. Instead of having one “Rapporteur” providing a
one-hour introduction to each Session, we scheduled short “Personal Statements”
by the Session Chairperson and six to eight Panel Members at the outset of each
Session. These presentations segued into a discussion among the designated Panel
Members, which initiated lively exchanges with the Plenum. The Proceedings are
organized in such a way that for each Session the short “Personal Statements”,
which had been submitted prior to the start of the Conference, are followed by
the transcription of the ensuing discussion. This Conference format was designed
to promote thought-provoking questions and answers that are not usually found
in formal presentations. The Conference participants were great in accepting this
rather unusual format. As a result, the combination of the “Personal Statements”
and the discussion transcriptions for each Session now present unique snapshots of
present-day protein science and outlooks to the future.

Protein science presented an ideal foundation for the organization of the “First
Solvay Roundtable on the State of Science & Present Challenges: Biologicals and
Biosimilars” on one of the afternoons of the Conference week. The Roundtable
assembled a group of industry leaders with Conference participants taken primarily
from among the speakers in Session 5. The following format was proposed by Jean-
Marie Solvay: “The aim of the roundtable is to enable an informal discussion of the
state-of-the-art on biologicals and biosimilars, making it possible for outstanding
scientists participating in the 23rd Solvay Conference on Chemistry to share their
views with interested business leaders”. The envisaged aim was achieved due to the
mutual interest in the theme for the Roundtable, giving rise to intense discussions
during the afternoon and thereafter over dinner.

The culmination of the Conference week was the Public Event held by the Inter-
national Solvay Institutes at the Flagey Cultural Center. The well-attended event
began with the Solvay Award Ceremony for young scientists working at local uni-
versities in the fields of physics, chemistry and engineering. This was followed by
lectures of Professors Joachim Frank (Columbia University, USA) and Jason Chin
(University of Cambridge, UK) on their current research. The afternoon concluded
with a debate prompted by a wide range of excellent questions posed by the audi-
ence to a panel of Conference attendees. It was a pleasure for me to chair this panel
of Professors Jason Chin (MRC, Cambridge, UK), Joachim Frank (Columbia Uni-
versity, USA), Gunnar von Heijne (Stockholm University, Sweden), Donald Hilvert
(ETH Ziirich, Switzerland), Christopher Walsh (Harvard Medical School, USA) and
Tan A. Wilson (The Scripps Research Institute, USA). I would like to thank Prof.
Franklin Lambert for his role as bilingual moderator, and the Solvay Institutes for
hosting this well-received and successful event of public outreach.
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Preface xxiii

It was a privilege for me to chair this Solvay Conference on Chemistry, which
gave me and my colleagues, Prof. Donald Hilvert and Prof. Ian A. Wilson, the
opportunity to select a stellar group of scientists from different disciplines for a
truly integrative discussion on timely subjects. We greatly appreciate the generous
support provided by the Solvay Institutes. I was impressed by the commitment
of the Solvay family, with Jean-Marie Solvay participating in the scientific part
of the Conference and being joined by Mrs. Solvay at the social functions. We
want to thank the Solvay Institutes represented by Prof. Marc Henneaux. Special
thanks go to Dominique Bogaerts and Isabelle Van Geet from the Solvay Institutes,
for their commitment and dedicated assistance that made the logistical running of
the conference perfect, to Prof. Anne De Wit, who arranged the recording and
transcription of the discussions during the meeting, and to the local scientists who
aided with the transcriptions.

Kurt Withrich
Chair of the Conference
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Session 1

New Chemistry in the Expanding Protein Universe
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Biosynthesis of nisin A, a lantibiotic that has been used for nearly
50 years in the food industry to combat food-borne pathogens. See
Figure 2 contributed by Wilfred van der Donk on page 8.
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NOVEL CHEMISTRY STILL TO BE FOUND IN NATURE

CHRISTOPHER T. WALSH

Biochemistry € Molecular Pharmacology Department
Harvard Medical School, Boston, MA 02115, USA

My view of the present state of research on new chemistry in the
expanding protein universe

New chemical transformations catalyzed by proteins continue to be discovered.
Most of the novel scaffolds in small molecule frameworks emerge from studies
on microbes, prokaryotes and single cell eukaryotes, from underexplored niches
with both anaerobic and aerobic (oxidative) metabolic transformations prominent
in bond-breaking and bond-making steps. Bioinformatic analysis of protein su-
perfamilies may highlight particular family members for novel catalytic activities.
Post-translational modification of ribosomally generated proteins has also been im-
plicated in the morphing of peptide frameworks into complex architectures. De novo
design and protein evolution activity can also create novel chemical transformations,
including reactions not previously seen in Nature.

My recent contributions to new chemistry in the expanding
protein universe

Research from my group has focused on the morphing and maturation of peptide
scaffolds into rigidified, compact scaffolds by the two major biosynthetic strategies
for peptide bond formation: ribosomal and non-ribosomal assembly lines. A hall-
mark of the RNA-independent nonribosomal peptide synthetases has been the use
of nonproteinogenic amino acid building blocks in place of the 20 canonical proteino-
genic amino acids. As an example, we have examined how a subset of mononuclear
nonheme iron oxygenases act instead as halogenating catalysts to provide «y-chloro
amino acid and cyclopropyl amino acid building blocks to NRPS assembly lines.
The nonproteinogenic S-amino acid anthranilate is a building block for a series of
fungal alkaloids ranging from bicyclic to octacyclic scaffolds, put together by bi- and
trimodular NRPS assembly lines, followed by action of dedicated tailoring enzymes.

Complexity generation in peptide scaffolds can also be achieved from ribosomally
generated nascent proteins by a series of post-translational modifications (PTMs).
A remarkable cascade of more than a dozen PTMs occur as a 14 residue C-terminal
peptide region of a 52mer is morphed into the trithiazolylpyridine core of thia-
zolyl peptide antibiotics in the thiocillin and nosiheptide class of antibiotics. These
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4 C. T. Walsh

involve conversion of cysteines to thiazoles, threonines to methyloxazoles and par-
titioning of serine residues down two distinct PTM pathways. One route is to the
corresponding oxazole by cyclization, dehydration, and aromatization; the other
route is net dehydration to dehydroalanines. A pair of dehydroalanines can un-
dergo condensation and dehydrative aromatization to yield the core pyridine ring of
the 2,4,6-trithiazolyl pyridine core at the center of these mature antibiotic scaffolds.

o«%lr s,

s o
Ribosome PTM Enzymes
)_2_ Thiocillin
s SN

N\S

. . -‘NH HN I r
Amino Acids HO/_>—NH
7

NRPS  Tailoring Enzymes

Fig. 1. Complexity generation in peptide scaffolds: two strategies.

Outlook to future developments of research in the chemistry of the
expanding protein universe

As bioinformatics, structural genomics and proteomics continue to define the ex-
isting protein universe and guide protein engineers in search of new kinds of cat-
alysts, the future is bright for novel chemistry to continue to emerge. On one
end of the catalytic spectrum the large superfamily of radical S-adenosyl methio-
nine (SAM) enzymes holds particular promise for catalytic diversity and novelty
of chemical transformations: the reactions catalyzed by such famly members as
riibonucleotide reductase, lipoyl and biotin synthases, ThiiC, and the tRNA and
mRNA C-methyltransferases are likely to be the tip of the iceberg in the chemical
capacity of this superfamily. In a distinct superfamily, the hemeprotein cyochrome
P450 oxygenases, protein engineering has recently led to evolution of synthetically
useful carbene chemistry. De novo protein design should enable completely abiotic
chemistry to move into the realm of protein catalysis.

References

1. C. T. Walsh, R. O’Brien, C. Khosla, Angew. Chem. Int. Ed. 52, 7098 (2013).



5

Novel Chemistry Still to be Found in Nature

2. C. T. Walsh, S. Haynes, B. Ames, X. Gao, Y. Tang, ACS Chem. Biol. 8, 1366

(2013).
3. C. T. Walsh, S. Malcolmson, T. Young, ACS Chem. Biol. 7, 429 (2012).

4. P. S. Coelho, J. Wang, M. E. Ener, S. A. Baril, A. Kannan et al., Nat. Chem.
Biol. 9, 485 (2013).

‘PaMo|[e SI UonNQIISIP Jayuny ON "AJuo /8q SaInIISUIABA|OS MMM//:d1Y Uo 1s0y Jo *Auedwo) Bulysijand d141UsIdS PO
08T6/¢7TT 0T/SH00Q1ISP[AOM/WIOI JHIUBIISPIOM MMM/ dNY

AYLSINIHD NO FONIHIINOD AVATOS TVNOILYNYILNI AHEZ FHL 4O SONIAIIO0Hd - ISHIAINN NIFLOYd ONIANVAXT FHL WOYHH STILINNLEOddO M3N ANV AHLSINIHO M3N




NEW CHEMISTRY AND NEW OPPORTUNITIES FROM THE EXPANDING PROTEIN UNIVERSE - PROCEEDINGS OF THE 23RD INTERNATIONAL SOLVAY CONFERENCE ON CHEMISTRY

http://www.worldscientific.com/worldscibooks/10.1142/9180

©World Scientific Publishing Company. For host on http://www.solvayinstitutes.be/ only. No further distribution is allowed.

NATURAL PRODUCT BIOSYNTHESIS IN THE GENOMIC AGE

WILFRED A. VAN DER DONK

Department of Chemistry, University of Illinois at Urbana-Champaign and the
Howard Hughes Medical Institute, 600 South Mathews Ave, Urbana, IL 61801, USA

My view of the present state of research on new chemistry in the
expanding protein universe

Natural products (NPs) have featured prominently in the development of pharma-
ceuticals and as tools to study biology. However, since the turn of the century,
many natural product discovery platforms in industry have been dissembled. Sev-
eral explanations have been given for the withdrawal of pharmaceutical companies
from NP discovery. For antibiotics, small projected profits have been a major
driving force. But when considering e.g., antitumor agents, the move away from
NPs has been motivated by other factors including high rediscovery rates of known
compounds and the difficulty to perform medicinal chemistry because of complex
structures. At the same time, the available sequenced genomes have demonstrated
that the number of NP biosynthetic gene clusters in a typical microorganism far
exceeds the number of compounds it produces under laboratory conditions. Based
on their sequences, the overwhelming majority of these “silent” gene clusters are
expected to encode new NPs. As a result, genome mining has been widely touted
as a potentially efficient route to new NPs. An important bonus of investigating
NP biosynthetic pathways with respect to the theme of this panel is their richness
in novel biochemical transformations.

My recent research contributions to new chemistry in the
expanding protein universe

The genome sequencing efforts have revealed that ribosomally synthesized and post-
translationally modified peptides (RiPPs) form a much larger class of NPs than
anticipated [1]. The extensive post-translational modifications endow these peptides
with greatly expanded chemical structures, restricted conformational flexibility for
target recognition, and increased metabolic stability. In retrospect, it may not be
surprising that RiPP biosynthetic pathways are so widespread because they offer a
unique advantage to their producing organisms: high evolvability.

Nearly all RiPPs are initially synthesized as a longer precursor peptide, with a
leader peptide appended to the N-terminus of the core peptide, which will be con-
verted to the final NP (Fig. 1(a)). The leader peptide is important for recognition
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by many of the post-translational modification enzymes [2]. This leader peptide-
guided strategy results in highly evolvable pathways because the post-translational
processing enzymes can be intrinsically permissive with respect to mutations in the
core peptide. The leader peptide-guided biosynthesis also renders RiPPs particu-
larly well-suited to both genome mining and synthetic biology approaches because
their substrates are DNA encoded and the biosynthetic enzymes have intrinsically
relaxed substrate specificity [3].

X, = peptide chain
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Fig. 1. Biosynthesis of RiPPs. (a) General biosynthetic pathway of RiPPs. (b) General biosyn-
thetic strategy that results in the formation of thioether corsslinks named lanthionine and methyl-
lanthionine.

Based on the available genomes, lanthionine-containing peptides (lanthipep-
tides) are the most abundant class of RiPPs. Currently known lanthipeptides
have a range of activities including antimicrobial (called lantibiotics), morpho-
genetic, antiviral, and antiallodynic [4]. Lanthionine (Lan) consists of two ala-
nine residues crosslinked via a thioether linkage that connects their -carbons; 3-
methyllanthionine (MeLan) contains one additional methyl group (Fig. 1(b)). These
structures are installed by a dehydratase that eliminates water from Ser and Thr
residues to generate dehydroalanine (Dha) and dehydrobutyrine (Dhb), respectively,
and a cyclase that catalyzes the subsequent addition of thiols of Cys residues to the
dehydro amino acids to generate Lan and MeLan, respectively. How the enzymes
coordinate these complex chemical transformations in which the substrate peptide
structure is continuously changing is unknown (e.g., Fig. 2). Furthermore, most
lanthipeptide biosynthetic enzymes do not have homology with non-lanthipeptide
proteins, and hence many questions remain about their evolutionary origin.

At least four different pathways to these polycyclic natural products have evolved
[4], reflecting the high efficiency and evolvability of a post-translational modifica-
tion route to generate conformationally constrained peptides. Recent studies have
shown that three of the four pathways involve Ser/Thr phosphorylation and sub-
sequence phosphate elimination to generate the dehydro amino acids [6-8]. The
fourth route unexpectedly involves Ser/Thr glutamylation [9]. As can be seen in
Fig. 2, the dehydratase and cyclase enzymes involved in lanthipeptide biosynthesis
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Fig. 2. Biosynthesis of nisin A, a lantibiotic that has been used for nearly 50 years in the food
industry to combat food-borne pathogens. Note the challenge for the cyclase to regioselectively
connect five Cys nucleophiles with the correct dehydro amino acids, a process that can generate
more than 6,500 different constitutional isomers [5]. In this process, five rings that differ greatly
in size and amino acid sequence are formed by one enzyme.

act on residues that are located in diverse sequence contexts. These lanthionine
synthetases appear to have retained the low substrate specificity of their primitive
progenitors but acquired a dependence on a leader peptide. The exact role of the
leader peptide has been widely debated, and no definitive answer has been provided
thus far. Our studies suggest that the leader peptide plays an allosteric role [5],
but other roles cannot be ruled out and it is possible that the leader peptides have
different functions in different classes of RiPPs.

A recent genome mining exercise revealed a stunning example of natural com-
binatorial biosynthesis, illustrating the considerable potential of RiPP biosynthesis
for synthetic biology. The genome of a strain of Prochlorococcus, a planktonic ma-
rine photosynthetic cyanobacterium, encodes a single class II lanthionine synthetase
(ProcM) but no less than 29 different putative substrate peptides. These substrates
have highly conserved leader peptides but hypervariable core peptides (not a single
homologous pair). We cloned the enzyme and a subset of its putative substrates
and showed that all 17 peptides tested were indeed substrates for ProcM [10]. In
a follow-up study, we determined the structure of a subset of the resulting com-
pounds termed prochlorosins (Pcn), and demonstrated that their ring topology is
highly diverse [11]. These findings open up a large number of intriguing questions,
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including (1) how can one enzyme make 29 very different polycyclic structures, (2)
what is the function of these cyclic peptides, and (3) can the ProcM-activity be
harnessed for synthetic purposes?

Outlook to future developments of research on new chemistry in
the expanding protein universe

Genome mining efforts are highly likely to uncover many new NPs. However,
genome mining approaches have their own challenges. Most importantly, unlike
phenotypic screens that provide compounds with a desired activity, tools to predict
the type of bioactivity of a putative new compound identified by genome mining
are lacking. Hence, for genome mining to be a viable approach to new compounds
with desirable activities, new predictive tools need to be developed and/or high-
throughput production platforms must be engineered such that the odds of finding
molecules with desired activities are increased. Efficient production methods could
either be based on production in heterologous hosts or on new strategies to elicit
production from the original organisms [12]. RiPPs lend themselves particularly
well for heterologous expression as the 20 amino acids are common building blocks
that are present in any heterologous hosts and because their substrates are gene
encoded. In addition, synthetic biology approaches may take advantage of the high
substrate tolerance of RiPP biosynthetic enzymes to generate cyclic peptide libraries
that can be selected for specific properties.
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PEPTIDE DENDRIMERS AND POLYCYCLIC PEPTIDES

JEAN-LOUIS REYMOND

Department of Chemistry and Biochemistry, University of Bern, Freiestrasse 3
8012-Bern, Switzerland

My view of the present state of research on new chemistry in the
expanding protein universe

Proteins are classically understood as the products of genes as found in Nature.
Advances in protein engineering such as mutagenesis, directed evolution, and non-
natural amino acid mutagenesis have allowed to not only better understand how
proteins work, but also to produce new proteins with new functions. The bulk of
these advances were made possible by the techniques of molecular biology. Synthetic
chemistry follows closely behind in exploring the protein universe using solid-phase
peptide synthesis (SPPS) [1] and native chemical ligation (NCL) [2], and contributes
by allowing the chemical synthesis of proteins as well as the introduction of targeted
modifications that cannot be produced in a cell.

My recent research contributions to new chemistry in the
expanding protein universe

Our approach to de novo protein design focuses on rethinking peptide topologies
from first principles, intentionally departing from Nature’s models in search for
new protein-like macromolecules with unexpected properties. In the hierarchical
organization of organic matter, atoms assemble in topologically diverse patterns of
covalent bonds (graphs) to form millions of different molecules [3]. At the next level
amino acids assemble through peptide bonds to form peptides and proteins, however
in this case topological diversity is limited almost exclusively to linear peptide chains
as encoded in genes and translated by the ribosome. Proteins acquire their diverse
shapes and functions not through topologically diverse peptide bond networks but
rather by folding. One advantage of chemical synthesis is that one is not limited
to linear chains when assembling a polypeptide, and one can also access different
topologies by introducing multiple branching points in form of diamino acids or
amino diacids. Capitalizing on this additional degree of freedom, we have developed
SPPS protocols to prepare artificial proteins with non-natural topologies.

In one such approach inspired by the field of organic dendrimers [4], we are in-
vestigating peptide dendrimers [5] as artificial proteins [6]. Peptide dendrimers are
symmetrically multi-branched peptides not accessible by biosynthetic routes. We
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Fig. 1. The glycopeptide dendrimer P. aeruginosa biofilm inhibitor GalAG2 is shown in (a)
chemical structure, (b) MD minimized model and (c) modelled complex with its target LecA.

install branching points every 2"¢, 37 or 4*" amino acid along the growing peptide

chain in form of diamino-acids (lysine or 2,3-diaminopropanoic acid) resulting in
G1 (one branching point, two terminal branches), G2 (three branching points, four
terminal branches), or G3 (seven branching points, eight terminal branches) peptide
dendrimers with variable amino acid positions throughout the dendrimer branches.
This divergent dendrimer SPPS delivers products in excellent yields and purities for
sequences of up to approximately fourty residues in total, corresponding to twelve
consecutive coupling steps. The method is amenable to combinatorial split-and-
mix synthesis to produce libraries of thousands of different dendrimers which can
be screened for function by on-bead or off-bead assays [7, 8]. We have discov-
ered peptide dendrimers with a variety of functions including enzyme-like catalysis
(esterase [9], aldolase [10], cobalamin binding proteins [11], peroxydase [12]), an-
timicrobial activity [8], and biofilm inhibition using glycopeptide dendrimers lectin
inhibitors (Fig. 1) [13]. We also found that certain polycationic/lipophilic peptide
dendrimers acts as highly efficient yet non-toxic gene transfer reagents [14], while
others can deliver small molecule cargos such as cytotoxic agents into cells [15, 16].

One remarkable feature of peptide dendrimers is their increased proteolytic sta-
bility compared to linear peptides, probably caused by steric crowding around the
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peptide bonds [17]. Contrary to linear peptides which are frequently prone to ag-
gregation, peptide dendrimers are generally well behaved in solution and do not
aggregate. Structural investigations by CD, FTIR and NMR spectroscopy and by
molecular dynamics simulations show that peptide dendrimers are conformation-
ally flexible and adopt a globular molten globule like structure with relatively few
peptide backbone H-bonds and consequently few secondary structure elements, al-
though a-helical peptide dendrimers can be obtained by design [18, 19].

The direct dendrimer SPPS yields pure products up to G3 dendrimers and ca. 5
kDal in size. We have explored chemical ligation methods to prepare higher gen-
eration, protein sized dendrimers through convergent assembly of G2 and G3 den-
drimers. While NCL and click reactions were unsuccessful in our hands, protein-
sized dendrimers were obtained by the coupling of multiple copies of a dendrimer
carrying a cysteine residue at its core with another dendrimer substituted with four
or eight chloroacetyl groups at its N-termini. This so-called ClAc (Chloroacetyl
thioether) ligation allowed us to prepare peptide dendrimers up to 340 amino acids
characterized as enzyme models [10].

In a comparable approach to artificial proteins, we are investigating the synthe-
sis and properties of topologically diverse polycyclic peptides designed as peptide
analogs of saturated alkane graphs [20]. We have established an SPPS protocol
comprising on-bead cyclisation, purification of the cyclic peptide, and closing of the
second ring in solution and used the approach to prepare bicyclic peptide analogs
of “non-zero bridged” bicyclic alkanes such as norbornane (Fig. 2).

Bicyclic peptides define a very large structural family. For instance, there are
25 possible bicyclic peptide scaffolds up to 10 amino acids forming 3.3.10'2 possible
products using 20 different amino acids at the variable non-bridgehead positions.

Fig. 2. Experimental MR structures of selected bicyclic peptides.
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Analysis of molecular shape shows that bicyclic peptides populate a distinct area of
peptide shape space. Thus, while linear peptides in extended or -sheet conforma-
tion are rod-like and monocyclic peptides are disk-like, “non-zero bridged” bicyclic
peptides have a significant third molecular dimension indicative of a globular shape,
and “zero-bridged” bicyclic peptides are elliptical. The shapes of bicyclic peptides
resemble those of short a-helical segments extracted from proteins in the PDB. Bi-
cyclic peptides are conformationally rigid and thus overcome the major challenge
encounterd sofar in our peptide dendrimer work. Bicyclic peptide have the potential
for selective protein binding, and are one of the current focus of our research.

Outlook to future developments of research on new chemistry in
the expanding protein universe

The chemical synthesis of peptides by SPPS is sufficiently versatile and practical
to allow the rapid exploration of functional sequence space, in particular through
the use of parallel or combinatorial synthesis. We are exploiting this technique to
explore non-natural topologies defining entirely new classes of macromolecules, yet
with the same building block composition as proteins and therefore a particular
propensity for biocompatibility. In the near future we are particularly interested to
integrate computational modelling for the design of peptide dendrimers and poly-
cyclic peptides, and thus replace untrained combinatorial screening with educated
guesses and the synthesis of focused series. If modelling delivers on its promise this
approach should allow a more focused exploration of protein sequence and topolog-
ical space outside of what Nature has realized sofar.
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My view of new chemistry in the expanding protein universe

Over the last decade, international genomics initiatives have a brought a flood of
new protein sequence and structural data, increasing our knowledge of the protein
family and functional repertoire across the tree of life, particularly for microbial
organisms. In parallel with major developments in sequencing technologies, the
worldwide structural genomics initiatives have brought improved strategies for solv-
ing the 3D structures of proteins and have expanded our knowledge of the universe
of protein folds [1]. Whilst this data is still much more sparse than the sequence
data, methods for mapping sequences to known structures have advanced and have
facilitated the comparison of functional sites between related proteins. Currently,
there are over a thousand evolutionary protein enzyme families characterized both
structurally and by sequence, of which ~ 100 have been very widely exploited dur-
ing evolution [2]. Since the 3D locations of the active sites are frequently conserved
across a family, by comparing the differences in physico-chemical characteristics
of residues in the active sites of relatives it is possible to recognize those which
have evolved novel chemistries. Metagenomic studies are revealing great diversity
in the chemical repertoires of bacteria which should help in understanding enzyme
mechanisms and designing novel catalysts.

Recent research contributions to new protein chemistry

Some domain superfamilies are very ancient and highly populated [3]. Duplication
and divergence in these superfamilies has played a major role in expanding the
functional repertoires of species. My group has been analysing, computationally,
the ways in which divergence in sequence and structure can modify protein function.

Identifying functionally distinct relatives within a protein domain
superfamily

Identifying functionally distinct homologues from the sequence data is a challeng-
ing computational problem as extensive residue insertions between very diverse
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relatives means that it is often hard to align all sequences in the robust manner
needed to derive a phylogenetic tree. FunFHMMer which classifies functional fam-
ilies in our CATH classification [4, 5] uses sensitive profile-profile based methods to
detect conserved sequence patterns highly likely to be shared by functionally similar
homologues. Classifiation of 2,500 completed genomes and UniProt (> 25 million
sequences in total), gives ~ 50,000 different functional families, 30,000 of which have
experimentally characterised functions.

Using structural data to derive phylogenetic trees that reveal the
evolution of new functions in superfamilies

Because the 3D structures of proteins are much more conserved than their sequences,
structural data can guide the alignment of relatives to generate phylogenetic trees.
Together with Janet Thornton at the EBI, we are using these trees to study the
emergence of new functions in enzyme superamilies. The FunTree resource devel-
oped by Nick Furnham [6] integrates phylogenetic information with a host of data
collected by the Thornton group on the substrates, chemistry and reaction mech-
anisms performed by each relative, together with information on the catalytic and
binding residues involved. This treasure trove of functional data can help reveal the
mechanisms leading to functional changes; insights that can be valuable for protein
design.

To what extent can function diverge within a protein superfamily

Using FunTree and stepping down through the evolutionary tree in each superfamily,
from the root to the leaves, it is clear that dramatic changes in the chemical class
of the reaction performed are rare, although possible [6].

Changes in active site residues can modify the chemistry
performed

Dramatic changes in chemistry are likely to be mediated by variations in the phys-
iochemical characteristics of residues lining the active site pockets, which are either
directly involved in the reaction mechanism or contribute to an electrostatic envi-
ronment that promotes certain types of reactions. We used structural alignments to
identify equivalent positions in the active sites of diverse functional relatives within
a superfamily. Figure 1 shows the extent to which relatives can diverge in physico-
chemical properties of residues at these sites and also shows the number of different
enzyme chemistries identified for relatives in these superfamilies.

In some superfamilies, there are clearly positions in the structure where mu-
tations more frequently lead to functional change, whilst other superfamilies show
plasticity across the whole active site pocket [7]. A large proportion of enzyme
superfamilies adopt TIM and Rossmann folds, which have structural frameworks
that support huge sequence diversity.
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Fig. 1. Plot showing the average similarity in physicochemical properties (measured by the
MecLachlan substitution matrix) of residues in catalytic sites, for 101 well-annotated enzyme su-
perfamilies. Superfamilies are ranked by similarity in catalytic residues.

Fig. 2. Superposition of two relatives from the CATH TPP superfamily. Pyruvate decarboxylase
is in red and benzoylformate decarboxylase in pink with their catalytic residues shown in black
and grey.

Convergent evolution of functions in superfamilies

In some superfamilies, similar chemistries have been enabled by multiple evolution-
ary routes. Figure 2 shows homologous proteins which perform the same reaction
but differ in their catalytic machinery.

In the RuBisCo family, most plant species contain the C3 form, which is rather
inefficient. Convergent evolution to a more efficient C4 form has occurred multi-
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ple times during evolution. By reconstructing the ancestral tree and building 3D
models we found several stabilising mutations leading up to the transition between
the two forms (C3/C4), whilst the transition itself is accompanied by significantly
more destabilising mutations. By accumulating stabilising mutations the enzyme
can support the occurrence of destabilising mutations that have beneficial impacts
on the function. The transition to C4 is immediately followed by compensatory
mutations which restore global stability.

Outlook to future developments

An exciting new pool of sequence diversity and novel functional repertoires is emerg-
ing from the international metagenome studies. These initiatives are capturing
sequence information from microbial communities found in a wide range of environ-
ments (e.g., human gut, spoil, deep sea). Preliminary studies have already revealed
many new relatives in known enzyme superfamilies and the tools developed by our
group (e.g., the CATH functional family profiles) and those of many other groups
classifying protein superfamilies and functional families will shed light on the na-
ture of changes in these proteins. As mentioned already the common active site
exploited by relatives facilitates comparison of sequence changes in new relatives.
The challenge for the future will be to predict the nature of the shifts in function
induced by these residue mutations. This will enable a better understanding and
modelling of the active site environment and the mechanisms by which chemistries
can be modified and diverse substrates utilised.
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EXPLORING CHROMATIN BIOLOGY USING
PROTEIN CHEMISTRY

TOM W. MUIR
Department of Chemistry, Princeton University, Princeton, NJ, USA

My view of the present state of research in protein chemistry

Recent decades have witnessed astonishing progress in our ability to analyze native
proteomes. Technologies centered on mass spectrometry have led to the recogni-
tion that proteins are decorated with post-translational modifications (PTMs) to
an extent hitherto unimaginable. Indeed, it seems likely that every protein in a
eukaryotic cell is modified, perhaps in manifold ways, at some point during its life-
time. The number and type of PTMs found on proteins is ever expanding and
the resulting complexity of proteomes greatly complicates our ability to understand
cellular biology at the systems level.

Perhaps nowhere is this complexity more evident than in chromatin, the nucleo-
protein complex that leads to spatial organization of genomic DNA in the eukaryotic
nucleus. The fundamental repeating unit of chromatin is the nucleosome which com-
prises an octamer of four histone proteins (forming a proteinaceous spool) around
which is wound the DNA. Histone proteins are modified in an astonishing number of
ways; over 100 discrete PTMs have been reported at the time of writing this piece,
and because histones form a hetero-octamer, the potential for combinatorial PTM
signatures at the nucleosome level is enormous. Indeed, the last few years have seen
a flood of genomic and epigenomic information that, among other things, reveal
the existence of ‘chromatin states’ containing characteristic patterns of DNA and
histone modifications that are correlated with different patterns of gene expression
[1]. Such ‘cataloging’ is a critical first step towards an operational understanding of
epigenetic control mechanisms, however, it does not in itself yield direct informa-
tion on how these PTM patterns are installed, maintained and, most importantly,
what they are actually doing at the molecular level. For this, we still require more-
directed biochemical and cell biological methods, which provide the quantitative
data needed to make testable statements on mechanism. Current biochemical ap-
proaches in the chromatin area are, however, very low throughput and so there is
an ever-growing disconnect between the flood of “omics” data sets and our ability
to follow up the numerous mechanistic hypotheses they generate. Thus, I believe
that one of the grand challenges, and most urgent needs, in the chromatin area is
the development of high-throughput protein biochemistry methods that will allow
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us to acquire a more comprehensive molecular understanding of epigenetic control
mechanisms.

My recent research contributions to protein chemistry

My research group has for many years focused on the development of methods that
allow chemical access to proteins [2]. These protein semisynthesis approaches, along
with complementary unnatural amino acid mutagenesis technologies [3], now make
it possible to manipulate the entire covalent structure of proteins using the tools of
synthetic organic chemistry. Among the very many things now possible, is the direct
generation of proteins bearing PTMs at user-defined positions. Such proteins are
exceedingly hard to come by using classical biochemistry or molecular biology meth-
ods and, thus, represent a powerful application of these modern protein chemistries.
For our part, we have largely focused on the histone proteins, which as noted earlier
are elaborated with an astonishing range of PTMs. Over the last 4-5 years, we
have put in place modular synthetic routes that allow the generation of histones
carrying various PTMs, or combinations thereof, in biochemically useful quantities
[1]. Modifications accessible to this approach include, methylation (at lysine and
arginine), acetylation (lysine), ubiquitination (lysine), phosphorylation (histidine,
serine, threonine and tyrosine), sumoylation (lysine) and ADP-ribosylation (glu-
tamic acid). With these modified proteins as raw materials, we can, in principle,
reconstitute any ‘chromatin state’ for detailed biochemical study. This reconstitu-
tion approach has begun to reveal the logic by which some of these modifications are
installed (e.g., crosstalk mechanisms [4]) and readout (e.g., multi-valent interactions
[5]). Moreover, access to these reagents has yielded insight into how breakdown of
epigenetic control mechanisms can lead to human disease [6]. Nonetheless, we have
come to realize that our current modus operandi is too artisanal in Nature, mean-
ing that it just takes too long to manufacture and test the chromatin complexes.
The backlog of hypotheses we would wish to test, generated by the ongoing ‘omics’
initiatives, is simply overwhelming. I see this as the major bottleneck in the field
generally, assuming of course that one still buys into the notion that a mechanistic
understanding of biochemical processes is a useful thing! Thus, I believe that the
future in this area must fundamentally address this bottleneck, and that one pro-
ductive approach to this would be to devise high-throughput protein biochemistry
methods that accelerate the manufacture and functional analysis of these ‘designer
chromatin’ molecules and the factors that act on them. Achieving this goal will
have significant challenges that will surely require innovative ideas from chemistry,
biology and engineering.

Outlook to future developments of research on protein chemistry

Remarkable progress has been made in the field of protein chemistry in recent years.
I think we have transitioned from asking whether or not a modified protein can be
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made, to perhaps the more exciting question of what can we learn about biology
given that we probably can make it (certainly true for modified histones). This
is not to say that we can synthesize any protein imaginable, and certainly there
is still room for improved and streamlined methods. However, I would suggest
that in thinking about such innovations, we should do so with an eye towards
the even bigger problem, namely the very large number of PTM-modified proteins
found in proteomes and how to functionally characterize them all. It seems likely
to me that tackling this problem will have to involve the parallel manufacture of
hundreds, perhaps thousands, of chemically defined, modified proteins and that
this process will also have to incorporate a solution to the issue of keeping track of
all these molecules thereby allowing one to perform massively parallel quantitative
biochemistry. This is a complex problem, but one that I think represents the next
chapter in the field of protein chemistry.
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My view of the present state of research on new chemistry in the
expanding protein universe

Last few years witnessed an unprecedented explosion of information on protein
coding genes from individual species (genomics) and environments (metagenomics),
many of them coding for enzymes with unknown functions and specificities.

We have now amassed sequences of billions of protein coding genes from over 200
eukaryotes, thousands of bacteria and archea as well as from microbial communi-
ties (microbiomes) from thousands of environments, sampling from a vast “protein
universe” of all existing protein [1]. Actually, over 99% of all known proteins are
coming from the latter group and for the most part are not associated with specific
organisms nor with specific neighborhoods on their genomes. This makes the func-
tion prediction for them very difficult. Based on ratios of different types of proteins
in bacterial genomes, we can estimate that between 30 and 40% of these genes code
for enzymes, for some of which we can predict general functions (hydrolases, pro-
teases, kinases, etc.) but as much as 40% remain completely unknown. We can only
speculate that many of them would be involved in metabolism of various natural
compounds.

My recent research contributions to new chemistry in the
expanding protein universe

Over last several years in our group we have collected and analyzed genomic and
metagenomic data sets from different sources. Public protein databases, such as
translations of the GeneBank [2] coding sequences and UniProt [3], collecting pro-
tein sequences from genomic studies and sequencing of individual genes, undergo a
steady, exponential growth (see Fig. 1, blue rombi) and toward the end of 2013 their
size approached over 45M non-redundant protein sequences (http://uniprot.org).
However, in last few years, the biggest impact on the growth of protein sequence
databases came from metagenomic studies, where DNA sequencing is applied di-
rectly to microbiomes, complex microbial communities that occupy almost every
imaginable environmental niche on Earth. By skipping the traditional step of grow-
ing microbes in pure cultures, we are now able to sample DNA of organisms that
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Fig. 1. Growth of protein sequence datasets, UniProt TrEMBL (blue rhombi) and JGI IM/G
(red squares). The Y axis scale is in million (108) sequences.

don’t grow in such cultures, at least not easily. Recently, developments in the study
of a human metagenome, dubbed by some a second human genome [4], garnered
a lot of attention. With several large studies around the world, from NIH Human
Microbiome Project [5, 6] to European/Chinese metaHIT project [7], already iden-
tified 100M of predicted protein sequences, doubling the size of traditional datasets.
However, studies of environmental microbiomes, such as present in soil and marine
environments dwarf all previous efforts, providing to date over 16B (10?) predicted
protein sequences (Fig. 1, red squares) in only one of several metagenomic resources,
IMG/M at the DOE Joint Genomics Institute [8]. Our protein universe is now over
17B large! Even if expected redundancies and wrong ORF calls currently inherent
in metagenomics data would reduce this number, the pace of discovery of new genes
would not stop and it is clear that early estimates of the size of the protein uni-
verse were incorrect and a much larger part of protein space of all possible protein
sequences is actually explored in Nature.

These developments bring the question of what it the internal structure of the
newly discovered part of protein universe. The part studied so far, for the most part
can be classified into a hierarchical system of protein families and superfamilies. In-
formation about such families is collected in databases such as Pfam [9], SMART
[10] or CCD [11] with the number of defined protein families counted in tens of
thousands, for instance there are 14,831 protein families defined in the most recent
Pfam release (27.0). As shown in Fig. 2 (lowest panel), over 85% of proteins in a
set of 220 fully sequenced genomes representing all phyla with sequenced represen-
tatives can be matched to a Pfam family. This coverage drops to little over 60% for
metagenomics sets from the human metagenome focused metaHIT [7] and type 2
diabetes studies [12] (top and middle panels in Fig. 2, respectively). Similar level
of coverage is seen in other metagenomics datasets (data not shown), suggesting
that while the diversity and novelty of genes found in these microbial communities
is significant, the core is formed by known and defined protein families. At the
same time, its worth noting that even well studied microbial genomes still contain
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Fig. 2. Coverage of different subsets of protein space with currently defined protein families.

a significant number, around 15%, of proteins that cannot be classified into families
using current resources. Another comment here is that classification of a protein
into a known protein family is not synonymous to assigning function to this pro-
tein, as many protein families in Pfam and other similar databases do not have any
verified functional annotations and thus are known as domains of unknown function
(DUF) families.

Since first metagenomic datasets became available, our group focused on iden-
tifying novel protein families in these datasets, with special emphasis on families
of secreted proteins from microbes present in the human gut microbiome [13]. As
of today, close to 400 such families have been identified and deposited in the Pfam
database. In collaboration with the Joint Center for Structural Genomics, an NIH
Protein Structure Initiative center for high-throughput structural determination,
we have systematically targeted these families for structure determination, solving
structures of first representatives of over 40 of these families.

However limited in scope to a specific segment of protein universe, this explo-
ration brought rather unexpected results that give us an interesting perspective of
what can we expect from the future, more extensive studies of novel proteins from
new regions of the expanding protein universe. Most if not all families identified
in the human gut microbiome represented divergent branches of already known
families, with differences on the sequence level that often made it impossible to
recognize the homology, but with structural similarities so strong that the couldn’t
be explained by convergent evolution. While functions of protein in many of these
new families remain unknown, we have identified novel families of glycosyl hydro-
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lases and other carbohydrate metabolic enzymes [14, 15] — as expected in the gut
environment, rich in polysaccharide based plant fibers such as starch, and multiple
families of proteins involved in cell-cell interactions [16, 17|, again expected in the
dense environment of the gut.

Outlook to future developments of research on new chemistry in
the expanding protein universe

We can expect even faster growth of protein sequence databases and explorations
of novel environments, resulting in the known protein universe becoming even big-
ger and more diverse. With the help of other high-throughput techniques such a
proteomics and metabolomics we expect that integration of these multiple sources
of information would be both a main challenge, but also a main source of discov-
ery of new functions, new chemistry and new processes in the new environmental
niches. The expanding protein universe is going to catch up with equally extensive
world of natural products, which are all after all synthetized and metabolized by
protein-based catalysis.
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THE SCIENTIFIC IMPACT OF FREELY AVAILABLE
CHEMICAL PROBES

ALED M. EDWARDS

Structural Genomics Consortium, University of Toronto
101 College Street, MaRS South Tower, Suite 706
Toronto, ON M5G 1L7, Canada

Enabling research efforts on the proteome

The human genome sequence provided a near complete list of human genes and pro-
teins. A comprehensive understanding of human normal and pathobiology will come
only after the role(s) of each human gene and protein, and their inter-relationships,
are well understood. However, the anticipated impact of having our genome se-
quence is not being quickly realized. Bibliometric analysis of research activity on
each human gene/protein revealed a clustering of activity on a relatively small sub-
set of human genes/proteins, highly enriched in those that had been the subject of
research efforts for decades [1, 2]. Progress toward a deeper understanding of human
biology and the discovery of new medicines is being limited by this behaviour.

Additional bibliometric analysis also pointed to a partial solution. Historically,
the availability of high quality, small molecule inhibitors of proteins provided impe-
tus for the research community to initiate research on proteins that previously had
garnered little attention, provided the small molecule inhibitor was made available
without restriction on use. This raised the hypothesis that research activity could be
increased on proteins residing among the less studied by making chemical research
tools readily available. To test this hypothesis, we have engaged in a large-scale
collaboration with academic and pharmaceutical medicinal chemists with the aim
to produce, and make available, cell-active small molecule inhibitors of proteins and
enzymes that regulate chromatin biology.

Our recent research contributions

Our project is focused on families of human proteins that regulate protein acetyla-
tion and methylation. Specifically our objective is to generate inhibitors of enzymes
that acetylate and methylate other proteins, enzymes that demethylate methylated
proteins, and the suite of proteins that bind preferentially to acetylated or methy-
lated side chains [3, 4]. These modifications regulate, among things, proteins that
control gene expression. The aim of the project is to increase research activity on
these protein families, and in so doing, to define new links between their members
and human disease.
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The project revolves around the technology platform within the Structural Ge-
nomics Consortium (SGC). Within the aforementioned protein families, for most
family members, the SGC has generated purified proteins, their 3D structures and
has built suites of biophysical and biochemical assays to monitor protein function.
This core resource enables a large number of medicinal chemistry groups to identify
weak inhibitors and, using structure as a guide, to advance these to become potent,
selective and cell-active molecules.

With nine pharmaceutical companies and a network of academics involved, the
project has produced “chemical probes” for a number of proteins, some of which
have been used to uncover new biological insights [5-9]. Importantly, the more
general influences on academic research activity are beginning to appear. The
papers reporting the chemical probes for the G9a methyltransferase [6], the JMJD3
histone demethylase [7] and the BET family of bromodomains [5] have become the
top cited papers on those proteins since their publication (Edwards, unpublished).
In turn, the research activity on these proteins, compared to other family members,
has increased significantly (Fig. 1). With these early indications in hand, it does
appear that the availability of chemical probes is sufficient to induce the research
community to focus on “novel” proteins.
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@ 80 publications
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@
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Fig. 1. Publication trends on bromodomains-containing proteins. Annual publications naming
bromodomains-containing proteins in the title, abstract or key words were quantified using the
Scopus database (blue line). Papers referencing the BET subfamily of bromodomains are indicated
in the red line. The black arrow indicates when the BET chemical probe papers were published.

Outlook to future developments

The availability of the human genome sequence places biomedical research in a
unique situation among all sciences — it provides us a map of the known unknowns.
However, even given this map, the research funding system appears fearful to go
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exploring. Although there is strong justification to continue studying proteins of
known importance or biomedical interest, there is equal justification to encourage
more research into the unknown. But this is difficult to accomplish within the
current global research funding framework, in which funding is allocated along na-
tional lines and according to the opinions of a group of peers. It is my opinion that
scientists would be willing explorers if the granting, tenure and peer-recognition
systems permitted. But of course, these systems were created and are endorsed by
the research community — we have met the enemy and it is us.
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Discussion among panel members

Christopher Walsh to Aled Edwards: Aled, it’s not as if these molecules are

pheromones for humans. How did you decide what probes to make? Suppose I
don’t care about kinases and methyltransferases from all domains? You are still
looking under a lamppost in a sense.

Aled Edwards: Absolutely! For us, it was pragmatic. If you work on protein

families, the chemistry is shared and you don’t have to invest so much in chemistry
because you have common libraries that provide starting points. I think we just
had to try and show that the model works first and then hopefully it will be copied.

Aled Edwards to Adam Godzik and Christine Orengo: You have been at these

meetings for a decade and everyone is talking about the domains of unknown func-
tion. To your knowledge, has there been any concerted effort around the world,
anywhere, to say, “let’s start looking at these” because the probability of finding
out interesting or novel science is higher there? To my knowledge, there is none!

Adam Godzik: Surprisingly, as far as I know, nobody other than us, nobody has

picked it up, but it’s certainly coming. What we noticed is that, when you publish
papers or describe them, in time, after 2 or 3 years, there is a peak of interest. For
us, the catalyst of interest is publishing papers on them.

Christine Orengo: I think the problem is, as you say, that people are quite nervous

about studying proteins for which there is no information at all and I suppose that’s
why we try to organize things so that we can group the novel proteins so that at
least we can say what they are most similar to. So there are some clues there as to
what their functions might be, or where they might have diverged from. You then
have a starting point and a few clues. I think that if you are talking about some of
these completely novel families we actually have no insight at all and you are talking
about a lot of experimental work. You have got to do a vast amount of screening to
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get any idea what they could be doing. So, I think at the moment the way people
are using this data, is to take sequences that have at least some similarities to a
family for which something is known about the active site and see what the changes
might be. From that, some deductions can be made about which ligands might
bind, and then they’ve got a clue. In this way it is not such an expensive operation.
I think what you’re proposing is very exciting but it is also hugely expensive.

Wilfred van der Donk to Aled Edwards: I was a little bit surprised that RNAi didn’t
seem to have made much of a dent. I would have thought that it would level the

playing field much more than it seems to have.

Aled Edwards: This is an interesting observation. When you get the RNAi knocked
down, if you do it en masse, then you have to think “What do I do next?” I need
a cell line, I need a reagent to prove that the protein was knocked down, I need a
whole bunch of stuff that costs me, or my students, a lot of time and effort to get to
the point where I can actually do an experiment. And if we have a five-year grant
or a three-year PhD student, often it is proving not enough.

Jean-Louis Reymond to Aled Edwards: Counting papers is one thing but you have
to measure the depth of insight, so I think it’s only natural that there are different
levels of insight. The question is: “Have you measured whether the additional pa-
pers add anything significant or can one measure the learning level of an additional
publication?”

Aled Edwards: It’s a hard experiment but you would imagine that, because we
continue to publish in those areas, because the funding system now is quite austere
and only good, great grants get funded, that a lot of the papers on the old chestnut
proteins are important. It’s not that they are not important proteins, it’s just that
as a scientific institution, maybe we don’t have the balance right between them.
You can discover interesting things about these proteins. As Tom said, they are
all probably modified by weird and wonderful things and they all have interesting
activities, and so it’s not as if the science is poor or is yesterday’s science, it is just
that we tend to focus on what we have always done. As Roger Kornberg said, we
like to “fondle our problems”.

Christine Orengo to Adam Godzik: You're analysing in much more detail some of

these very novel families and as you say, it is something we find as well, that quite
often they turn out to be remote homologues of what we have seen already. And
from our sort of preliminary scans of the meta-genome data, we see that a lot of
the new enzymes that we pick up are still relatives of some of the very common
favourable structural scaffolds like the TIM barrel or the Rossmann fold. We see
them over and over again appearing in this dataset and I just wondered, because
you have done a larger scan, whether you see some other types of structural scaffolds
also emerging and being exploited quite frequently by these new sequences you are
analysing?
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Adam Godzik: Yes, we did and the result was sort of depressing in the sense it

looks like the most popular folds are getting even more popular. So, in answer to

my question on whether this new environment would exploit these new scaffolds,
they don’t. They actually increase the popularity of the most popular fold. So yes,
in genomes TIM barrels represent 10%, in meta-genomes, they represent 15% and
so the distribution is getting even more skewed.

Tom Muir to Chris Walsh and Wilfred van der Donk: You spoke about these

amazing peptides and natural products. I wondered though where we are in terms
of understanding of what all these things are doing. Do we even know in many
cases which organisms they are targeting in the ecology of the soil or wherever they
come from? Does informatics have any role to play in predicting any of this stuff?

Wilfred van der Donk: In most cases, we don’t. As you pointed out, we know

which organism produces them in most cases but we don’t necessarily know enough
about the ecology, where they’re living, who they are targeting in their natural
environment. We can test them against a panel of organisms that we are interested
in as humans, and that’s what most people do. Most people don’t really test them
against the organisms they are probably living with. Can we predict activities? To
some extent, but I think to a low-level, you can sometimes say “well this looks like
something we have seen before” and we can predict the activity but as soon as it
goes away from something that we know and have seen before, we essentially have
no idea. And I would say this is actually a problem for genome mining because a lot
of the molecules we have made by genome mining. When we have the molecule we
can see that indeed it is the molecule the organism also produces. After we do some
tricks to try have it produce the compound, then we see no bioactivity whatsoever.
And we have no idea really to predict what clusters to go after! And hence, as you
said in your talk about your field, we have to do this in scale in order to really
get back to where we were in the 60’s and 70’s where simply by a large number of
natural products being available a number of them made it to pharmaceuticals.

Tom Muir: How much interaction is there between chemists, such as yourself, and

microbiologists or ecologists who actually are thinking about bacterial communities
in the soil, in the ocean or in our gut? Do you guys talk to each other to try to
think about a concept?

Wilfred van der Donk: Yes, I collaborate with several microbiologists both at Illinois

and elsewhere to talk about the chemical ecology. I am mostly interested in the
chemistry, but yes we have to find out what these molecules are doing. As you
probably know, there is even an hypothesis out there, that what we call “antibiotics”
are actually not made in the environment to kill other organisms but are more
signalling molecules. And so yes, we do. I don’t know if Chris wants to add
something to both of your questions?



NEW CHEMISTRY AND NEW OPPORTUNITIES FROM THE EXPANDING PROTEIN UNIVERSE - PROCEEDINGS OF THE 23RD INTERNATIONAL SOLVAY CONFERENCE ON CHEMISTRY

http://www.worldscientific.com/worldscibooks/10.1142/9180

©World Scientific Publishing Company. For host on http://www.solvayinstitutes.be/ only. No further distribution is allowed.

34 New Chemistry in the Expanding Protein Universe

Chris Walsh: First I would make a distinction between eukaryotes, prokaryotes and

multicellular eukaryotes where I think there isn’t much interesting new chemistry
that has been discovered. That may be a red flag for somebody like Aled Edwards.
Are nuclear hormone receptors actually interesting from a point of view of new
chemistry? TI’ll come back to that. It is meant to be an interesting but not an-
tagonistic statement. Let me go to fungi which are a fascinating set of organisms
which make many of these unusual molecules and almost nothing is known about
the natural physiology of what these molecules do. I suspect part of that is the
historical view that you can figure out the function of conditional metabolites in
laboratory-based cultures. Almost clearly the missing links are the fact that you
have to look at ecologic communities. It has been estimated that in the kinds of
molecules I or Wilfred or others study, maybe there are 30 gene clusters in the
typical fungal cells or Actinomyces and only 5 to 10% of them have been turned
on, transcribed under laboratory conditions. So the other 90% of the conditional
metabolite pools are just not being exploited in the physiology that we look at. To
me, it is about looking under the lamppost and that’s what our community does.
I'm hard pressed to find a paper for example on kinases which really is interesting
or novel in terms of chemistry, that is a different question from the health relevance
and the applied importance. It is worth factoring those two things though.

Aled Edwards to Adam Godzik: I have a question about anaerobic and aerobic

biology. If you parse your datasets by strict anaerobes and aerobes, do you see a
difference in the sort of patterns of protein family that are in each?

Adam Godzik: Yes we do. We haven’t really followed on that, but yes there are def-

initely differences. We even have a theory that the distribution of folds in anaerobes
is sort of more ancient because they map to families, which form certain specific
parts of the metabolic network, which people argue are older. So we thought we
saw a pattern in this distribution.

Aled Edwards to Chris Walsh: The anaerobic biochemistry is really hard, you've

got to go under hoods and they have cofactors. . .

Chris Walsh: It’s not hard for the anaerobes!

Aled Edwards: Exactly, and they have cofactors, different corrinoids. So if it’s a

source of great chemistry, where are we going to get the biochemists that can do it
because we can probably count on one hand the people who are really skilled in the
art of anaerobic biochemistry.

Chris Walsh: I think that in the general discussion later on and in the session

this afternoon, we’ll hear about the “enzyme function initiative” people and they
have just built the anaerobic biochemistry in line with several stations from, doing
assays, to doing purifications, to large throughput crystallography. So it will take



NEW CHEMISTRY AND NEW OPPORTUNITIES FROM THE EXPANDING PROTEIN UNIVERSE - PROCEEDINGS OF THE 23RD INTERNATIONAL SOLVAY CONFERENCE ON CHEMISTRY

http://www.worldscientific.com/worldscibooks/10.1142/9180

©World Scientific Publishing Company. For host on http://www.solvayinstitutes.be/ only. No further distribution is allowed.

Sesston 1: Discussions 35

those kinds of activities to reduce the barriers. So it’s not just “Are chemicals
available?” but also getting through the technology. Just a comment — one of
my first comments on my first slide was that I thought anaerobes were interesting
and I'll just give you one example: the reduction of benzene to cyclohexane can
be done by anaerobes but not by aerobes. It’s a sort of interesting Birch type
reduction chemistry. As far as I know, reported in the literature 25 years ago but
never studied in any detail.

Wilfred van der Donk: I would like to add to the discussion. Much of metallo-

biochemistry requires the same type of very controlled environment. There is actu-
ally a really large research community that is set up to study these enzymes. So,
whether it is from an anaerobe or an aerobe, you often run into oxygen-sensitive
enzymes and so there are a fairly large number of people that are set up to do that.

Aled Edwards: Yes, some of the problems though are that you cannot make them

recombinantly because the hosts sometimes don’t have the appropriate cofactors
that their host organisms would make. So you need to grow them, but they double
every two weeks and you just have to wait. It’s hard to do bucket-biochemistry on
a thing that is barely alive as you know.

Christine Orengo to Adam Godzik: My question is about the orphan families that

he’s finding, whether he has done any further analysis on the sort of characteristics
they have? Some studies we have done suggest that they’re perhaps more disor-
dered, or have higher proportions of disorder, so it’s harder to spot any relationship
with other known families. Some of the relationships may have been obscured. So
I just wondered, have you looked at the features of those orphan families? Perhaps
they might be less tractable for structural determination as well?

Adam Godzik: No, we didn’t do it in this way. What we were interested in is

to see how quickly they can be de-orphanized. So what we noticed is that calling
something an orphan, meaning that has no homologue, is very time-dependent
because most of the orphans known at a given time would find homologues once the
dataset gets larger. But then more orphans would be introduced so it’s like you're
doing a cycle. So in some sense, them being orphans is nothing special about them.
We just happened to see the top of the mountain first and then we looked deeper
and we saw the rest. Our thought is that there is nothing special about them — it
is just random events. These were not very large families and we just found just one
representative, we looked again and we see more and more. They are not special
anyway. By random chance, we found one example first and then, in next dataset,
we found plenty more.

Christine Orengo: So do you think it’s reasonable to suppose that, as the data

accumulate the information we have for each family grows and actually the sequence
patterns we derive become much more sensitive and so we can recognize these very
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distinct homologues? Rather than the universe exploding if you like, actually it
will start to collapse again. We will be able to bring these relatives back into
their correct superfamily. At that point, what becomes interesting is the ways in
which the different domains combine because that seems to me where you do have
a huge explosion of data that is going to be much harder to understand. At that
point, you have to try to understand what the individual domain is contributing
to the function of the multi-domain assembly. That’s a different problem that we
have barely started to tackle. Once we have organized the sequences into their
constituent domains we have the central building blocks of these proteins. Then we
have to start to understand how, when you combined them in different ways, you're
again starting to modify their functions. I think that is something we have barely
started doing.

Adam Godzik: Two questions in one. We tried to do both. The first one we

believed it would happen, that we would start to saturate at some point and that

we would become so good in recognizing families that all these orphans would be
“folded back”. It doesn’t seem to be happening yet. Yes it happens for some
orphans but then for every orphan we can add to a family we have 10,000 more
coming. We are still in a completely linear growth curve in terms of orphans. So
we can all speculate when it will happen but we haven’t yet seen the traces of
such rating. For the second question, I agree with you. We tried to work on this
too but I think this is much more important for eukaryotes. Most bacterial and
microbial proteins are single domain and we don’t have so many problems or so
many issues understanding how domains contribute, unless you go into operons.
The diversity in eukaryotes is mostly built by reshuffling already known domains.
We definitely have two very different methods of how, bacteria or microbes versus
multicellular eukaryotes, deal with a complex world. One of them is diversifying into
the sequence space and the designing of more and more homologues, the others are
actually shrinking their existing domains by recombining them into new patterns.
It’s definitely different paths and I think you mentioned that in yeasts, for instance,
there are definitely different patterns of diversification, of finding new chemicals
they need or new challenges by mixing domains rather than inventing new ones.

Chris Walsh: I want to go back to Adam’s comment. So far, it looks like there are

1300 or so protein folds and you estimate it might be possible to have 5000 by, I
think you said graph theory or perhaps I misunderstood. At what point does it
not become worthwhile looking for new folds, that it’s a diminishing return and one
should be doing something else? Or is that just coming along for the ride and it’s
not a frontier problem anymore?

Adam Godzik: We are not looking for new folds specifically. We cannot really

predict whether the protein will have a new fold. But we’re looking for new families
and increasingly we’re finding that even if they look novel, they have an old fold.
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The fact that the number of folds seems to be saturating is a result, it is not an
assumption. It’s surprising because we thought it would keep growing and it is
definitely on the level of saturation. We very rarely find new folds.

Christine Orengo: If I can contribute to that. Yes in fact I think that the number

of folds is reducing as we get more information. I think it is rather difficult how
to define a fold. It’s a quite controversial discussion about what we mean by fold!
If you think about the core of proteins, the core structural scaffold, I think really
there only seems to be a thousand of those arrangements seen over and over again.
During the 20 years that we have been classifying protein sequences and structures
into families, the number of folds has actually started to diminish as we define these
core structures more clearly. I completely agree with Adam and I don’t think we
are likely to see many more new folds. It’s the variation, it’s the sort of peripheral
decoration to these folds that are interesting and we are going to see many more of
those.

John Gerlt to Chris Walsh: I think every time Chris Walsh says something I have to

add a slide to my talk this afternoon. I will make a comment. I was at a workshop
a couple of years ago with DOE and, Claire Frasier who was at the workshop, made
the comment that maybe what we should do is stop sequencing and maybe figure
out exactly how we decipher what’s already in the database. That is, how do we go
about figuring out what the functions are of the proteins that we have now? The
problem is only getting worse, and I don’t think Claire was terribly serious about
stopping sequencing, but the problem is overwhelming. I think, and I'm going to
talk about this a bit this afternoon, that one needs not just bioinformatics (I don’t
mean to insult bioinformatics) but really a multidisciplinary approach to figure out
what all this sequence information means. Is there some way to decipher function
from the information? I think that’s the real problem, from my perspective, that
is confronting this community. If we want to discover new chemistry, we are going
to have at some point to stop and figure out what that chemistry is and how do we
go about doing that.

Chris Walsh to Tom Muir: You said in passing Tom, regarding histone modifications

in chromatin, that essentially every combination of acetylation, methylation, phos-
phorylation, ubiquitylation on a residue that could be modified, can be seen. Maybe
I'm putting words in your mouth. What is the chance that those are random and
not useful? Could they represent promiscuous activity of post-translational modifi-
cations enzyme sets and one gets a statistical or a bio-statistical set? And some of
the combinations which you or others may make are not going to be physiologically
relevant. How is one ever going to sort that out? And I pick that because you
pointed out there are so many combinations, many of which you’ve actually seen,
in contrast to the antibiotic case that van der Donk mentioned where you only see a
very small fraction. What is the chance those are either unplanned, not purposeful,
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mistakes or maybe they are evolving from new functions? What do you think about
that?

Tom Muir: It is a great question. I guess to rephrase: how much collateral damage

is really on these proteins, very abundant proteins? To answer your question in
short we really don’t know. ..

Chris Walsh: Maybe they're just things for acylating and methylating chemically

active side chains in proteins. ..

Tom Muir: I mean essentially anything that can be put on CoA is now being

found on histone tails. So how much of that really has function versus it just being
collateral damage? We really have no idea. This is the problem. The more sensitive
the analytical techniques become (to dig into the noise), the more of these things
you will find and so, there lies the challenge. ..

Chris Walsh: That’s the curse of modern mass spectrometry!

Tom Muir: That’s actually true but it doesn’t mean that it is not incredibly in-

teresting of course! But one has to think long and hard before one undertakes a
2-year expedition to make these things and try to study their biochemistry. If you're
wrong, if it really is noise, which I see as being one of the biggest problem here, we
need ways to speed this up because there is going to be noise some of the times.
We have to rethink how we approach this problem.

Aled Edwards to all chemists: I went to a plant meta-genome meeting and there

are two things I want to mention. The first, they asked, “Why aren’t there any
soil microbiologists”? They figure that they don’t chat with one another at this
meeting anyway which was kind of interesting. And there are no plant people here
I notice, I don’t think. There is a lot of chemistry in plants you know. The second
thing is that most of the talks in the plant meeting were on carbon and nitrogen,
and trace metals are essential for microbes. No one worked on halogen cycles, trace
metals. Is there a chemical myopia to the kinases where oxygen and sulphur, and
carbon, and nitrogen are on this side, and equally important for life molecules are
understudied? I mean I don’t know the literature but it sounds like there is.

Wilfred van der Donk: I think you are right and I think that, at least in the area

of natural products, it is obvious why plants are so much harder, why they are not
being looked at. The genes are not clustered and so you don’t get these very nice
packages of genes that you can look at for chemistry. In respect to metals in plants,
I'm not qualified to comment as to why. First of all, whether people do or do not
study them, of course things like the photosystem is very well studied. But you
could argue that it is easier studied in bacteria even, then in plants. But yet, I
think for plants, as you pointed out in your answer to my question about RNAi,



NEW CHEMISTRY AND NEW OPPORTUNITIES FROM THE EXPANDING PROTEIN UNIVERSE - PROCEEDINGS OF THE 23RD INTERNATIONAL SOLVAY CONFERENCE ON CHEMISTRY

http://www.worldscientific.com/worldscibooks/10.1142/9180

©World Scientific Publishing Company. For host on http://www.solvayinstitutes.be/ only. No further distribution is allowed.

Sesston 1: Discussions 39

the overhead in order to set up plans in your lab is much much larger than working
on microbes, single organisms and hence I think most chemists shy away from it.

Arne Skerra: At the Technical University of Munich, we have a strong Plant Science

Department and I have the feeling that metabolism in plants is much better explored

than the enzymology behind it. In addition, the genomic efforts in the plant area
are also under-developed. So I would foresee rather fruitful research in this area,
finding new enzyme functions, not only in plants but also in fungi.

Wilfred van der Donk to Jean-Louis Reymond: You showed that your artificial

enzymes or enzyme analogues can mimic certain reactions that we find in Nature.
I was wondering whether you or others had looked at the chemistry that you don’t
find in Nature and that you might be able to catalyse with these structures?

Jean-Louis Reymond: Our structures are not functioning as proteins but to get new

functions, the idea is just to figure out what you want and put it inside. We know so
much about chemistry that I think you can actually design things into proteins by
importing things from outside. There are all the efforts to create metallo-enzymes
using metals that don’t appear in natural proteins. So we can do all of that in a
completely synthetic structure like we do, or in the natural ones. As to our approach
to dendrimers, it reveals that you can do things very simply, so certain things are
simple to plant in the structure. Except that we cannot denature these things. We
are not that far yet.

Chris Walsh: To follow-up maybe. When I think of Nature’s dendrimer equivalent

in proteins, I think of the carbohydrate chains on glycoproteins because they are
the branched versions although the backbones of proteins are not. Have you made
any mixed peptide oligosaccharide dendrimers to look at questions of different kind
of ligand recognition?

Jean-Louis Reymond: Well we've played the usual game of attaching single car-

bohydrates at the end of the dendrimers so you get this multivalency effect. It’s
very clear that you have a recognition effect that is achieved by multivalency. We
can obtain this effect also in the synthetic systems. Whether the branch nature of
the carbohydrate exists because of that need for multivalency, I don’t think it is
that clear at this stage. I mean if you look at the complex oligosaccharides, they
have probably used the opportunity to branch that is offered by the carbohydrates
structure; Nature evolved because it could do it, because the sugar is a branching
structure. The dendrimers just offer the branching but doesn’t answer the question
of whether the branching is naturally necessary for the function.

Chris Walsh: In the spirit of dendrimers, maybe I can ask Jason Chin. Are you or

your colleagues actually building dendrimer or branched proteins using multifunc-
tional unnatural amino acids in site-specific ways?
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Jason Chin: So, other than carbohydrates, another example that you might imag-

ine from literature is of course ubiquitin chains where ubiquitin is attached by an
isopeptide bond built from a lysine to the C-terminal of the next protein in the
chain. Ubiquitin itself has multiple lysines so you can build a number of different
topologies. There are a number of different lysines within ubiquitin so you can
build dendrimers like structures from ubiquitin proteins and from similar and other
homologues. Other people have to use amino acids that allow you to synthetically
build ubiquitin just like Tom done, some of his work. ..

Chris Walsh: T meant dendrimers, not ubiquitin.

Jason Chin: We are not working on building dendrimers per se.

Tom Muir to Jean-Louis Reymond: I have a question about topology. We are

very good at making peptides at this point and have some beautiful examples of
dendrimers and polycyclic compounds. Is there a topology that you would love to
access using chemistry that perhaps Nature accesses, that is currently off limits?
That we just don’t have the synthetic know-how to do it yet?

Jean-Louis Reymond: It depends on how you define your topology. Clearly the

example of these polycyclic natural products made from peptides, already have this
polycyclic topology, and that it is possible and very simple. It’s what you learn from
graphs. And then of course Nature has other thing like these lasso-peptides where
you actually have additional dimensions of topologies with interlocked rings, where
I would say supra-molecular chemistry is much more at home. That is another area
of possible completely new functions that might exist when you make tied knots
and things like that.

Gebhard Schertler to Jean-Louis Reymond: In your chemical space, there is a lot

of empty space. Is it actually really principally empty or is it again evolution
that has been chosen in biology or the chemistry, when we have reactions to make
polymers, that actually then reinforces certain branches to be very strong? I mean
the DNA branches are very strong; the peptides branch is very strong. But we saw
for example when we have these cyclic peptides, then we get rigidity. If you really
ask for new chemistry shouldn’t it be in this empty space?

Jean-Louis Reymond: Of course you can do this. The pretty picture I showed is of

course a representation of chemical space. We have this front page of the conference
booklet with the painting “ceci n’est pas une pipe” so this is all we do also in our
representations. It all depends on how you describe it. But clearly, for example
if we map the bicyclic peptide on the map, they clearly move to the right so we
actually fill a completely new area of chemical space. So clearly there are a lot of
opportunities in studying molecules that have different properties by the nature of
how they are made. Then you have to think carefully because I think the wonder
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with proteins is for example that they have just the right balance for very high
diverse functions. You might also just take the lesson from Nature by going in
that direction but again, hybrid molecules are highly interesting as well and it is a
change for synthetic chemistry I would say.

Discussion among all attendees

Gebhard Schertler to Tom Muir: In GPCRs, we have phosphorylation on the C-

terminus, sometimes in the loop and there was a proposal of a kind of barcode
for this modification. It would be established by different kinases possibly putting
different modifications onto the GPCR. Now if we look at the modification field in
general, is this barcode maybe a wider idea and how would we figure it out? Could
we just do something which people are doing in computational sciences now, look
for patterns? So if we have a method to look at modifications in a large scale like we
do sequencing, could we then look for patterns and could we, for example, change
the signaling state and see how these patterns change? And could we actually see
if there are any systematic changes in these modifications?

Tom Muir: I think that is an interesting idea that there might be patterns. There

are some analytical challenges to identifying them. Unless they are right next to
each other in sequence and you can get them on a single peptide when you do mass
spectrometry, when they are distal in a protein sequence and you are averaging over
a population it is hard to know whether or not they’re all coming from one discreet
polypeptide or whether they are from different members in a population. So this is
certainly an analytical challenge to identify them in the first place. But assuming
one could do that in some fashion, the question would be “Do they actually signify
some defined output and how do we figure out what it is?” Is that essentially what
you're asking? If one were able to correlate those patterns with some phenotype in
the cell, coming back to chromatin where we work, if it correlates with a particular
type of gene transcription, we label the gene transcript. Maybe you can infer that
a pattern does that, which is certainly part of what people are doing in that area.
It doesn’t tell you anything about the mechanism with which that might happen
of course. This again brings us back to this business of getting hold of reagents
that actually have that pattern, to study the behaviour by structural methods or
by biochemical methods or however you may want to do it. You need to get beyond
correlations and I think for that you need good old-fashioned biochemistry and you
need to be able to make the reagents and that’s a challenge.

Christopher Walsh to Kurt Wiithrich: Just a comment, a thought. The C-terminal

tail of RNA polymerase is phosphorylated by different kinases and there is very
good evidence in yeasts at least, from genetics and biochemistry, that in fact the
multiple phosphorylations at specific serines dramatically affects the behaviour of
the polymerase. So that might be a very good place to start analyses or calculations.
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Kurt Wiithrich: Well, I grew up in an environment where peptide synthesis was

king, with Professors Robert Schwyzer and Josef Rudinger, at a time when all

the Swiss pharmaceutical companies had big teams working on peptide synthesis.
ACTH, oxytocin calcitonin and growth hormone were big names, and for us it was
glucagon. Then peptide chemistry literally disappeared, all the peptide synthesis
laboratories were closed in the pharmaceutical industry in Basel. Today, we are
witnessing a rebirth. In the old days it used to be that the synthesis of cyclic
peptides was a particular challenge, but now we see that with both biosynthetic and
chemical methods, it seems to be daily routine that you make mutlicyclic peptides.
I have 2 questions. One is: “How do you compare the potential of synthetic and
biosynthetic methods to generate these complex peptides?” And then a question
for the bioinformaticians: “How do you handle peptides, and in particular cyclic
peptides?”

Tom Muir: When comparing the synthetic approaches and the biosynthetic ap-

proaches, obviously with the synthetic chemistry one is not constrained by the
natural amino acids so you can use unnatural residues and unnatural backbones
and unusual topologies that we heard about earlier. There have been great strides
though in the biosynthetic, even ribosomally synthesized, cyclic peptides. It is now
possible to generate these using various protein chemistry tricks involving proteins
called inteins that might work that some of you may be familiar with. You can
generate quite large libraries of cyclic peptides, which are genetically encoded using
these sort of reagents. This obviously then leads to a selection and all the fun things
that are associate. So the biosynthetic approaches have the advantage of ease of
synthesis, it’s easy to encode a library of cyclic peptides at the DNA level, but you
are constrained by what you can put in. You simply wouldn’t be able to make easily
some of the wonderful architectures that Jean-Louis or Wilfred, can generate using
chemistry.

Wilfred van der Donk: I think that summarizes pretty much my thoughts as well.

Perhaps one thing to add is that using biosynthetic methods, I would also call out
Hiroaki Suga approaches to bring in non-natural amino acids. Those are perhaps
the best to get lead compounds because you can make libraries, but then synthetic
chemistry can be used to optimize those much better because you have a larger
structure or functional space that you can explore with synthetic chemistry. So I
think maybe a combination of both is the best of both worlds.

Chris Walsh: To go back to your comments historically about the early days of

peptide commercial triumphs, that was the low-hanging fruit. Those were small
peptides known to be active as hormones, ACTH a little bit bigger. One can look
at the field and say very few peptides of any size beyond 20 residues have been
commercialized, it’s an interesting problem. I do sit on the board of Ironwood
Pharmaceuticals, they have commercialized their 17mer for GI and of course the
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Roche-Trimeris group had a 37 residues anti-HIV peptide but it didn’t sell effec-
tively. Hard to tell whether cyclic peptides and the new generations will turn out
to be a commercially interesting set of targets for the pharma industry. I would be
interested by what other people think. Maybe we can go to the bioinformatics.

Adam Godzik: The bioinformatics of peptides is way behind the bioinformatics

of full proteins. Not much is known about these peptides. They could just be
an overlooked part of human genome. I read recently some papers which started
from environmental proteomics where numbers of peptides secreted by the human
host is going up to the hundreds and some of them are not even coded in the
genome. Our knowledge about this is very scattered, we know few families and
they’re characterizing hundreds of them now. So it’s a completely new area, which
I think is not nearly as developed as everything. There are no databases for them,
there are no good tools because we have problems with recognition of similarity
between such peptides. I think it’s a huge area to be explored but not much has
been done and not much research exists yet.

Christine Orengo: I completely agree with Adam. I can’t think of any resources

and it seems to me an ideal opportunity for young chemists or young chemical
informaticians to develop something like this. I would think if the problem was
more tractable in some way, than what we have to do with protein structures and
sequences, I could imagine the tools being somewhat easier to design to compare
these compounds. I mean there are good methods for comparing similarities.

Adam Godzik: We struggled with this a little. 1 was part of a project of meta-

proteomics on human skin and human gut and we discovered a lot of peptides,
which we can track back to being produced by humans. But we realized there was no
catalogue of them and for many of them we don’t know whether they are functional
peptides or just pieces of proteins, which happened to be in the neighbourhood.
Some results suggest they’re actually functional peptides. More is known about this
in flies because I remember there was a big project where they went and identified
peptides secreted by flies. Many of them have antimicrobial properties for instance.

Tom Muir: There is some interesting new data coming out on so-called “small open-

reading frames” or SORF’s where these are not processed from larger proteins but
there are the small genes that maybe have been under the radar in terms of the size.
The analytical tools, the mass spectrometry, being used to detect these in cells are
being developed. A lot of these peptides do seem to be around and persist for quite
some time in cells, implying that maybe they have some function but the functional
aspect of what these things are doing is somewhat embryonic.

Jason Chin to Wilfred van der Donk and Chris Walsh: We thought about how

to catalogue and categorize and how to understand mechanisms. We can do that
endlessly but one question I have, just as a thought, is where are we with really
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understanding the level of functions? For example in the natural product area, can
we recreate ecosystems and understand what the functions of these are? Is that
something that is worth investing time?

Wilfred van der Donk: I think that knowing mode of action is of course something

we are always looking at not only for the reason that you pointed out but also
because any type of target that you identify could be potentially an interesting
target for other molecules, not necessarily your molecule that might not have great
properties. It’s not so easy to identify targets and we have found that the hard way.
You often get many possible targets or leads to each target. For some molecules you
can look at, you can already guess what the target will be based on what we know,
but the great majority of molecules we know that are antimicrobial, how they work,
we often don’t know.

Chris Walsh: I just want to relate one example. There is a molecule called surfactin,
a lipoheptapeptide produced by Bacillus subtilis, which was identified by its ability
to lower the surface tension dramatically of fluids like water. So it is called surfactin
and for years its mode of action was not known, it is a long chain acylheptapep-
tide. Two of my Harvard colleagues were studying the interaction of this particular
Bacillus strains with Streptomyces and they observed that the Bacillus put out a
peptide, which blocks the growth of Streptomyces. It turned out it was a surfactant
only turned on under specific circumstances. They also realised it functions as a
potassium channel and so, this potassium signalling had turned on certain kinase
genes. The Bacillus caused the differentiation pattern. So it’s clear that if you
want to study the behaviour of genes that are not normally turned on, that is are
conditional, one should not study them in pure cultures in a laboratory. It’s still an
open-research question to figure out what kinds of microenvironments you want to
reproduce. That is a sort of a nice example. Surfactin was used actually to reduce
the viscosity of oil in oil wells; you can pump up crude oil for decades before the
physiological functions was detected.

Richard Lerner: Chris, if you get a mixture of peptide, how do you know it is not
just junk, some sort of proteolysis? I think a very good initial cut would be those
peptides that are C-terminally amidated because I don’t know of any situation where
Nature is going to do work to C-terminally amidate a peptide that isn’t in some
sense being important. I remember in the early days of the Amylin Pharmaceutical
company, when during the dark days, when people wondered if amylin was real, or
some artifact. The share price was 25 cents. I said if it’s C-terminally amidated it
must be important and I don’t know any company or any research group that has
done the sort of the modern and analytical world a screen for C-terminally amidated
peptides.

Chris Walsh: To your point Richard, I think almost all of that post-translational
amidation reflects the processing of precursor proteins. So these really are not
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primary transcripts. I think Tom Muir was also referring to work for example
of Jonathan Weissman. Ribosome profiling showed you the prediction of primary
proteins which are anywhere from 40 to 100 residues which had been missed in
sequencing and whose functions are being worked out one at a time. But I can go
with, most of the C-terminally amidations come from hydroxylation and then loss
of the last residue. So it’s a purposeful post-translational processing.

Richard Lerner: A lot of people have tried to make an antibody which could be a

great tool to pull out interesting peptides from a mixture. It has not been successful.

Brian Roth and Don Hilvert: I'd like to expand on that. We thought a lot about

deconstructing the activities of peptides and small molecules that are in the brain for
instance to find their molecular targets and what we decided was that two things
were needed. The first was basically a robust genome-wide way to interrogate
the targets that is scalable. We now can basically look across entire families of
receptors or kinases or whatever in a very robust and relatively cheap fashion. But
the problem, the stumbling block that we have is to get compounds that are likely
to have biological activity and with the peptide, it’s a very difficult problem. So
you can imagine if you do a mass spectrometry based approach, you might find
thousands of these potentially biologically active peptides that are secreted from a
particular neuron. And you don’t know, I mean some of them may be amidated
and that may be a way to pull them out but if you want to do this from a unbiased
approach, basically to screen the entire home of peptides against all of the potential
targets that they might interact with, you need to have some ways, cheap and robust
way of making these all in quantities that are sufficient to interrogate their biological
activities. We’ve tried to do this over the years with peptide chemists that basically
are mining genomic data and coming up with what they think are biologically active
peptides identified from genomic and mass spec data. The stumbling block is always
to get sufficient amount of material to actually test. Each one of those can be a
relatively difficult project in itself. So if there is some way of basically robustifying
this so that it can be done in an unbiased way, I think we could really push things
forward. The same relates to small molecules, we’re now realizing that many of the
known and unknown intermediary metabolites are actually ligands for receptors or
can modify enzymatic activity. Again the problem is not identifying them which
can be done relatively simply with the available analytical techniques but to obtain
sufficient quantities of them to actually test. This is where chemistry comes in. We
can imagine one of those can be a project but if you want to make thousands of
them, it becomes a really monumental task.

Don Hilvert: One potential problem with the bioinformatics approach to iden-

tify bioactive proteins is the extensive post-translational post-synthetic modifica-
tions that we have heard about. In that context, to what extent are these post-
translational post-synthetic events deterministic? Does the first event dictate the
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next and so one? Obviously in the case of the histones, if you acylate a particular
lysine, you can’t then methylate it, but there are other sites that may be influenced.
That may also be true in smaller peptide systems as well.

Tom Muir: The idea that one modification becomes another one is pretty well

established, at least in the chromatin area. Something that is called crosstalk and

it’s clear that the enzymes that install these things require initiating modifications to
work. They are either not recruited properly or not allosterically activated properly.
Either way, they will not work on unmodified template. That crosstalk is a very
important part of regulation in these systems and very common. Similarly for
removing modifications that is just an installation taking the right ones off, there
needs to be other constellations or other modifications to do it properly at the right
place. So that is an extra layer of complexity to the whole business.

Wilfred van der Donk: So with the biosynthesis of these natural products, you find

both. We find cases where chlorination will only happen if the molecule is already
cyclized and otherwise the chlorinase doesn’t touch it. We find other examples
where a tailoring enzyme works on the linear peptide just as well as on the already
cyclized peptide. So it seems to be sometimes required and in other cases not.

Chris Walsh: In the kinase field, there are many examples where the first phospho-

rylation could be stochastic. There might be 500 possible substrates in the cells
but the following phosphorylation may require that first one to have been installed.
So there are cases where it can become more deterministic as one goes to a second
and a third post-translational modification step. Of course there is also the issue
that it’s very rare for a site to be fully modified in a protein, that is to say it is
modified in a given protein but if there are thousands of such protein molecules
in the cell, there will be a gradation in terms of mole fractions phosphorylated or
acylated which both complicates things and explains stochasticity for example.

Tom Muir: To add to that, there is an important role for informatics here because

many of the proteins that install modifications contain domains whether they can

recognize the same or different modifications and you can identify these domains
from sequences. If you take a step further, obviously many proteins are part of large
complexes, but then those complexes are maybe domains that recognize particular
PTMs. Based on that information, you can come up with hypotheses that certain
patterns may be necessary for a given complex or enzyme complex to work.

Jason Chin to Wilfred van der Donk and Tom Muir: So the idea that, in Wilfred’s

case, maybe doing highly parallel biosensors and, in Tom’s case, highly parallel high-
throughput biochemistry to either get a functional to make a collection of natural
products. I'm curious if both of you would be able to talk a bit more about how in
practice you think that is going to be achievable?
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Wilfred van der Donk: So there was a call by NIH this last year for a merge of

synthetic biology and natural products biosynthesis. The goal was simply to scale
up what we are doing now in genome mining and not to one molecule at a time but
doing it hundreds if not thousands at a time. And so that has brought together a
large number of synthetic biologists with natural product biochemists. We also put
in a proposal as a team. So yes the idea would be to essentially use the merging
tools of synthetic biology and expressing proteins in non-natural hosts and doing
that in a robotic way. And that’s what we are applying right now to our genome
mining efforts.

Tom Muir: Our focus has been more on in vitro biochemistry in this regard. So we

know we can make a lot of these proteins in bulk. The question is “how do you do
it in parallel?” T think a key part of this is going to be integrating the synthesis
with microfluidics, which is something my lab is doing quite a bit. It is a matter
of doing it in parallel and scaling down. Engineering a proteic-fluidic approach is
going to be an important part of generating all these things in parallel. Of course,
you get smaller amounts of materials, so then you have to start to build at the back
end of this, analytical approaches that allow you to manipulate and analyse tiny
amounts of proteins, which is another part of the puzzle. But certainly in terms
of the manufacture of these things, fluidics I think it’s an important part of the
solution.

Jason Chin: Can I follow up and ask whether and to what extent there might be

scope for doing your sort of work using, or not using hosts, essentially, as in vitro
experiments and how realistic that is?

Wilfred van der Donk: We do all of our mechanistic work in vitro but when it comes

to genome mining, we do other things, mostly in E. coli, a little bit in yeasts, and a
little bit in Streptomyces, simply because you need quantity. At the end of the day,
once you get your new natural product, you still have to determine the structure
and actually we find that that might well be the biggest hurdle to scale this up,
to determine the structure of the final product and to make sure that you actually
have the final product because it might be just an advanced intermediate. Those
are hurdle steps we would face.

Lode Wyns to Christine Orengo: We are overwhelmed by the explosion of sequences,

up to a point that we should maybe hold the sequencing. Now there are so many
proteins looking for a function, I wonder what the reciprocal exercise will do? We
know about functions and there are many enzymes doing particular functions. Sta-
tistically, can you do the inverse problem looking for a function and see which folds,
which families are connected to it and if so, what is coming out of such an exercise?

Christine Orengo: I think it’s difficult answering that. When we analyse families,

and when we analyse the types of functions they are able to support, we can see that
there are many more families than the functions we observed. So in other words
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the same function can be performed by multiple families in different ways, with
different geometries in the active site. We could ask the question for this function
“what are the various different ways in which you can engineer this function, and
what are the different ways in which Nature has done that? I think that would be
an interesting use of the data. You’ve alluded to this explosion of sequence data.
I think I disagree with the comment that is overwhelming. I think that actually
it’s very easy for us to organize quite a large proportion of it. Maybe 80 or 90% of
the sequences that Adam has alluded to as well are distant homologues of what we
have seen already. We can very easily catalogue this new information. So I don’t
think it’s overwhelming in that sense, I think it’s actually very exciting because
having done that, we can then start to see what are the changes that we are getting
in the active site for this particular scaffold. So we can look for positions that are
hot spots, we can look for context in the active site where we can see conserved
or varying electrostatic and things like that. So we can ask lots of questions very
easily from these data. Having more information does give us a lot more insights
into ways in which you can change the chemical environment for particular scaffold.
So I hope they continue with the sequencing rather than stopping it. We are not
finding too much of them at the moment.

Judith Klinman to Christine Orengo: I wanted to comment on your search engine

where you focused on functional groups that can be easily identified to play a
role in catalysis (acids, bases, catalytic triads), whatever it is that would define
a particular enzyme reaction because so much more of the protein is going to be
involved in catalysis. And so, going beyond this very small and constrained region
and then moving out by degree — I don’t know to what extent you’ve tried that. ..
We know so much now about the impact of remote mutations on catalysis, the role
of protein dynamics and other kinds of features. And I think that is also interesting
in the context of what you just said about convergent evolution, where you have
different scaffolds coming together to give you the same activity. What are the
roles of rates in these different families and can you use that information to guide
you in terms of structural boundaries and where you look? So, it’s a question and
comment at the same time.

Christine Orengo: It’s an interesting question and you’re right. It’s not always the

active site that you're interested in. And the example I showed of RuBisCo where
we used all the sequence information we had in the evolutionary tree, it allowed
us to find these sites under positive selection where we could see that frequently
there were mutations in these sites that were altering the efficiency of the enzyme.
Very few actually are directly in the active sites, they are in a sort of next shell
around the active site ensuring that conformation or adjusting the conformation
or geometry around the active site. They were also in the interface between some
subunits as well, in fact affecting the allostery. What was interesting was we could
see multiple routes to achieving this efficient enzyme. So Nature found many ways of
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adjusting and tuning these positions that could have some influence on the chemistry
ultimately.

Judith Klinman: Yes I think the importance of subunit interactions is something

that needs more attention for sure, and how that is directed into the active site.

I did have a question for you, when you talked about the change in efficiency of
RuBisCo, does that relate to the ability to discriminate between CO5 and Os?7 Is
that what you mean or is it the turnover number.

Christine Orengo: Yes it is quite complex because there is this competition between

oxygen and carbon dioxide for respiration and photosynthesis. And these plants that
have become more efficient, it’s because they had actually reduced their affinity for
carbon dioxide. And by doing so, that actually increased the turnover, it’s inversely
proportional to their affinities. So that’s really what I meant, that was the effect
that we saw of these mutations.

Richard Lerner to Adam Godzik: Two practical questions maybe to any of the panel.

So in evolution we talk about when that disappeared and when that appeared, and
so forth. Do we know when folds appeared? And is there a single case where we
actually know what the order was of acquisition of folds?

Adam Godzik: I think that folds appeared in the time we cannot really probe with

tools for evolutionary analysis. They all appeared somewhere around when the first
cellular life probably appeared. So when we try to track evolutionary folds, it’s very
hard to say anything about it because it is really too far for us to say anything.
They are some folds, which appeared later but I think there are very few. When
we ask exactly this question, I think we found like 5 or 6 folds, which are specific
to eukaryotes.

Richard Lerner: But you know proteins that used to be something, pick up one

more fold and become something else?

Adam Godzik: But we see... for instance especially multi-domains proteins ac-

quiring certain folds so we go track back to the core enzyme.

Richard Lerner: No but very specifically, is there an example of a protein that

picked up a new fold and became something else? One fold?

Christine Orengo: Perhaps I could just add one thing to what Adam said. I think

if you use the phylogenetic trees, if you trace back, you do see that you can identify
perhaps what you would consider to be the most ancient folds and they’re often
the most highly populated folds. There are lots of superfamilies that adopt these
kinds of structure scaffolds. If you look at them, they make sense in some ways in
that they are highly regular structure arrangements with quite a lot of hydrogen
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bonds. Here for example, the S-barrels or the a/5-barrels. You can understand why
these structure arrangements have great plasticity to sequence change, so they can
support wide range of sequences. In fact you can theoretically predict that these
types of structure arrangements would be able to support much more sequence
divergence than some of the more irregular structure arrangements. People who
have looked at the emergence of new folds using the phylogenetic trees, have shown
that, to a certain extent, these new folds are less ordered. They have a more
irregular arrangement in secondary structures. More recent ones also seem to be
more unique to species, so they have not been so widely used across the tree of life.
I don’t think there is much more information on that at the moment. The problem
is that the structural data is still very sparse compared to the sequence data, which
makes it a bit difficult to answer these questions using phylogenetic information,
because you can’t build very good phylogenetic trees just with a structural data.

Gebhard Schertler to Christine Orengo: Can I make just a little comment to this?

So you are looking at sequences but if you look at folds, kind of three-dimensional
context become very important. There is a lot of small amino acids (glycine, lysine,
leucine), they pack and if something is hydrophobic, they look conserved. But
somehow, they are not fully conserved so this is difficult to analyse. In GPCRs,
we have used a kind of network analysis to actually get on this, it’s in a Nature
review recently. And what we can do with this, it’s actually we can kind of remove
us a little bit from the sequence but work with proximity. And I think if you would
look at fold evolution, so how do you transform from one fold to the other, you
would need the kind of tool like that and the sequence might not be the ideal thing
because many things are held together by this hydrophobic core of the proteins
which is made out of these small amino acids, which are really not so distinctive in
sequence analyses. So when you reduce the protein to kind of contact and abstract
it to this, you are actually looking at this space in a different way and you don’t
need every structure, you can use your structure and the sequence variability and
use that in the network analysis. And I actually hope that brings more structural
insights in the comparison. That’s why we started doing that as an idea but I don’t
think we did it very well.

Christine Orengo: If T could briefly respond to that. I think you are right and you

are sort of translating your sequence code into a set of properties that you put then
against structure scaffold. There are other people in the room involved in protein
design and I know there was a competition at one point and I don’t know if it
still runs to try to convert one structure into a completely different structure which
uses the idea of an alphabet of residue properties and switching those properties
dramatically to try to engineer a completely different fold. There might be people
in the room who know about those competitions?
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Bernard Henrissat, Adam Godzik and Christine Orengo: I would like to say that I

agree very much with what Christine Orengo said about the fact that the number
of sequences is not so much of a problem. There are bioinformatics methods that
are really designed to handle them. Where I have a problem is with the storage of
the knowledge, of functional knowledge. There is no way that I know where this
is done in a systematic manner to capture this information and to store it just by
analogy to what is done with three-dimensional structures. There is a PDB with
some rules that we can follow easily and we must follow if we want to publish. And
for functional data, it’s not so good, it’s not good at all. And we have some systems
that have changed of purpose. I suggest the EC numbers that were not designed
for bioinformatics and they are being used now for bioinformatics. And these EC
numbers however imperfect they are, they’re only for enzymes and proteins are not
only enzymes. We are missing also descriptors for binding relationships between a
protein and a ligand.

Adam Godzik: Overall you're right but it’s not because of lack of trying. So there

are efforts such as gene ontology, which tries to map literature information into
formalized function description. I think EC system was also an inspiration for the
gene ontology. There are several groups working seriously but I agree that overall,
as compared to the amount of structural information captured in PDB, the amount
of functional information available in literature captured in this classification is
relatively small. But there is also a problem with distribution of it. So I agree with
you, we find routinely papers from ten years ago, which defined the functions of
proteins that were not captured anywhere. So there are efforts to do this, but I
agree that this is way behind our capturing structure information.

Christine Orengo: I think a lot of money has been put in to the gene ontology

classification. They are trying to expand it even further to reach out to communities
working on particular pathways of chemistry and get them to actually annotate the
proteins within this resource. But obviously, that is quite a big initiative and it’s
quite slow, but another quite significant problem is with querying the data as well,
it’s much harder to query than the EC information. So that’s another problem,
it’s not just organizing it, but organizing in the way that you can query easily is
another challenge.

Tan Wilson to Adam Godzik and Chris Walsh: So given that there appears to be a

lot less folds than initially anticipated. Adam, you talked about 1300 we currently
know but I think you backed off on that in a previous question saying there is
probably not that many more folds to find than we already know. So when is it
that we’re going to be able predict from the sequence alone, from any sequence,
what fold a structure is going to adopt from the sequence?

Adam Godzik: First let me clarify that there are differences. So there are 1300 or

so0, plus/minus a hundred folds we have found. There are several thousands, which
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are mathematically possible, and to rephrase what David Baker did, they designed
a sequence to fold into a new fold, which is not seen in Nature. They synthesized
it and they did. So for many of these folds, which are technically or theoretically
possible, there are no physiochemical reasons for them not to exist. Nature simply
hasn’t found it. And this is one of the puzzles here, why there are so many millions
of sequences and there are still possibilities of how they can shape and they were
not used. One of the possibilities here is that Nature simply was happy with what
it found. The second part of the question is again, there are big efforts to go there
and David Baker’s group and few other competing groups have really made big
progress. So at this point, there are sequences for which we can predict structure.
When it could be possible for all the sequences, ...

Chris Walsh: about 90%. ..

Christine Orengo: I think that’s possible. ..

Adam Godzik: Basically the problem is that folds are very often defined by a

delicate balance between different competing forces and getting this balance exactly

right requires to both contribution to be calculated very accurately. So as I've just
quoted David Baker, he can predict easily exaggerated folds — so folds, which
are dominated by one type of force. This can be easily predicted. But especially
proteins that are really on the bridge between two opposing forces are very difficult
to get correct.

Richard Lerner: But isn’t it a problem that you’re looking at the thermodynamic

outcome and you have no idea whether any fold would be kinetically possible in a
context of the thermodynamically finished protein?

Christine Orengo: I think that also brings to another issue with the kinetics and

why we maybe don’t see so many of the folds that we predict should be stable
and accessible to Nature. And some of the ones that we see very very frequently
when you analyse their topologies, you can understand perhaps why they would fold
very rapidly. They’ve got a lot of local contacts between secondary structures and
things like that. So I think kinetics is another important consideration in perhaps
explaining why we have this limited fold set.

Rudolf Glockshuber to Wilfred van der Donk: I would like to come back to the

bioactive peptides and I also have a question to the bioinformaticians. So we heard
that many biosynthesis pathways of these peptides are known nowadays. The en-
zymes introduce unusual modifications unknowingly. So do you think that there
is a potential in the long term for bioinformatics to predict the covalent structures
of all bioactive peptides that an organism produces from only knowing its genome
sequence?
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Wilfred van der Donk: I'm not a bioinformatician but currently, certainly not.

An enzyme that hydroxylates an amino acid, no idea which amino acid, at which
carbon, at which position and so whereas we can say from the enzymes, ok these are
probably the post-translational modifications that are going to take place. Where
they will take place? And when you have cyclic, polycyclic compounds what their
topology would be? I cannot predict it right now but maybe if we have enough
sequences and enough examples of solved structures, and that, I think, is going to
be required as well, not of the enzymes but of the natural products. Maybe at
some point we will get close but currently I would say no. But again, I am not in
bioinformatician.

Adam Godzik: I don’t know but I think we are looking at a sort of exponential, an

explosion of possible permutations. So you can list all the possible mutations and

you can calculate how many different possibilities there are, which of them will be
realised. It’s much more difficult to understand and you have to know how they are
regulated and this is something which we don’t know at this point.

Don Hilvert to Christine Orengo: I was really fascinated by the example of the

carboxylases that you mentioned, that have the same scaffold, catalyse the same
reaction but use a completely different functionality. With those, was the activity
identified before the sequence analysis or did it emerge from the sequence analysis?
Secondly where did this rare case arise evolutionarily? Can one trace its lineage?
Did it come from a completely different activity and then regain the carboxylase
activity?

Christine Orengo: So the function information came from the literature. So we’ve

combined all of our family information with experimentally annotated functions
that we have from either the EC or from the gene ontology. So that’s were the
function information came from. And then it’s a difficult question as regards to the
phylogeny because some of the families are so diverse and we don’t have enough of
the intermediates sequences to be able to trace exactly what the steps are. It is
a difficult question as to whether it is convergent evolution. These arrangements
have a reason and have been efficient, have been preserved within an organism.
Whether you have a case of a where you have mutational drifts and it lost some of
its chemical activity, it reduced efficiency but then that is subsequently recovered
by further mutations in different sites in the pocket.

Don Hilvert: It went through an intermediate with completely different activity.

Christine Orengo: Exactly! So I mean that is why for me I would like many more

sequences because then it’s easier for us to trace what the steps might be in these
different routes to different answers or how you can facilitate this chemistry given
this sort of structure arrangement. But we actually do need more sequences and
actually, more importantly we need more structural data as well. That’s why the
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structure initiative in genomics in the States was so exciting because they were
allowing us to answer some of these questions and try to solve structures with some
of the intermediates sequences.

Jason Chin to Chris Walsh: So Chris, I think one of the things that you mentioned

in your talk was the radical SAM superfamily having on the order to the 104 open-
reading frames and this might be a good place to look for new activity or new
chemistry. I wondered with all of your experience whether there is chemistry that
you imagine might be in biology that you haven’t seen experimentally and things
like transformations that you're particularly interested in looking for? In that family
or any other family more probably.

Chris Walsh: I believe oxidation chemistry is amongst the most interesting that

happens biotically or abiotically. I think we’ll here from Frances Arnold about
some P450-mediated chemistry that is novel. And I guess I would just go back and
say I think most of the sort of nucleophilic-electrophilic reaction manifolds, that
happen in Nature are well understood and predictable. The electron radical carbon
chemistry I think it has been very slow to come up in part because that happens in
microbes that are anaerobic under simple biological niches and because the enzymes
have been oxygen-sensitive and so not amenable to study under aerobic conditions.
So I put my money on oxidative transformations that are yet to be worked out but
I'm sure Frances and others may, during the course of this afternoon come back to
that question.

Tom Muir to Chris Walsh: What about the fluorinationfor example? So everybody

has a little chemist favourite modifications at the moment right, or maybe forever.
To my knowledge there is only one fluorinase known right, the SAM-dependent
fluorinating enzymes. Maybe that’s out of date but that they are not so many,
right? Is that surprising?

Chris Walsh: The comment is about fluorination and let me put it in a category

of halogenation more generally. In fluoride, it’s the most difficult of the halogens
to incorporate into organic scaffolds, in part because it’s so nucleophilic and you
have solvation energy problem to get it de-solvated. So yes, as far as I know, there
is only one class of fluorination that has been discovered. By contrast, there are
4 different chlorination families that have evolved and have used different kind of
cofactors. So I think it’s the difficulty of de-solvating fluoride ion that is the problem
there. There are brominations very common in marine organisms because of the
amount of bromide in sea water and I think there are only about a dozen iodo
compounds, iodotyrosine and iodothymidine of course being the most famous that
are found. So there are some interesting niches there perhaps in halogenation. But
last comment, chlorination most of it is oxidative and you cannot oxidize fluoride
ion under biological conditions.

Don Hilvert: It might be worth mentioning Michelle Chang’s recent work incorpo-
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rating fluorine using the non-ribosomal peptide synthesis or polyketide synthesis,
which I think is really beautiful. Clearly, it needs a lot of work but I think it’s a
very very nice study and shows where we can go in this area.

Chris Walsh: Other comments?

Judith Klinman: Just this idea of aerobes and anaerobes, radical SAM. Someone
mentioned the possibility of doing bioinformatics in the division between the anaer-
obes and aerobes. There are radical SAM enzymes that appear in aerobes and
no one really mentioned that and how they succeed because these are so rare and
intolerant, whether there is any information through bioinformatics that could give
us a clue. It’s kind of a crossover between the anaerobic and the aerobic world. T
just put that out as a curiosity, I don’t really have any insight to say beyond there
but it is a puzzle and something to just put out.

Chris Walsh: There are many microaerophilic bacteria that practice anaerobic
chemistry so to speak. All the non-heme mononuclear iron enzymes when isolated
are very oxygen-sensitive. Some of them are turning over only 2 to the 5 times
before they kill themselves. And yet presumably in microaerophilic organisms, they
run thousands of turnovers. So it’s a compartmentalisation and control of oxygen
tension in the organism maybe.

Aled Edwards: I finally give some perspective just on the protein universe. I think
the first meeting we held on it was probably 1998 when we were thinking about the
PSI at the very beginning as we’ve tried to classify. Then the DOE had a meeting
I went to in 2002 about the unannotated proteins in every genome that they were
sequencing and the message was we need more and more experiments but it’s too
expensive. In 2006, I went to another meeting talking about the unannotated
proteins every new genome has — the proteins we don’t know what they do, we
should do something but it’s too expensive. And in 2010, the same, the PSI went
for new folds, it was fantastic but too expensive, stop doing that and do some real
biology. And now in 2013, we are all talking about the same problem, about the
same fraction of the genome. So I think what we can do actually is to figure out
how to get it done instead of talking about these unannotated ones.

Chris Walsh: John Gerlt, you better figure that out in the next hour and a half.
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MECHANISTIC ENZYMOLOGY AND CATALYST DESIGN

DONALD HILVERT

Laboratory of Organic Chemistry, ETH Zirich
CH-8093 Ziirich, Switzerland

My view of the present state of research on exploring enzyme
families and enzyme catalysis

Enzymology is a mature field of study. Over decades, thousands of enzymes have
been catalogued and characterized; thanks to intrepid biochemists and microbiol-
ogists and recent progress in genome mining, novel activities continue to emerge
apace. Sustained interest in this area reflects the importance of enzymes as the
catalytic engines of the cell and as targets for therapeutic intervention. Technologi-
cal advances have also made biocatalysts available for novel applications inside and
outside of the cell, paving the way for synthetic biology [1] and environmentally
friendly synthetic chemistry [2].

The basic workings of many enzymes are now known. Detailed structural
and mechanistic studies have elucidated the sequence of bond-making and bond-
breaking events, the identity of key reaction intermediates, and the role of critical
functional groups. Nevertheless, explaining the origins of catalytic proficiency in
quantitative terms has proved difficult [3]. A full accounting of enzyme efficiency is
problematic owing to the complexity of these systems and the non-additivity of the
contributing factors. As a consequence, fundamental concepts such as the roles of
electrostatics [4] and dynamics [5-7] or the relative importance of transition state
versus ground state effects [8—10] are still controversially discussed.

Given our incomplete understanding of protein structure-function relationships,
expanding the universe of enzymes by design constitutes a formidable challenge.
Not only is the number of theoretically possible protein sequences astronomically
large, functional sequences are also rare. First steps toward fully automated de novo
design of artificial enzymes are being taken [11], but adapting natural protein scaf-
folds for new tasks is usually simpler than starting from scratch. Diverse strategies
exist for tailoring enzyme properties [12]. Both targeted and random mutagenesis
can be employed, for example, to increase stability, alter specificity or create com-
pletely new function. Once identified, low levels of activity are reliably optimizable
by directed evolution [13]. Chemical guidance, provided either by structural data or
computational design, can greatly enhance the chances of success of such endeavors
by increasing the frequency of variants possessing interesting catalytic activities in
the sample population [14]. Nascent enzymes for several abiological reactions have
been created in this way [15, 16].
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Design and evolutionary optimization of artificial enzymes has the potential to
bring our understanding of basic enzyme chemistry into sharper focus. The general
principles learned are likely to be transferable to increasingly complex systems and
thus support wide-ranging applications in research, industry and medicine.

My recent research contributions to exploring enzyme families and
enzyme catalysis

My group utilizes chemical synthesis, immunology, molecular biology, and genetics
to investigate enzyme catalysis. The functional modification of existing active sites,
epitomized by conversion of a PLP-dependent racemase into an aldolase through
a single active site mutation [17], is one focus. Enzymes that catalyze pericyclic
reactions, including chorismate mutase and various pyruvate lyases, are another.
Exploitation of macrophomate synthase, a putative Diels-Alderase, as a promiscu-
ous aldolase for the stereoselective synthesis of a wide range of 3-deoxyketo sugars
highlights the practical opportunities made possible by such research [18].

Laboratory evolution — iterative rounds of mutagenesis and screening or selec-
tion — has become a powerful tool for studying and modifying proteins. We have
exploited this approach to probe catalytic mechanism, investigate the determinants
of protein structure, redesign protein topology, and tailor supramolecular structures
(Fig. 1) [14]. The evolution of a highly active monomeric chorismate mutase with
all the features of a molten globule — a dynamic ensemble of poorly packed and
rapidly interconverting conformers — illustrates the surprises that can emerge from
such studies [19, 20]. That laboratory evolution is not limited to catalysis is ex-
emplified by protein capsids engineered to encapsulate and sequester toxic cargo
[21]. We are further extending this technology to customize protein containers into
nanoscale reaction chambers and delivery vehicles.

Fig. 1. Evolved catalysts and constructs. (a) A binary-patterned chorismate mutase constructed
from a limited library of 9 amino acids [22]. (b) A molten globular enzyme [19, 20]. (c) Encapsu-
lation of toxic HIV protease in an engineered protein container [21].

Reactive functional groups, metal ions and organic cofactors can be employed
to expand the capabilities of proteins [12]. For example, novel spectroscopic and
redox properties of the element selenium render it a valuable mechanistic probe
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and catalytic group. In biological systems, selenium is incorporated into proteins as
selenocysteine, sometimes termed the twenty-first proteinogenic amino acid. In the
lab, we have engineered artificial selenoenzymes by chemical, semi-synthetic, and
recombinant methods. In cytochrome P450cam, for instance, recombinant replace-
ment of the proximal heme ligand by selenocysteine afforded a unique mechanistic
and spectroscopic handle on reactive intermediates (Fig. 2(a)) [23]. To access an
even wider range of chemical activities, coupling the unique reactivity of transition
metals with the selectivity conferred by specific protein scaffolds represents an at-
tractive strategy [24]. In one case, we attached a Grubbs—-Hoveyda type catalyst to
a protein framework to yield an artificial metalloenzyme that promotes ring-closing
metathesis [25]. As an extension of efforts to create abiological enzyme mimics,
we are also developing catalysts based on other sequence-defined polymers, such as
B-peptides and mixed «/S-peptides, which can fold into well-defined secondary and
tertiary structures [26]. Such molecules are useful for testing the tenets of molecular
recognition and catalysis.

Fig. 2. Artificial enzymes. (a) A variant of cytochrome P450cam in which the axial cysteine
ligand was replaced by selenocysteine [23]. (b) A computationally designed and experimentally
optimized Kemp eliminase showing unusually high efficiency [30].

Exploiting the promise of computation, our group collaborates with David Baker
(University of Washington, Seattle), Ken Houk (UCLA) and Steve Mayo (Caltech)
on the design of enzymes for abiological reactions. Computational design is con-
ceptually similar to the creation of catalytic antibodies [27, 28], but because it can
explore protein sequence space more thoroughly, it has the potential to go far be-
yond. This approach has already yielded catalysts for simple hydrolytic and proton
transfer reactions, a bimolecular Diels-Alder cycloaddition, and multistep retro-
aldol reaction reactions [15, 16]. Although the starting designs typically exhibit
modest activities, they are readily improved by directed evolution. Optimization
of the originally programmed mechanism is the norm, but the unexpected does oc-
cur, as evidenced by extensive active site remodeling and a catalytic residue switch
observed for a model retro-aldolase [29]. Evolution of a computationally designed
enzyme that catalyzes the Kemp elimination, a simple proton transfer reaction,
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with a keat of 700 s~ ! and a keat/ K of 230,000 M~!s~! shows that very high rates
can be achieved in favorable cases [30]; the 6 x 108 fold rate acceleration exhibited
by this catalyst approaches the exceptional efficiency of highly optimized natural
enzymes like triosephosphate isomerase. Structural studies are important to chron-

icle how shape complementarity and precisely placed catalytic groups give rise to
such effects (Fig. 2(b)).

Outlook to future developments of research on exploring enzyme
families and enzyme catalysis

As with many contemporary scientific challenges, protein chemistry is amenable
to integrated, interdisciplinary approaches. An array of chemical, biological and
biophysical tools is opening a multiplicity of pathways to a better-nuanced under-
standing of protein structure-function relationships, enzyme function and evolution,
and the engineering of entirely new properties.

De novo design of enzymes for any conceivable reaction remains a distant
prospect, yet there is reason for optimism that the protein universe will continue
to expand in exciting new directions. Artificial enzymes are attractive alternatives
to natural enzymes for elucidating basic principles of catalysis and as practical cat-
alysts in their own right. Bottom-up production of these agents, as opposed to
top-down dissection of naturally evolved systems, promises to enhance our under-
standing of the origins of catalytic efficiency. Emerging technologies, particularly
the combination of computation and laboratory evolution, can be expected to fa-
cilitate exploration of varied catalytic motifs and starting scaffolds with respect to
activity and specificity, on the one hand, and further diversification on the other.

Beyond protein catalysts for relatively simple chemical transformations await
more complex assemblages, including non-biological polymers and molecular ma-
chines. The creation of orthogonal genetic materials, complex signal transduction
systems, biosynthetic pathways for unnatural products, artificial organelles and even
whole cells represent exciting prospects for the future. Modern challenges in human
health, energy, and sustainability will certainly benefit from progress toward these
aims.
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Department of Chemistry, Department of Molecular and Cell Biology, and
California Institute for Quantitative Biosciences, University of California
Berkeley, CA 94720-3220, USA

Historical overview of enzyme catalysis

As the most powerful catalysts in Nature, enzymes are capable of accelerating rates
of reaction by up to 102°-fold [1]. A satisfactory explanation for the origins of these
enormous rate accelerations remains a major challenge. Structural studies provide
a robust context for our visualization of enzyme active sites. It is immediately clear
that the “molecularity” of enzyme reactions has no counterpart in small molecule
chemistry, with a multitude of side chains positioned close to the substrate-binding
pocket to provide nucleophilic, acid/base and electrostatic catalysis. When this is
combined with the action of active site bound organic cofactors and metal ions, the
uniqueness and catalytic power of an evolved enzyme active site becomes apparent.

Historically, one of the enduring treatments of enzyme rate acceleration has been
in the context of transition state theory, with catalysis emerging, by definition,
as a result of a reduced free energy barrier height. This had led to an almost
exclusive focus on “enhanced transition state binding” as the physical origin of
enzyme catalysis. Many investigators have pondered how subtle changes in reactant
bond lengths and angles that occur in the transition state can produce a binding
enhancement by up to 10?°-fold. Additionally, the neglect of protein motions in
earlier theories now seems untenable. Increasingly, investigators have been arriving
at the view that the total protein structure will play a role in the tuning of active
site structure and reactivity. Motions of the protein backbone and side chains have
long been recognized as important for the entry and egress of substrate and product
from an enzyme active site, together with the movement of protein domains and loop
closures that bring key active site residues into proximity with bound substrate(s).
More recently, another role for protein motion has emerged as an important element
in catalysis. This is proposed to involve a stochastic sampling among multiple
ground state structures to obtain the protein configurations that are optimal for
catalysis (e.g., [2]).
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Evidence for active site compaction in enzyme catalysis

The present discussion will be focused on two widespread classes of biologically im-
portant reactions involving hydrogen and methyl transfer, respectively. While the
details of each study differ greatly, a similar picture is emerging in which barrier
compaction, controlled in part by the size of strategically placed amino acid side
chains, exerts a dramatic impact on the rate of the enzymatic chemical transforma-
tion step(s).

C-H Activation and Hydrogen Tunneling. Studies on enzyme-catalyzed C—H ac-
tivation reactions have indicated the importance of through-the-barrier, hydrogen
tunneling behavior (cf. [3]). The ability to stably incorporate isotopes of hydrogen
at the reactive bond and to measure kinetic isotope effects (KIEs) has played a key
role in characterizing these systems. A number of distinctive features have emerged
in relation to similar measurements for small molecules in solution [4]. First, almost
uniformly for native enzymes operating under optimal conditions, the temperature
dependence of the KIEs is found to be very small, often undetectable, Fig. 1(A, top).
Second, deviations away from optimal conditions (e.g., by mutagenesis or alteration
in reaction conditions) are found to increase the barrier for reaction of the heavy
isotopes of hydrogen much more than for protium itself, producing the pattern of
temperature-dependent KIEs, Fig. 1(A, bottom).

a b
E
\ .
Ink| T
D
1T
Eo(D) =Eq(H)
I"" / \\_/.\\. [ L Donor-Acceptor Distance
Ink H ;;' | at the Tunneling Ready State
n \ X \ _/
] @/ A
Heavy Atoms Position H - Position
1T
Eq(D) >> Eo(H)

Fig. 1. (A) Depiction of the two extreme temperature dependencies of KIEs. Top is the pattern
characteristic of native proteins, and bottom represents the behavior under non-optimal catalytic
conditions. (B) The multi-dimensional nature of H-tunneling depends on the adjustment of ground
state electrostatics (a), wave function overlap (b), and donor-acceptor distance samplings (c), [4].

The behavior in Fig. 1(A) has now been observed for a large number of enzyme
reactions that differ with regard to substrate structure, active site cofactor and the
nature of the hydrogen transfer step (hydrogen atom vs. hydride ion or proton).
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Experimentally, mutagenesis of hydrophobic side chains has proven very informa-
tive, allowing a systematic analysis of the impact of the creation of protein packing
defects on the generation of temperature-dependent KIEs.

Many theoretical models have been advanced in an effort to explain the prop-
erties of enzymatic C—H activation reactions. A physical model, capable of repre-
senting the behavior of Fig. 1(A), is illustrated in Fig. 1(B) [4]. The movement of
hydrogen from donor to acceptor is treated fully quantum mechanically, with a mass
dependence for the rate that comes from a differential efficiency of wave function
overlap, H > D > T, Fig. 1(Bb). The extent of this mass dependence is linked to
the distance over which the particle moves, with longer donor-acceptor distances
(DADs) favoring the more diffuse wave property of H (giving rise to larger KIEs);
shorter distances diminish the gap in reactivity among isotopes, producing smaller
KIEs. Of considerable importance for interpreting the experimentally observed
trends in KIEs, wave function overlap is independent of temperature.

The temperature dependence of the rate comes solely from heavy atom mo-
tions that are required to tune the active site environment for successful H-transfer,
and these represent the activation barrier. A key coordinate describes the thermal
activation necessary to achieve transient degeneracy of vibrational modes in the re-
actant and product wells (essential for all reactions where the equilibrium constant
for inter-conversion of substrate and product is different from unity). This term is
analogous to the Marcus description for electron tunneling [5], and depends on two
primary parameters: A, the environmental reorganization and AG®, the reaction
driving force, Fig. 1(Ba). Separation of wave function overlap, Fig. 1(Bb), from the
motions of the heavy atom environment, Fig. 1(Ba), results in a near absence of
cross-terms for mass and temperature-dependent phenomena as required from the
observations of temperature-independent KIEs.

One feature that is omitted from the above description is the magnitude of
the initial DAD. In virtually all theoretical treatments of hydrogen tunneling, the
distance between donor and acceptor atoms must approach ca. 2.7 A for protium
tunneling and even less than this value for the movement of the heavier isotopes D
and T. The reactive internuclear distance is, thus, more than 0.5 A reduced from
an estimated van der Waals distance of ca. 3.2 A. An additional class of thermally-
activated protein is generally invoked to create short, tunneling-appropriate DADs.
These motions are referred to as conformational sampling and though introduced
here in the context of H-tunneling, are likely an essential component of all enzyme
reactions [2].

SLO-1 offers a classical example of enzymatic tunneling behavior, illustrating
how mutation at a single conserved hydrophobic side leads to a progression from
E.(D) — E.(H) close to zero for wild-type enzyme to 5.3 kcal/mol for 1le®33Gly
[6]. The incorporation of this behavior into the physical model for enzymatic H-
tunneling is achieved via the introduction of a third coordinate to the tunneling
process. As shown in Fig. 1(Bc), this involves a DAD sampling term that becomes
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a necessity when an enzyme loses its capacity to achieve the compact active site
configurations of native protein. In contrast to the behavior of Figs. 1(Ba) and
1(Bb), Fig. 1(Bc) represents a thermally active motion that is significantly depen-
dent on the mass of the transferred particle. The latter follows from the need to
reach shorter DADs for tunneling of the isotopically heavy particles: once the con-
trolled tuning of active site geometries within native enzymes has been disrupted,
a behavior more characteristic of solution reactions begins to take over.

One question is how far an enzyme active site structure can be disrupted before
it loses its capacity to approximate the behavior of the WT protein. The simple
act of mutating pairs of hydrophobic side chains in SLO-1 has turned out to be
incredibly informative in this regard. New data have recently emerged for a double
mutant of SLO-1, Leu®*6Ala/Leu”*Ala. A combination of steady-state and single
turnover kinetics, X-ray crystallography and theoretical modeling on this variant
provide a powerful test/confirmation of the model outlined above for enzymatic
C-H activation [7].

Enzyme-Catalyzed Methyl Transfer Reactions. In order to ascertain the general-
ity of reduced barrier width in native enzyme catalysis, studies have been extended
to include the large family of methyl group-transferring enzymes. Methyl trans-
fer is as ubiquitous in Nature as C—H activation, occurring at the levels of small
molecule, protein, RNA and DNA modification. To initiate our studies, we chose
an enzyme with well-established structural and kinetic characterizations, human
catechol-O-methyltransferase (COMT) in which a methyl group is transferred from
S-adenosylmethionine (AdoMet) to the oxygen of a catecholate.

Very early studies on this enzyme compared the magnitude of secondary KIEs,
using AdoMet labeled with deuterium at the reactive methyl group, to a small
molecule model reaction. A more inverse value for the KIE in the enzyme reaction
led to the proposal of catalysis via transition state compression [8]. This was a
unique and controversial finding that stimulated considerable activity among theo-
reticians. Following on our studies of C—H tunneling, that show control of active site
compaction by bulky amino acid side chains, we pursued site-specific mutagenesis in
COMT. The position targeted was Tyr68, a conserved residue that sits behind the
sulfonium atom of AdoMet. From inspection of X-ray structures of COMT, key in-
teractions involving Tyr68 include a close approach (within van der Waals contact)
of its 8 carbon and the sulfonium center of cofactor, as well as an inferred hydrogen
bonding interaction between its ring hydroxyl group and a nearby Glu. Kinetic
studies were carried out using cofactor labeled with three tritiums at the activated
methyl group, to increase the sensitivity of measurements beyond what is possible
with deuterated cofactor [9]. The results indicate a trend in both kear and keat /K
as Tyr68 is converted to either Phe or Ala; substitution of WT (108V) by a vari-
ant that maps to documented disease states (V108M) gives similar results. A plot

of kcat/Kn for reaction of the preformed COMT-AdoMet complex with dopamine
(Fig. 2) shows a remarkable linear correlation between the size of the second order
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rate constant and the magnitude of the secondary KIE. One explanation for the
effect, offered at the time of publication, was a transition state compaction in the
native protein that is substantially lost on reduction in the size of the Tyr68 behind
the methyl group donor. These studies have recently been extended, with the goal of
establishing a molecular basis for the correlation shown in Fig. 2. A combination of
experimental binding isotope effect measurements, high-level GPU-based QM/MM
calculations that allow up to 30% of COMT to be analyzed using ab initio methods
[10] and classical MD simulations point toward an important role for ground state
compaction in COMT [11].
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Fig. 2. Linear relationship between kcat/Kni(dopamine) and the magnitude of the 2° KIE in
COMT [9].

Perspectives

The studies outlined above implicate a general role for active site compaction in en-
zyme catalysis. This can be achieved by a sampling of protein conformational sub-
states (H-tunneling) or through a combination of structural and dynamical effects
(methyl transfer). The methyl group transfer study extends the concept of active
site compaction beyond the realm of systems that are dominated by quantum me-
chanical tunneling. For the future, it will be extremely important to pursue studies
of a third enzymatic group transfer reaction. Phosphoryl transfer is a very attrac-
tive target, given its central role in biology. This will require developing a set of
tools that can assess compaction and its sensitivity to alteration in protein struc-
ture/dynamics. The presence of active site compaction implicates a role for protein
structure that goes beyond the “inner” active site region. Novel protein engineering
approaches, that allow investigation of the role of overall protein size in catalysis,
may be of considerable interest.
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COMPUTATIONAL ENZYME DESIGN AND METHODS TO
PREDICT THE ROLE OF REMOTE MUTATIONS

KENDALL N. HOUK

Department of Chemistry and Biochemistry, University of California
Los Angeles, CA 90095-1569, USA

My view of the present state of research on exploring enzyme
families and enzyme catalysis

The computational design of functional proteins will boost the practical applica-
tions of biocatalysis. For nearly ten years, my group has been involved in the
development of methods for the computational design of new enzymes. With David
Baker, Stephen Mayo, Donald Hilvert, and others we have applied quantum me-
chanics, molecular dynamics, and combined bioinformatics/force-field approaches
like Rosetta to predict protein sequences that will fold into functional enzymes.

The consequences of a successful approach of this type will be enormous. The
scientific impact of success will be the demonstration that we understand how en-
zyme catalysts function at an atomistic level and have mastered the complexities
of catalysis, enabling us to replace Nature’s random evolutionary screening by pre-
diction based on first-principles physics. More practically, catalysts, the mainstay
of industrial synthesis, and even the proteins that enable and control metabolism,
will be designed by computational prediction and then easily synthesized by bacte-
ria programmed by DNA made automatically on DNA synthesizers. Indeed, groups
around the world have successfully designed and redesigned functional proteins, but
these accomplishments resulted from heroic efforts, not routine protocols.

The reality is that our success in designing enzymes is erratic at best, and
usually only a small percentage of designs actually function properly. Methods
to incorporate required functional groups into stable protein scaffolds have been
devised, but directed evolution — not in general computationally predicted — often
must be used to increase activity to useful levels.

In order to improve computational design methods, we have undertaken the
computational investigation of the results of directed evolution. Our goal is to
learn how to predict these mutations in advance of experiment, and to improve the
methods for enzyme design.
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My recent research contributions to exploring enzyme families and
enzyme catalysis

General work in the computational enzyme design field has been reviewed [1]. The
general inside-out scheme we devised with David Baker is shown below in Fig. 1.
Computational enzyme design is a classic multi-scale problem, using high-accuracy
quantum mechanics to position catalytic groups precisely around the transition
states of the reaction and more approximate quantum, force-field and informatics
methods for treatment of protein motions and solvation.

First, quantum mechanical calculations are used to design the active site to cat-
alyze reactions of entirely new mechanisms or unnatural substrates by providing
stabilizing interactions that lower the free energy of the transition state. We use
motifs that Nature has evolved for different types of reactions, but quantum mechan-
ics are used to determine optimal positioning of catalytic groups for the transition
state of the reaction of interest. We have shown, in collaboration with Hilvert, that
evolved active sites (e.g., of esterases) can be predicted by quantum mechanical op-
timizations [2]. The computationally predicted three-dimensional arrangement of
catalytic groups to stabilize a given transition state is called a theoretical enzyme

Ser/Thr/ QM theozyme
@) Tyr
Qo o_cy
b 0‘?:0 ' Glu/Asy
His
substrate
”~
(b) G ™S RosettaMatch

Fig. 1. The Inside-Out Protocol for enzyme design. The panels represent (a) the quantum me-
chanical prediction of a theozyme (here for the Kemp elimination), (b) the incorporation of a
theozyme into a stable protein, and (c). the redesign of the non-catalytic residues in the active
site.
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or “theozyme” [1]. This theozyme is then incorporated into a stable protein of
known structure in place of residues in the active site of the natural protein using
the program from Baker’s group, RosettaMatch (known as Matcher in the current
implementation). Remaining side-chains that pack the active site are redesigned
with RosettaDesign (known as EnzDes in the current implementation). Our group
has also developed SABER [3] to search crystal structures of proteins in the PDB
and to locate enzymes that already have the necessary arrangements of functional
groups.

The designs produced from Rosetta or SABER are then evaluated according
to Rosetta folding criteria and by comparison to theozyme geometries. The best
are then subjected to molecular dynamics simulations in the presence of substrates,
counterions, and water [4]. When MD causes the active site to deviate substantially
from that predicted by QM to be required for catalysis, then that design is discarded.

This procedure has been successful for the design of Kemp eliminases, retro-
aldolases, and stereospecific Diels—Alderases, plus some others. Variations on this
approach have been successful in our collaborations with Mayo [5]. The role of
molecular dynamics in designs has been demonstrated for many cases [6].

Our recent studies have turned to perfecting the post-Rosetta or post-SABER
redesign process. We wish to computationally predict what now is only achieved
experimentally by directed evolution [7]. To learn how to do this, we are evaluat-
ing the pathways of successful directed evolution experiments on several successful
commercial enzymes. Our current efforts involve the theoretical study of enzymes
evolved by our colleagues Yi Tang and Todd Yeates at UCLA [8] and by Gjalt Huis-
man’s group at Codexis [9], to produce enzymes that can be used for the commercial
production of drugs like sitagliptin, simvastatin, or montelukast.

One example of this involves a protein, LovD, that naturally accepts an alcohol
to produce the drug lovastatin [8, 9]. LovD uses an acyl carrier protein to deliver
the acyl group. Tang and Codexis evolved LovD to transfer a modified acyl group
from a much smaller carrier. Figure 2 summarizes the results of our work on this
evolutionary path [10], involving many long-timescale molecular dynamics (MD)
runs on the special-purpose computer, ANTON [11].

Panel A shows an arrangement of functional groups in the catalytic triad that is
ineffective in catalysis, while B shows an arrangement that is good for catalysis. The
MD studies showed that remote mutations gradually produce catalytically potent
arrangements of the catalytic triad.

Outlook to future developments of research on exploring enzyme
families and enzyme catalysis

Armed with information on how remote mutations influence pre-organization of
active sites, we are devising computational protocols to build such information into
the design process. The first step in this is to use iterative Rosetta/MD [12] to
monitor how remote mutations influence critical catalytic distances.
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Fig. 2. Catalytically inactive (a) and active (b) arrangements of the Ser76-Lys79-Tyr188 triad
in evolved LovD variants and protein-protein complexes revealed by MD simulations. (c¢) The
catalytic Tyr188-Lys79 distance along the MD trajectories. Catalytic and non-catalytic regimes
have been depicted in green and red, respectively. The less active mutants involve distances mostly
in the red zone — signaling inactivity.

The fields of enzyme design and directed evolution are advancing rapidly. Simul-
taneously, computational methods — quantum mechanical and force-field-based, are
being made more accurate and efficient, and the inexorable increases in computer
power make larger and better calculations feasible. The importance of designed
enzymes as catalysts will expand rapidly in research, commerce and medicine.
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DISCOVERING NOVEL ENZYMES, METABOLITES
AND PATHWAYS

JOHN A. GERLT

Institute for Genomic Biology, University of Illinois, Urbana-Champaign
1206 West Gregory Drive, Urbana, IL 61801, USA

My view of the present state of research on “exploring enzyme
families and enzyme catalysis”

Homologous enzymes can catalyze the same overall reaction (isofunctional enzyme
family), the same chemical reaction using different substrates (specificity diverse
enzyme family), or different overall reactions that share a conserved partial reac-
tion (mechanistically diverse enzyme superfamily). Before genome sequencing was
routine, the members of enzyme (super)families were discovered by experimental
characterization. However, now the members of enzyme (super)families are discov-
ered without regard to either in vitro activity or in vivo metabolic/physiological
function. As of August 2013, the nonredundant UniProtKB/TrEMBL database
contained 42,821,879 sequences; this number is increasing rapidly. However, a con-
servative estimate is that > 50% of these sequences have uncertain, unknown, or
incorrectly annotated functions. Indeed, as of August 2013, only 540,958 sequences
had human-curated functions in the SwissProt database. Without high-throughput
strategies and tools to decipher the functions of enzymes discovered in genome
projects, the biomedical, industrial, and systems biology potential of these projects
cannot be realized.

My recent research contributions to “exploring enzyme families
and enzyme catalysis”

The Enzyme Function Initiative (EFI) [1], a large-scale collaborative project sup-
ported by the National Institute of Health, is addressing the challenge of identify-
ing the in vitro activities and in vivo metabolic/physiological functions of enzymes
discovered in genome projects. The EFI brings together expertise in bioinformat-
ics, protein production and structure determination, homology modeling, in sil-
ico ligand docking [2, 3], experimental enzymology, genetics, transcriptomics, and
metabolomics to devise tools and strategies that can be used to predict and verify
novel enzymatic activities and metabolic pathways encoded by microbial genomes.
The recognition of the importance of the human microbiome in human health jus-
tifies the EFI’s focus on microbial enzymes, although many of the strategies and
tools can be used to discover the functions of uncharacterized eukaryotic enzymes.
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As an example of this approach [4], the EFT recently “deorphanized” an en-
zyme from the pelagic bacterium Pelagibaca bermudensis HTCC2601 for which the
New York Structural Genomics Research Consortium (a high-throughput structural
genomics project) had determined a high-resolution X-ray structure (PDB Code
2PMQ). The protein, now designated HpbD, is a member of the mechanistically
diverse enolase superfamily [5].

The gene encoding HpbD (hpbD) is located in gene cluster that could encode a
metabolic pathway (Fig. 1).

Pelagibaca bermudensis HTCC2601
hpbA  hpbB1 hpbC1 hpbD hpbE hpbF hpbG — hpbH hpbl hpbJ — hpbK — hpbL  hpbC2 hpbB2 hpbR

-1--1323 1628 -------mw - 18653 13555”

Fig. 1. Genome neighborhood context of the gene encoding 2PMQ (hpbD).

Homology models were constructed for both a periplasmic solute binding protein
component of an ABC transport system (HpbJ) and a dioxygenase (HpbB1); in
silico docking of virtual ligand libraries to all three proteins (“pathway docking”
[6]) was used to predict metabolites that bind to the active sites of HpbD, HpbJ, and
HpbB1. Taken together, the results allowed the prediction that HpbD binds trans-
4-hydroxy-L-proline betaine (tHyp-B) and catalyzes its 2-epimerization to cis-4-
hydroxy-D-proline betaine (cHyp-B). Subsequent enzymatic activity measurements
confirmed this prediction (keat, 330 £ 30 sec™1; keas /Ky, 7800 M~t sec™!). A high-
resolution X-ray structure confirmed the validity of the predicted pose of tHyp-B
in the active site of HpbD. Thus, the 4-hydroxyproline 2-epimerase function can be
assigned to HpbD and its orthologues in the databases (Fig. 2).

3!

tHyp-B cHyp-B

Fig. 2. Reaction catalyzed by HpbD.

The family/superfamily memberships of the enzymes encoded by the neigh-
boring genes allowed the prediction of a catabolic pathway for tHyp-B (Fig. 3):
successive oxidative removal of both betaine methyl groups to yield cHyp which
is oxidized to its imino acid (by a member of the D-amino acid oxidase family),
dehydrated and “hydrolyzed” to a-ketoglutarate semialdehyde (by a member of the
dihydrodipicolinate synthase superfamily), and, finally, oxidized to a-ketoglutarate
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Fig. 3. Pathway for catabolism of tHyp-B.

(by a member of the aldehyde dehydrogenase family). This pathway was confirmed
by metabolomics and genetics.

The in vivo physiological function of an orthologue of HpbD encoded by Para-
coccus denitrificans PD1222 was determined by microbiology and transcriptomics
(in contrast to P. bermudensis, P. denitrificans PD1222 can be grown in the labora-
tory and is genetically tractable). Betaines often are used by bacteria as osmolytes
to reduce stress by the presence of high salt in the growth medium. The growth
of P. denitrificans is inhibited by 0.5 M NaCl in glucose medium; this inhibition is
alleviated by tHyp-B, establishing that tHyp-B is an osmolyte. The genes encoding
transporters for tHyp-B are up-regulated by tHyp-B and cHyp-B, thereby allowing
their accumulation (with 20 mM tHyp-B in the growth medium, the intracellular
concentration of Hyp-B is 170 mM). However, the genes encoding HpbD as well
as all of the downstream enzymes in the catabolic pathway are down-regulated by
tHyp-B and cHyp-B; thus, the flux of tHyp-B through the catabolic pathway is
regulated so that it is not catabolized when it is needed as an osmoprotectant.
The “modest” value of the kea /Ky, 7800 M~tsec!, for HpbD is physiologically
relevant because of the multi-millimolar concentration of its substrate.

This example illustrates how multidisciplinary collaboration allows prediction
and verification of in vitro activities and in vivo metabolic/physiological functions
of uncharacterized enzymes discovered in genome projects. The EFI continues to
develop new bioinformatic and computational tools to enable the biological com-
munity to adopt these strategies.

Outlook to future developments of research on “exploring enzyme
families and enzyme catalysis”

The challenge of determining the in witro activities and in wvivo metabolic/
physiological functions of uncharacterized enzymes discovered in genome projects
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will increase for the foreseeable future — the number of microbial species that are
important for human health, bioremediation, and natural product isolation will con-
tinue to increase as new environmental niches are explored. Computational tools,
including sequence similarity networks [7], homology modeling, and in silico ligand
docking, will continue to be developed and refined to better meeting this challenge.
These tools and the strategies with which they are applied must be disseminated
to and used by the community.
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PROGRAMMING NEW CHEMISTRY INTO THE GENETIC CODE
OF CELLS AND ANIMALS

JASON W. CHIN

Centre for Chemical and Synthetic Biology, Division of Protein and Nucleic Acid Chemistry
Medical Research Council Laboratory of Molecular Biology, Francis Crick Avenue
Cambridge CB2 0QH, UK

My view of the present state of research on exploring enzyme
families and enzyme catalysis

There has been rapid progress in developing approaches to incorporate unnatu-
ral amino acids into proteins. Early approaches used chemical aminoacylation of
tRNAs in in vitro translation systems. Progress in this area has been facilitated
by the development of RNA based aminoacylation systems that can be used in
vitro as well as purified translation systems in which the ribosomes are isolated
from cells but other translation components are made recombinantly. In contrast
to cellular translation, in wvitro translation systems commonly use stoichiometri-
cally pre-aminoacylated tRNAs that are not- re-aminoacylated in the translation
mix. It has been possible to select unnatural peptides and cyclic peptides bearing
several unnatural monomers using in vitro translation and selection approaches and
in vitro translation approaches have been key is clarifying the chemical scope of the
ribosome for unnatural monomers.

Methods for incorporation unnatural amino acids into proteins in vivo promise
scalable synthesis of modified proteins and provide the basis of powerful approaches
for studying biological phenomena. Two main approaches for unnatural amino
acid incorporation in cells have been described. One approach takes advantage of
the permissivity of existing cellular aminoacyl-tRNA synthetases (or their active
site mutants) to incorporate a structurally limited set of unnatural amino acids in
response to sense codons. Typically these unnatural amino acids are incorporated
sub-stoichiometrically creating a statistical mixture of proteins, though experiments
in auxotrophic strains allow near quantitative incorporation of some amino acids
in response to a sense codon in a target protein. These approaches have been
useful for pulse-labeling the proteomes of cells. A distinct approach introduces or-
thogonal translational components and aims to genetically encode the quantitative
installation of unnatural amino acids in response to a defined blank codon(s), most
commonly the amber stop codon. An orthogonal ribosome has been created and
evolved to decode new bank codons (including quadruplet codons), facilitating the
incorporation of multiple distinct unnatural amino acids in a single polypeptide.
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Orthogonal aminoacyl-tRNA synthetase/tRNA pairs (most-notably the pyrrolysyl-
tRNA synthetase/tRNA pair) have been developed for the incorporation of diverse
amino acids. Genetic code expansion has been developed in E. coli, yeast, mam-
malian cells and most recently in animals: C. elegans and D. melanogaster. The
chemical scope of modifications has been augmented by combining genetic code
expansion and chemoselective modification. The approaches developed have been
used to obtain previously unattainable insights into the molecular basis of biological
function, both by the synthesis of recombinant proteins for in wvitro structure func-
tion studies and by developing approaches for controlling and imaging biological
processes in cells and animals.

My recent research contributions to exploring enzyme families and
enzyme catalysis

Reprogramming Cellular Translation: In the cell, DNA is copied to messenger RNA,
and triplet codons (64) in the messenger RNA are decoded — in the process of
translation — to synthesize polymers of the natural 20 amino acids. This process
(DNA-RNA-protein) describes the central dogma of molecular biology and is con-
served in terrestrial life. We are interested in re-writing the central dogma to create
organisms that synthesize proteins containing unnatural amino acids and polymers
composed of monomer building blocks beyond the 20 natural amino acids. We
have invented and synthetically evolved new ‘orthogonal’ translational components
(including ribosomes [1] and aminoacyl-tRNA synthetases) and demonstrated the
assembly of these components into an ‘orthogonal translation pathway’ to address
major challenges in re-writing the central dogma of biology in cells. The approaches
we have developed address the outstanding problem of altering the function of con-
served cellular hubs in cells that orchestrate essential functions (in this case the
ribosome). We have shown that by creating orthogonal (and non-essential) versions
of these hubs it is possible to evolve their molecular function. We have evolved
the orthogonal ribosome to read the amber stop codon as a sense codon and to
read quadruplet codons [2, 3]. Using these ribosomes that have additional decoding
capacity in combination with mutually orthogonal synthetase/tRNA pairs we have
demonstrated the first encoded incorporation of multiple useful unnatural amino
acids into protein in cells [3]. By programming two amino acids that can react
together into proteins we have demonstrated the genetically directed proximity ac-
celeration of a cycloaddition reaction on a protein to cyclize a protein [3].
Developing the Pyrrolysyl tRNA synthetase tRNA pair for unnatural amino acid
incorporation in cells and animals: We have extended the foundational technolo-
gies we have pioneered to develop new approaches to address unmet challenges in
understanding biological processes with spatial, temporal and molecular precision
[4]. Much of this work is underpinned by our development of the pyrrolysyl-tRNA
synthetase/tRNAcya pair for genetic code expansion. We have demonstrated that
this pair, unlike the previous aminoacyl-tRNA synthetase/tRNA pairs that have
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been used for genetic code expansion, is orthogonal in E. coli, S. cerevisiae, mam-
malian cells, C. elegans and D. melanogaster [5-9] and this pair can be used to
incorporate a range of aliphatic and aromatic amino acids. We have also demon-
strated that this pair can be evolved in FE. coli to specifically incorporate unnatural
amino acids [5]. These advances have rapidly expanded the scope and accessibility
of genetic code expansion because they allows aminoacyl-tRNA synthetases devel-
oped for the incorporation of new amino acids in E. coli to be transplanted and
used for unnatural amino acid incorporation in eukaryotic cells and animals.

Insights into the molecular consequences of post-translational modifications via
genetic code expansion: A catalog of post-translational modifications have been
identified in proteins, and mass spectrometry based approaches are rapidly expand-
ing the number of modifications identified. One way to provide insight into the roles
of modifications in regulating protein structure and function is to make and study
the modified protein. However, in many cases there is no way to make the modified
proteins for structural and functional studies because the modifying enzymes are
unknown or do not modify a given site specifically or quantitatively in vitro. We
have developed approaches for genetically encoding post-translational modifications
(including lysine acetylation [5] and mono- and di- methylation [4]), as well as the
development of approaches that combine chemical synthesis and protein chemistry
with genetic code expansion to allow the genetically directed installation of ubiqui-
tination [10, 11], a post-translational modification that is challenging to install by
either chemistry or genetic code expansion alone.

We have applied our approaches to installing post-translational modifications
into recombinant proteins to obtain previously unattainable insight into biological
regulation through interfacing our approaches with structural biology, enzymology
and single molecule methods. Using these approaches we have defined the effects of
a key acetylation on chromatin in regulating the wrapping of DNA around nucleo-
somes [4], the effect of cyclophilin acetylation in regulating cis-trans isomerization
of HIV capsid and mediating cyclosporine binding (effects that may be important in
immunosuppression and viral infection) [4], synthesized atypical ubiquitin linkages
for the first time, determined the first structure of K6-linked ubiquitin linkages and
profiled a variety of deubiquitinases on atypical ubiquitin linkages for the first time
[4]. Our approaches for synthesizing post-translationally modified proteins have
been widely adopted by many other groups and been used to provide additional
insights into diverse biological processes.

Imaging biological processes in cells and organisms: Understanding how proteins
function inside cells will be facilitated by approaches that allow proteins to be la-
beled and imaged with small molecule fluorophores. We have developed approaches
for the rapid and site-specific labelling of proteins in cells with small molecule flu-
orophores. These approaches involve genetically encoding an unnatural amino acid
at a defined site in a protein of interest and labeling this site with a fluorophore or
other small molecule. Key to this strategy is the development and encoding of func-
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tional groups that (i) are bioorthogonal and (ii) can be labeled with probes in rapid
reactions. We have demonstrated the encoding of strained alkenes and alkynes and
their labeling with tetrazine based probes in fluorogenic inverse electron demand
Diels-Alder reactions that produce nitrogen gas as the sole byproduct [12, 13]. This
reaction (rate constants upto 105 M~1s™1) is 4-5 orders of magnitude faster than
most previous bioorthogonal reactions reported, and this approach has allowed the
labeling of proteins at genetically encoded unnatural amino acids in and on mam-
malian cells for the first time. The minimally perturbing imaging approaches we
have developed allow imaging of proteins in cells, without large fluorescent tags
and with very bright fluorophores. This is facilitating super-resolution imaging of
proteins and other investigations into protein function.

Temporal dissection of signaling: Understanding the kinetics of elementary steps
in signaling and the role of feedback and feedforward control in regulating cellular
signals is an important challenge. We have demonstrated that by genetically en-
coding a photocaged lysine [7, 14] in place of a near universally conserved lysine in
the active site of protein kinases (and introducing mutations that would make the
wild-type kinase constitutively active) it is possible to create kinases in cells that
can be activated by a pulse of light. This allows the activation of kinase signaling
from any point in a cascade. This approach is allowing the dissection of the con-
tribution of each step in a signaling cascade to signal propagation and adaptation
[14].

Ezxpanding the genetic code of animals: We have recently developed genetic code
expansion approaches in whole animals (C. elegans and D. melanogaster) [8, 9] for
the first time. One goal of this work is to develop and apply the tools we have
created for manipulating and imaging processes in cell culture to biological processes
including development, disease progression, and cognitive function best studies at
the level of whole organisms.

Outlook to future developments of research on exploring enzyme
families and enzyme catalysis

The ability to alter the functions of some of the most central and conserved biological
systems and redirect these systems in cells to new ends provides a powerful paradigm
for both the study of biology and the discovery and manufacture of new therapeutics
and materials. The approaches we are developing to genetically encode unnatural
amino acids into proteins in cells and animals are providing the foundation for a
suite of new approaches to studying complex biological phenomena with molecular,
spatial and temporal precision. By combining the chemist’s ability to precisely
tailor the properties of small molecules with redesigned biology that places these
small molecules at precise positions in proteins in cells we can maximally leverage
the unique advantages of chemistry and biology for synthesis and discovery.
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Present state of research on expanding enzyme catalysis beyond
Nature

For more than twenty years this laboratory has used directed evolution to modify
enzymes. It is now widely accepted that directed evolution can change substrate
specificity or reaction selectivity in desired ways, even if it sometimes remains dif-
ficult in practice. It is no longer surprising that enzymes adapt readily by accumu-
lating beneficial mutations. And why should it be, since this is how Nature tailors
them for myriad biological roles? More difficult to grasp is how Nature discovers
new enzyme functions, particularly new catalytic activities. We know that the bi-
ological world’s diverse catalytic repertoire is the product of evolution by natural
selection, but we have little understanding of how Nature’s tinkering generates new
functions. Sometimes we are (un)lucky enough to catch them in the act — e.g.,
the acquisition of antibiotic resistance or the ability to degrade man-made toxins.
But for the vast majority of activities, the fossil record is nonexistent or too sparse
to tell the molecular story. This leaves us without much guidance for evolving new
enzymes in the laboratory. Consequently we are forced to contaminate our evolu-
tion experiments with knowledge — e.g., computational design [1, 2] — in order to
jumpstart the discovery process.

If every bad catalyst could become a good one by directed evolution, part of
the problem would be solved. We would be able to take any catalytic antibody or
computationally-designed enzyme (or bovine serum albumin) and convert it into
a great catalyst with multiple rounds of random mutagenesis and screening. We
have learned the hard way, however, that not every bad catalyst lies at the base of
a tall fitness peak, at least one that can be scaled by a random uphill walk. We
therefore want to know what features make a protein with a new catalytic activity
the potential mother of a whole new enzyme family. And, what are good ways to
find new enzyme activities in the first place?
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Recent research contributions to creating new enzymes

My laboratory has been directing the evolution of a remarkable enzyme, a bacterial
cytochrome P450, for at least a dozen years. This particular P450, from Bacillus
megaterium, is quite specific — it catalyzes subterminal hydroxylation of fatty acids.
As a family, however, the P450s are wonderfully diverse, catalyzing a wide range
of reactions on an even wider range of substrates. Nature has demonstrated the
‘evolvability’ of this bit of protein that binds an iron-heme (along with its various
electron-transfer partners), and we spent several happy years creating new versions
of the bacterial enzyme that could mimic known functions of other (e.g., human)
P450 family members [3, 4]. We could also extend its function beyond what was
known to be catalyzed by P450s, making, for example, versions that hydroxylate
gaseous alkanes (propane and ethane), transformations thought to lie in the func-
tional realm of the methane monooxygenase family [5].

The versatile iron-heme prosthetic group has been adopted by numerous trans-
port, signaling, and catalytic proteins. Within just the P450 family the range of
reactions catalyzed is impressive: hydroxylation, epoxidation, sulfoxidation, per-
oxidation, N- and O-dealkylation, and more. We found that we could access all
of these reactivities, starting from wildtype or variants of our bacterial fatty acid
monooxygenase and using directed evolution to increase the initially-low activities.
We learned that even a single P450 is highly evolvable and lies at the base of many
different fitness peaks. The P450 is also catalytically promiscuous — the bacterial
enzyme or its close variants could catalyze low levels of many different reactions.
Presumably natural selection made the same discovery many times, setting old
P450s to new tasks in many new contexts.

More recently we decided to explore new reactions, not known in Nature. Re-
actions whose mechanisms share features of the P450 machinery but have not been
discovered in Nature’s many evolution experiments, because the context was not
there. Understanding that natural selection can create new enzymes from promis-
cuous activities when presented with the opportunity to occupy a new niche (for
example, a new substrate becomes available), we tested a collection of P450s for
promiscuous activity in a few carbene and nitrene insertion reactions that are iso-
electronic to the well-established formal ‘oxene’ transfer reaction of ferric-P450
enzymes with iodosylbenzene. The similarity is such that some of these reactions
were explored in the 1980’s by ‘biomimetic’ chemists, notably Breslow and Dawson
[6] and others [7]. The poor turnover numbers they reported for P450s, however,
discouraged further work, and no more was said for 30 years. But we knew from
experience that when a P450 is a bad catalyst, it can often easily become a good
one.

The wildtype P450 enzyme catalyzed just a few turnovers for cyclopropanation
of styrene with EDA, fewer even than free hemin (Table 1) and other heme pro-
teins [8]. However, it was the only catalyst to exhibit enantioselectivity, indicating
the reaction took place in an active site that could exert some control on selec-



NEW CHEMISTRY AND NEW OPPORTUNITIES FROM THE EXPANDING PROTEIN UNIVERSE - PROCEEDINGS OF THE 23RD INTERNATIONAL SOLVAY CONFERENCE ON CHEMISTRY

http://www.worldscientific.com/worldscibooks/10.1142/9180

©World Scientific Publishing Company. For host on http://www.solvayinstitutes.be/ only. No further distribution is allowed.

86 F. H. Arnold

tivity. We quickly identified variants in our collection, such as H2A10 and CIS
(Table 1), that exhibited high selectivity for the cis diastereomer (opposite from
that of hemin, which makes mostly the trans cyclopropane product), high activity,
and high enantioselectivity.

The big breakthrough came, however, when we replaced the cysteine residue
that ligates the heme iron with Ser [9]. Our goal was to have the reaction proceed
in vivo, where it would have to rely on endogenous NADPH rather than the sodium
dithionite used to reduce the heme Fe(III) to Fe(II) in vitro. This generated a very
active cyclopropanation enzyme that functions extremely well in vivo: the 67,800
turnovers for the P411-CIS enzyme (Table 1) is, we believe, the highest activity ever
reported for this reaction with any catalyst. The Cys-Ser mutation abolished all
monooxygenase activity and caused the typical peak at 450 nm in the CO-difference
spectrum to shift to 411 nm. Thus we call this new catalyst a P411. Much more
active than P450-CIS, the P411-CIS has a crystal structure nearly identical to that
of P450-CIS. We have started to diversify this enzyme by directed evolution to
expand its substrate range and selectivity.

Table 1. Activities of different P450 variants for styrene cyclopropanation [9]. Yields are based

on EDA. TTN = total turnover number.
s/AR s/\s

PH Et PR “COEt
Q catalyst €0, €O,
PR+ H\oa — +
N, Anaerobic# HAS F!A\R
PH CO,Et P CO,Et
styrene EDA
cis trans
Catalyst [EDA] | [P450] | % yield | TTN | cis:trans | %eecis | %eetrans
(mM) | (M)
Hemin 10 20 15 73 6:94 1 0
P450BM3 10 20 1 5 37:63 27 2
9-10A TS F87V 10 20 1 7 35:65 41 8
H2A10 10 20 33 167 60:40 95 78
P4505M3-heme-CIS 8.5 15 32 212 77:23 94 91
P411gMm3-heme-CIS 8.5 15 51 342 93:7 99 51
P4505\3-CIS* 8.5 3.7 42 950 22:78 60 22
P411y\3-CIS* 8.5 1.3 55 3700 76:24 96 25
P411gy3-CIS* 170 1.8 72 67800 90:10 99 43

*Conducted with intact F. coli cells.

#(Conditions for reactions with purified P450s: 1 equiv NapS2O4, Ar atmosphere, 0.1 M KPi
pH 8.0.

Conditions for reactions with intact E. coli cells: 0.2 equiv glucose, Ar atmosphere, M9-N medium.
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Olefin cyclopropanation is not (yet!) a biologically relevant transformation, be-
cause P450s do not encounter the reactive diazoesters in their native environments.
They nonetheless have this promiscuous activity, which can be captured by evolu-
tion when the opportunity arises. Our work shows that this promiscuous activity
can be enhanced significantly with just a few mutations, something that can happen
readily in a protein evolving under selective pressure, either natural or forced.

Enzymes that catalyze the concerted oxidative amination of C-H bonds are
also apparently absent from Nature’s catalyst repertoire. Synthetic chemists, who
are not limited to biologically accessible reagents and metals, have developed use-
ful methods for C-H amination through a nitrenoid intermediate that also has no
parallel in natural enzymes. Following up on studies performed in the 1980’s [6],
we investigated whether our P450 and P411 enzymes could catalyze intramolecu-
lar C-H amination of aryl sulfonylazides to form benzosultams (example shown in
Table 2) [10]. Whereas wildtype P450 showed only weak activity, some P411 vari-
ants catalyzed several hundred TTN.

The purified enzymes as well as intact FE. coli cells expressing the enzymes
catalyze the amination reaction under anaerobic conditions (Table 2) [10]. P411-
T268A and P411-CIS exhibited good activity and reasonable enantioselectivity

Table 2. P450 and P411 enzymes catalyze direct C-H amination. Comparison of
total turnover numbers (TTN) and enantioselectivities of intact E. coli cells ex-
pressing P450 and P411 variants, with azide 1 at 0.1 mol% catalyst loading, giving
sulfonamide 2 and benzosultam 3 [10].

0.5 mol% enzyme

2.5% DMSO
0.0 0.1 M KPi pH 8.0 ), ¥
- anaerobic, 24h rt S. NS
N3 NH, NH
1 2 3
In vivo catalyst [P450] or Yield 3 [%] | TTN[E | ee [%]P
(P411] [(nM)]
Empty vector 0 0 0 n.d.
P450p3 6.6 0.5 5.1 n.d
P450BM3- 5.8 7.8 26 84
P411BM3 4.3 6.7 29 16
P411BM3- 2.2 30 250 89
P411BM3-CIS 1.4 46 680 60
P411BM3-CIS-T438S 2.7 58 430 87

[a] TTN = total turnover number to benzosultam 3.
(bl #(S—R)/(S+R).

n.d. = not determined.
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(up to 89%); adding the T438S mutation to P411-CIS increased enantioselectivity
(430 TTN, 86% ee). Optimization of expression conditions increased the productiv-
ity of whole-cell C-H amination, enabling conversions to 3 of up to 66% in small-scale
reactions; higher yields have since been achieved at preparative scale.

Outlook for future enzymes

The tools are now in place to create enzymes that catalyze reactions not known in
Nature. We have reported olefin cyclopropanation and C-H amination catalyzed by
P450s and P411s, and there is clearly opportunity for more useful reactions based
on this system. The highly evolvable P450 is an excellent starting point, both for
discovering new enzyme-catalyzed reactions and for diversifying them through di-
rected evolution. But there are likely many more such enzymes waiting for the right
substrates to come along. A tasteful mix of chemical intuition, computational de-
sign where appropriate, and evolution (to circumvent our near complete ignorance
of the details of the sequence-function code for catalysis) will generate whole new
families of genetically-encoded catalysts, greatly expanding the catalyst repertoire
for biosynthesis and for organic synthesis. What is more, we will be able to ob-
serve the creation of new biological functions and follow the mechanisms by which
they arise and are diversified and optimized. The future will see Nature’s chemical
universe expand to include more of the clever chemistry of man.
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My view of the present state of research on exploring enzyme
families and enzyme catalysis

Radicals in general are considered to be inherently unstable and reactive and in
Biology are almost always associated with destruction. The biological literature
is rife with descriptions of reactive oxygen and nitrogen species generated as the
inadvertent consequences of our environment and as byproducts of metabolism that
if left unrestrained, result in modified macromolecules including DNA and protein.
Nature has evolved small molecules (VitC, VitE) and enzymes that are able to in-
activate the “bad” radicals directly or repair the damage they inflict. Radicals are
thus vilified. One of the most exciting areas in enzyme catalysis for the next decade,
in my opinion, is to understand how Nature has been able to harness the reactiv-
ity of radicals to carry out very difficult chemical transformations with exquisite
specificity. Good radicals in biology play a central role in primary metabolism from
making the building blocks required for DNA biosynthesis, to the light mediated
oxidation of water to Oa. With the availability of the thousands of genomes and
the ability to analyze them using bioinformatics, there are predicted to be > 50,000
reactions that involve free radical chemistry [1]. Thus defining the underlying prin-
ciples of radical based reactions and the mechanisms by which radicals are generated
will be an exciting area for the next decade.

My recent research contributions to exploring enzyme families and
enzyme catalysis

My lab has been investigating for more than 30 years, how “good” radicals in
biology are generated, protected, and used to catalyze the conversion of nucleoside
5’-diphosphates to deoxynucleotides by ribonucleotide reductases (RNRs). RNRs
have been classified based on their metallo-cofactor that oxidizes an active site
cysteine to a transient thiyl radical which then initiates nucleotide reduction in all
classes. The class I RNRs are subdivided into Ia that use a diferric tyrosyl radical
cofactor [2], Ib that use a dimanganese-tyrosyl radical cofactor [3, 4] and Ic, that use
a Mn(IV)Fe(III) cofactor [5]. The class IT and IIT RNRs use adenosylcobalamin and
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S-adenosylmethionine and a [4Fe4S]'* cluster, respectively, both of which generate
a 5’-deoxyadenosyl radical that initiates catalysis through a thiyl radical [6]. The
RNR-catalyzed reactions involve stable and transient protein radicals (Fig. 1) and
nucleotide radical intermediates. One of these cofactors SAM-[4FedS|'t (Fig. 2) is
now proposed to be involved in thousands of reactions including the conversion of
a methylphosphonate to methane gas [7] and the methylation of an adenine in the
A site of the ribosome causing resistance to antibiotics [8].

= ‘{NH
Tyrosyl Radical Glycyl Radical
°>_/_</\ i Q ,s*
F% P
R LLL{NH b . HN—
Tryptophan Radical Thiyl Radical

Fig. 1. Good radicals in biology: both stable and transient protein radicals.
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Fig. 2. Good radicals in biology: the radical SAM superfamily of enzymes use SAM and [4Fe4S]!+
to generate 5’-deoxyadenosyl radical which initates a broad range of reactions in both prokaryotes
and eukaryotes.

New tools have been essential in analysis of how the metallo-cofactors initiate
these radical reactions directly on the substrate or on the protein. These include
rapid freeze quench high field EPR and ENDOR spectroscopies, transient absorp-
tion spectroscopies and the incorporation of isotopically labeled amino acids and
unnatural amino acids site-specifically into proteins [9]. Daily, the structures of
chemically and kinetically competent radicals are being revealed. The requirement
for metallo-cofactors to initiate these reactions has now made clear the importance
of understanding the biosynthetic and repair pathways that control the metalla-
tion process [10]. For example, the biosynthesis of the dimanganese-tyrosyl radical
cofactor in one class Ib RNR requires a “bad” radical, O3~ as the oxidant [11].
Lessons learned from studies of RNR and other well studied enzymes such as lysine
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amino mutase [12], have set the stage for many chemical generalizations that have
and will continue to emerge.

Outlook to future developments of research on exploring enzyme
families and enzyme catalysis

The good news is that there are many novel mechanisms yet to be unraveled. The
bad news is that many of the proteins require metallo-cofactors that are poorly
incorporated in recombinant hosts during expression. When studying metal-based
reactions, homogeneity of reaction centers is essential given the low sensitivity of the
biophysical methods available. While we have a number of tools to look for, exam-
ine, and characterize biologically generated radicals, more sensitive tools that can
be used in vitro and in vivo need to be invented. Identifying and understanding the
factors that assist and control metal and oxidant delivery, requires further investiga-
tion. Despite the amazing progress that has been made in FeS cluster biosynthesis
in the last decade [13], for example, the source of iron and small molecules involved
in sensing iron, still remain unknown. Metal homeostasis and redox balance are in-
timately linked in the cell and are essential to understand. Finally, as educators, we
need to do a better job incorporating radical-dependent reactions including electron
transfer and proton coupled electron transfer mechanisms and the role of metals in
biology into our introductory biochemistry courses.
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SESSION 2: EXPLORING ENZYME FAMILIES AND ENZYME
CATALYSIS

CHAIR: DONALD HILVERT
AUDITORS: J.-M. FRERE!, W. VERSEES2

(1) Université de Liége, Centre for Protein Engineering, Institute of Chemistry,
B6 Sart-Tilman, 4000 Liége, Belgium
(2) Structural Biology Brussels, Vrije Universiteit Brussel and Structural Biology
Research Center, VIB, Pleinlaan 2, 1050 Brussel, Belgium

Discussion among panel members

Don Hilvert to Judith Klinman: I think the idea of compaction in catalysis is quite

compelling. In fact, this is what we saw in the evolution of our enzymes. All the
groups came together, yielding a very precise alignment. However, why did you
conclude that this was a ground state phenomenon?

Judith Klinman: I will talk about methyl transfer first. If you use the labelled
methyl group to look at the degree of compaction, basically you are looking at
the increase in force constant at the methyl group when it is bound versus free.
And you can look at it kinetically, to see what effect mutants have, particularly a
residue that sits right behind the sulphur that is transferring the methyl group. In
our first study, we showed that as you decrease the size of the group, the isotope
effect approaches unity, which is what you see in solution, and the rate went down
103 fold. We concluded that the transition state — and this was very important
— was more crowded in the wild-type enzyme, and when we mutated that essen-
tial tyrosine to either Phe or Ala, things moved apart and the transition state was
more expanded. That would fit with the idea of the transition state being critical.
But we went one step further: we simply looked at the binding of the S-AdoMet
(S-adenosylmethionine), once again with tritium, three tritiums, in the methyl
group to increase sensitivity. A lot of the effect that we had seen in the wild
type kinetically was present in the ground state. We did not expect to see that,
but it suggests that in the actual binding of this large, extended cofactor (bringing
us back to ideas that Jencks developed years ago) the methyl group is presumably
forced into a configuration in the ground state where it is quite restricted, either in
its bond rotation — carbon-carbon bond rotation — or hyperconjugation. We don’t
have the full physical explanation. But we then performed these extended ab ini-
tio calculations with Todd Martinez (Stanford) using his GPU methods. Looking
at it a little differently, he and Heather Kulik (Martinez lab) saw that the con-
verged inter-nuclear distance between the methyl group and the inserted substrate
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depended on a huge number of atoms in the ab initio region. This is why I showed
the picture with the scaffold together with all the soft squishy stuff in the middle.
It is almost as if there are so many binding interactions that, in the ground state
ternary complex you can force things closer than their van der Waals distances. You
must pay the price somewhere: it is likely in the remote binding interactions but
you need a lot of atoms to do that. That is a surprising result, but I am not all that
confounded because in the tunneling situation you also need to get things very close.
But there you do so transiently, by dynamical sampling. That’s the model. Here,
you are seeing all this compaction in the computation of the energetic minimum for
the ground state ternary complex. So we need to really ask the following question:
how, with de novo enzymes, can we reproduce the extended interactions that are
going to bring the reactants so close? We know we need a lot of functional groups
for catalysis, we need to go one step further, and we need to get the interacting
atoms really close.

John Gerlt: Can I just follow up, Judith? In other words, did S-AdoMet bind more

tightly to the mutant?

Judith Klinman: No, it does not. (Note added in proof: At the time of the confer-

ence, we had measured K4 values for the mutants using single tryptophan variants
of the methyltransferase, seeing a very small trend, with the mutants binding the
S-AdoMet slightly less tightly. We have now measured Kq for the binding of S-
AdoMet to the WT methyltransferase and see an overall ca. 10x weaker binding
in the direction Kq (Tyr) < Phe < Ala. That is the cofactor begins to bind less
tightly to the mutants.) The whole idea is that you label the methyl group with
three tritiums, and you look at the effect of binding on the discrimination for or
against tritium in the bound S-AdoMet with the wild type or the mutant. And you
can measure the discrimination between protium and tritium. That tells you what
is happening in terms of the force constants at the C-H bonds within the trans-
fered methyl group. And we see that the change in force constant is greater with
the wild type. When you make a mutant of a residue behind the sulphur atom, a
residue involved in the transfer of the methyl group, the discrepancy between what
is happening in solution and in the enzymes starts to disappear. So you actually
need that conserved tyrosine pushing on the sulphur. You know there were hints
in the literature earlier that there were very strange binding effects in proteins. I
remember that Vernon Anderson published some data years ago and everyone said
that it must be wrong (and I must confess I was one of those persons). But in this
instance, the unusual effect that we are seeing appears to be in the formation of the
enzyme complex.

John Gerlt: It is not manifested in the binding constant?

Judith Klinman: The binding constants are not that different for S-AdoMet in the

mutants. (See note added in proof above.)
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Kurt Wiithrich to Judith Klinman: Did you replace this key tyrosine with pheny-
lalanine? And if yes, what happened?

Judith Klinman: Yes, that was one of our mutants, tyrosine to phenylalanine.
The tyrosine is probably important because you have a hydroxyl group hydrogen
bonding to a glutamate fairly far away. That keeps the orientation fixed so that the
[-methylene can be in the correct position to create this compaction. If we generate
phenylalanine, we get some elongation between the methyl donor and acceptor
atoms in the computation and diminution in the binding isotope effect. The big
difference arises when we put alanine into that position. Now we get an internuclear
distance that is not very different from what would be seen in solution. There does
not seem to be much compaction left. There is still some with phenylalanine, but
not as much as with the constrained tyrosine. Phe is funny because it is of course
much more hydrophobic than tyrosine.

Don Hilvert to Judith Klinman: Along that line, concerning binding, in the phenom-
enal 500- or 700-fold isotope effect that you see on C-H activation, can you actually
rule out the possibility that the labelled molecule, the deuterated molecule, does
not bind in a non-productive way?

Judith Klinman: I cannot tell you anything about the actual binding. The structure
that I showed you is the enzyme without the bound substrate. But why would
deuterium bind non-productively where protium does not? This is what is so nice
about these isotopic labels. All we are changing is the reduced mass of the bond.
Honestly, I haven’t thought about that as a possibility because it is not a real
substitution. It is just putting in an isotope. What is so phenomenal is that the
isotope effect, which is normally 80 anyway with the wild type enzyme — a very
high value — goes into a regime where, in our mind, the donor and acceptor are
just too far away. Within a full tunneling model, it is like the deuterium is facing a
wall. The wavelength is just too short to go over that distance and the enzyme has
become more rigid and cannot recover the wild-type distance. I would love to have
some ideas on how to test that further. We are doing many things like X-rays at
room temperature to see if we can look at changes in dynamics and H-D exchange
in the double mutant. We have high-pressure effects that suggest it is actually more
rigid than the wild type. All these things have to be tested now.

Jason Chin to Don Hilvert: I have a question about the experiment where you do
computation and directed evolution. Is there an experiment in the literature where,
starting from the same protein scaffold, someone has done directed evolution on
the parent protein? Has someone done computational design and then directed
evolution and compared both processes directly? I have seen a lot of papers where
you do the computation and you do directed evolution: the computation clearly does
something, the directed evolution does something more. But I would be curious to
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see a comparison starting from the parent. Is that experiment in the literature? So
maybe you can comment on both what you think would be the value of such an
experiment and whether it has been done.

Don Hilvert: That precise experiment has not been done. David Baker’s lab car-

ried out a control experiment on retroaldolases that required a reactive lysine and

Kemp eliminases using a scaffold, basically introducing mutations to mimic the
composition of the active site that was generated computationally but without any
computational information. And indeed, in those libraries he found active enzymes
but at a much lower frequency. The activities were very similar, so I predict that if
you use these hits as a starting point for evolution, you would get pretty far. For
this type of simple model reaction, that may be a viable approach. If you would like
to do something more difficult, my guess is that it will be hopeless because, in our
experience, in screening or selection experiments where you start with no activity,
you’re in the noise at the beginning and you end up in the noise.

Kurt Wiithrich: to Jason Chin: These modified proteins give unlimited possibilities

for the use of NMR spectroscopy, but the production yields must be sufficient. Can
you make milligrams of these proteins with single amino acid residue modifications?

Jason Chin: We can routinely make milligrams of proteins, certainly in E. coli. We

have, for example, solved a number of X-ray structures of proteins bearing post-
translational modifications — acetylated proteins, ubiquitinylated proteins — using
approaches that we have developed. The limitation, at least for us, is not in this
area. The limitation is in finding questions well enough molecularly defined that
you know that the outcome is going to be interesting. We could solve hundreds of
X-ray structures, as could Tom and other people who have technologies for modi-
fying proteins, but the number in which the questions can be reduced to something
molecularly interesting is less clear. For the purposes of NMR, yield is a problem.
You would like to put in things like traceless isotopes. There is, in principle, a con-
ceptual problem because you would like an isotopically labelled amino acid identical
to a natural amino acid, but you can’t get a synthetase to recognize an isotopically
labelled version of the amino acid. You have to put in a protected version, and
deprotect it after the synthesis, so that you end up with the natural version. We
have done that in ways that give you a completely native protein having a single
isotope label at a single position in the protein.

Kurt Wiithrich: Do you still get good yields after these additional steps?

Jason Chin: Yes. For example, we have done experiments on a lysine side chain

to which we have attached a para-nitrophenol group via a carbamate. The amino
acid goes into the protein and we believe that, during the purification process, the
nitro group is reduced and a spontaneous fragmentation process yields the lysine
back. So we have been able to isotopically label a single lysine in a protein, take
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the NMR spectrum, and see a single peak, for effectively any protein you want to
express in F. coli. For example, you could label an active site lysine and screen for
drugs that modify the chemical shift in that one position. This could be achieved
without having to deconvolute, or know the assignments of, the spectrum. It’s not
something we’re done, but if anyone wants to collaborate on that, we can make the
protein.

Don Hilvert: Along the same lines, I read a paper recently by Nediljko Budisa in

Berlin who claimed that many of these modified aminoacyl-tRNA synthetases are
extremely inefficient compared to the natural enzymes. Competition in vivo with
natural processes or normal suppression can be quite severe. Yields of protein are
low and also not very homogeneous. Could you comment?

Jason Chin: There are experiments in the literature where people have done in

vitro pyrophosphate exchange, the first step of the aminoacylation process in the
synthetase enzyme. Some of these experiments are quite interesting because they
suggest that even though the exchange is well characterized, in wvivo when you
add, let’s say, one millimolar amino acid to the cell and characterize the protein
by mass spectrometry — which tells you the identity of the amino acid in the
protein, and MS-MS which tells the position in the polypeptide where that amino
acid is incorporated — those experiments show very clearly that what ends up in
the protein is correct and you are able to quantify the yield. So that’s all fine. The
issue is that, in wvitro, when you purify the synthetase enzyme and then ask how
well do those unnatural amino acids bind to the enzyme active site, in some cases
that number is quite high. And in some cases, at least in Nediljko Budisa’s hands,
the claim is that in that step of the reaction, the natural substrates are competitive.
But that does not make this true for the overall catalytic process. Some of those
could be dead end complexes and that would be consistent with the observation
that what you are selecting on is the overall process and the ability to put the
amino acids into proteins. So it depends on what question you are interested in
asking. If you're asking can we make proteins containing these amino acids and
make milligrams per litre, purify them, and then ask questions or do experiments
in cells, such as the ones I focused on here today, I think the answer is clearly yes.
If you’re interested in what the exact enzymatic properties of the enzymes are, and
I point out again that those in vitro measurements are only one step of a multistep
process and there’s really no controls that even say that those enzymes are behaving
in the way that they are in cells or in fact that they’re folded correctly in wvitro,
I think that’s interesting characterisation. But I'm not really sure what we learn
beyond that.

Ken Houk to John Gerlt: T want to ask more about the pathway docking procedure

that you used. It was a quite impressive way to explore the function of an enzyme.
The background of my question has to do with the fact that, in general, docking has



NEW CHEMISTRY AND NEW OPPORTUNITIES FROM THE EXPANDING PROTEIN UNIVERSE - PROCEEDINGS OF THE 23RD INTERNATIONAL SOLVAY CONFERENCE ON CHEMISTRY

http://www.worldscientific.com/worldscibooks/10.1142/9180

©World Scientific Publishing Company. For host on http://www.solvayinstitutes.be/ only. No further distribution is allowed.

Sesston 2: Discussions 99

a rather bad name because of its inaccuracy in calculating the binding energies of
different kinds of molecules. Often, many docking programs will give micromolar to
millimolar binding with a whole variety of substrates that might fit in the pocket.
And the second issue is that, when you are looking for function, the enzyme is
evolved to stabilize the transition state, not the substrate. I wonder if you can
elaborate on this pathway docking procedure, which proves to be so good?

John Gerlt: Let me try to answer as Matt Jacobson would, since I am here repre-

senting a large-scale project. Docking is notorious for being not particularly good at
predicting specific substrates. It was used initially in the pharmaceutical industry to
try to identify potential lead candidates. That is not as demanding as, for example,
screening against the KEGG database to ask which metabolites bind best and could
be substrates for an enzyme of unknown function. When you dock into a single ac-
tive site, cases in which the best predicted hit is the substrate is not very high. So
the question is how could you improve that? This might be done by actually docking
to a series of binding sites that constitute a metabolic pathway. We are presently
considering catabolic bacterial systems where there are transport systems to bring
the catabolite compound in, which is subsequently catabolised. Many transport
systems have solute binding proteins in the periplasm and those binding sites can
also be used for docking. They also have the advantage that if you produce the
proteins, you can quantitate binding; you do not have to quantitate catalysis. And
this can be done in a relatively easy way by looking for thermostabilisation by which
you can screen a large number of compounds. But the idea is that in fact, if you
dock to multiple enzymes in a metabolic sequence, perhaps no docking to any one
enzyme would give the right answer. But if you look at trends for the docking hits,
chemoinformatic methods can analyse those (and it is part of our project to do so),
enhancing the ability to decide whether the most likely candidate is a substrate for
the metabolic pathway. That is how we produced a trans-hydroxyproline betaine,
the substrate for that racemase. Again, none of this is perfect yet. If it were, the
problem of predicting functions of unknown proteins would be easy. But we are
certainly using that docking to two, three, four, five, six successive active sites with
the idea that for the substrates, elements of specificity will be conserved through
the pathway, allowing a better choice of compounds to test. The point of binding
versus catalysis is very well taken. Matt Jacobson recently published a rapid report
in Biochemistry, I think, about distinguishing between false-positives, which bind
but are not catalytically active, and compounds that are real substrates. It was
a QM/MM (Quantum Mechanics/Molecular Mechanics) approach sorting out why
some compounds predicted to bind were not very good substrates, presumably due
to electrostatic effects in the interaction of the various possible substrate candidates
with the active site. I don’t believe this has been totally sorted out. This docking
doesn’t work every time but that is why we’re trying to improve it.

Judith Klinman: I just want to get back to the QM issue and how many atoms
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are going to be needed to really assess what is going on. In the catechol methyl-
transferase, Todd and Heather needed to extend the number of atoms in the QM
region way beyond what is usually done to get a true picture of what is happening
in the binding. I would like to put this out as a major and important new direction
to be tested in other enzymes. This is just one system, yet the theoretician Walter
Thiel has been examining another class of enzymes, once again extending the QM
region in a stepwise fashion to see how each new area changes final conclusions. If
we are going to use QM, what are the criteria for concluding whether observations
are related to function? Methodology will increasingly include many more atoms
than the standard 20.

Ken Houk: I am guilty of using quantum mechanics. What you describe is a

great problem in that QM, highly accurate for small systems, is combined with

force field or MM methods to try to deal with the protein, and in particular to
include dynamics so that one can calculate not just one but millions of different
conformations and average them. While these techniques have been known for
some time, they still are not very successful, unfortunately. My lab uses QM to
predict the ideal arrangement of functional groups with respect to each other. In
fact, for the substrate, precise geometrical arrangements in the transition state are
extremely important for catalysis, as mentioned by Judith Klinman. Deviating by
a few tenths of an A is sufficient to lower the rate of catalysis substantially. Todd
Martinez is a pioneer at using GPUs for quantum mechanics. Actually, this is
much more common for molecular dynamics. We use GPUs for molecular dynamics
too. This takes advantage of the gaming industry’s huge audience for the latest
machines having very inexpensive processors. This proved to be quite useful for
molecular dynamics, but more difficult to apply to QM. We need to apply more
accurate methods like QM to larger systems. As this will be more common in
the future, one can hope to increase accuracy. Nevertheless, the problems we are
discussing are huge, both in terms of the number of atoms involved and molecular
dynamics, namely the necessity to include millions of conformations. The prospect
of computation replacing the experimental approach is neither immediate nor even
likely in the next decades.

Discussion among all attendees

Judith Klinman: I would like to use one of my own slides (Fig. 1) in generic fashion

to address the question of how enzymes work. Combining experiment and theory

is essential at this point. We constantly go back and forth, testing one against the
other. I want to use an example on this slide to facilitate discussion. Here, an
internal region of the protein, coloured on the figure, is surrounded by a scaffold
which may be pretty rigid. But inside, approximately 600 atoms, a huge number,
are interacting with each other. It is the entire ensemble that is essential for catal-
ysis. This instance involves compaction between the methyl group donor and the
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Fig. 1. We can begin to test structural features capable of generating a short inter-nuclear distance
between the methyl donor and acceptor using COMT as a model scaffold. Computations by Kulik
and Martinez indicate the need for an extended QM region (shown by the atoms in color below),
to obtain an energetically converged ground state structure for the ternary complex of COMT.

acceptor. So now you can start to do in silico experiments. You can take away a
single side chain, one at a time, perhaps in combinatorial fashion later, and calculate
how close the donor and the acceptor can get. Depending on what is seen, we can
then go back to the laboratory to test these out. This kind of interactive prediction
testing, from the computer to the lab and back, is the way we have to go.

Another comment concerning compaction: a young man came up to me in the
coffee break, and he said: if you look at Morse curves, how in the world do you
get things so close? We know from physics and physical chemistry that the energy
to get something shorter than the van der Waals distance is very large, so that’s
another question that can be asked. What are all these remote interactions and
compensating effects in proteins that can be translated into very specific reactive
configurations? I'd like to put that out as a really important question.

Gebhard Schertler: T would like to present two slides very far from this topic but

nonetheless related. We work on arrestin, a protein binding to G protein-coupled
receptor. We have mutated every amino acid into alanines and tried to stabilize the
interaction. We want to make a stronger binder to arrestin. On this graph, the red
things bind less well and the blue things bind better. On the next figure, we include
a structure. The better blue binders are very spread out, as are the sub-optimal reds
in the interface. Intuition suggests changing the interface to get different binders,
but these are too far away. What is the explanation? The blue patches are all far
from the binding site. This is similar to what Judith Klinman just said: that things
far away influence what is happening. In this case, it is most likely that we have two
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states of the protein. Disruption of the blue core with mutants favors an activated
state of arrestin: an example of activation from afar. In directed evolution, where
do the residues change? Are they changing in the first or outer shell? T predict
that a lot of later evolution will happen in the outer shell. When we compare 51
and (2 adrenergic receptors, the innermost shell contacting the ligand itself is more
or less identical. There are no different amino acids. In the outer shell, things are
different. There, even small molecules like adrenaline and noradrenaline can bind
differently. All these things have to do with the dynamics of the molecule. Events
in the outer shell matter because they change protein dynamics.

Frances Arnold: You are right. Experiments show that when you evolve an enzyme

for higher activity, allowing mutations to be randomly distributed across the protein,

many improvements are found far from the active sites. Though this has been
observed hundreds of times, the exact mechanisms remain to be found. In this
respect, I think Ken Houk presented some very interesting data today.

Don Hilvert: Following on Frances Arnold’s comment, active site mutations often

have greatest impact on activity both favorable and unfavorable. This is to be ex-
pected given the starting assumption that interface residues have the largest effect.
But it is true that proteins are attractive evolutionary objects because you can
shape them through distant interactions and transmit that information to a bind-
ing pocket.

Richard Lerner: In evolving antibody binding, you often start with a pretty poor

binder. Under selective pressure, it mutates by somatic random process. When you
go from micromolar to nanomolar dissociation constants, you see both active site
mutations and outer-shell mutations. Almost every somatically mutated antibody
has outer-shell mutations. Schultz published a rather long paper about this in
Science, saying that the general concept is not very complicated and that it is
entropically very good to make the active site a better fit. I do not think that
anybody has put it as elegantly as Judith Klinman in terms of compaction but you
cannot find a somatically mutated antibody that doesn’t make outershell mutations.

I have a more general question, not so much for the people in the room but for
those who want to get a Gestalt of what we all do. Most people here are chemists
including myself. Chemists like to make things and therefore, if there were another
similar meeting of people who want to discover things, they might say to us: why do
you bother to even make things for the good of mankind because there is so much
which remains to be discovered? And the answer is: because we want to learn the
principles. But an interesting question would be: how many important molecules,
large or small, with say the importance and potency of steroids and prostaglandins,
do the people in this room believe remain to be discovered? Or have we discovered
95% of the important ones? Let’s just deal with small, very potent molecules. What
percentage would you believe we have discovered (to Don Hilvert)?
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Don Hilvert: People in the pharmaceutical industry always say that their hit rates

are much higher if they search natural products libraries than if they start with
small molecules from combinatorial libraries. But I do not think they represent
probably more than 50% of the hits.

Richard Lerner: We've discovered 50% of the potent molecules, then?

Frances Arnold: When you ask what has been discovered and what remains to be

discovered, are you talking about structures or function? Most people care about
discovering functions.

Richard Lerner: I would say functions, Frances, quickly followed by structure. For

this purpose, let us just quickly call them functions.

Frances Arnold: So then the context of the question is important: it depends on

what you are asking the system to do.

Richard Lerner: OK. I am asking for function, for example anti-inflammatories.

Frances Arnold: But this is a non-natural function because it is something a human

is interested in but not necessarily the biological system that made it. And the

same is true for proteins, so many proteins to be discovered that Nature has not
made because she could care less.

Chris Walsh: With regard to how many natural products remain undiscovered,

there are people who do calculations based on the discovery rates of antibiotics of
clinical relevance for human bacterial infections. One in ten Streptomyces make
a molecule called streptothricin.The rate of success is 1 in 1000 for streptomycin,
1 in 10* for erythromycin, and 1 in 10° for daptomycin. And so the calculation
has been made to find the next important molecule, you might have to screen 1 in
10%. When the pharmaceutical industry stopped screening, they were testing about
3 x 10° molecules per year. So, under classical conditions of screening and looking
for new cultures, they were never going to come up with the next new molecule. On
the other hand, if you ask how many bacteria are there in the soil, you can count
10'8-10'. By that calculation, 98% of the important natural products in terms
of antibacterials could still be discovered because we have not screened more than
2% of the soil bacteria that have a history of producing molecules. That’s just one
area of therapeutics. What I say is based on an assumption about how rare truly
interesting molecules have been, and whether that’s an extrapolatable line.

Richard Lerner: Is somebody going to discover a new steroid in man?

Brian Roth: Yes.

Chris Walsh: If I were looking for interesting new molecules, I would not look in

humans. I might look at the microbiome of the gut.
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Brian Roth: My lab does lots of screening and we really love to screen natural

products so if anyone here has any, please send them to us, the more interesting
the better. And let me say that the approach that we take is to screen hundreds
of molecular targets in a parallel fashion. I think you're right: if you take the
pharmaceutical approach, which is one target at a time, the hit rate is very low. But
if you have a large, genome-wide coverage of a particular target class, particularly
the so-called orphans, then every time we do a screen, we find really interesting
things. Our problem is having the manpower to analyse the results sufficiently
rapidly to disseminate them.

Chris Walsh: That is a good and unusual problem to have.

Brian Roth: It is, unfortunately, true. I know there are just so many orphan targets

that, on the basis of knockout data, have really interesting effects. At least in mice,
there are really interesting steroid-like molecules that remain to be discovered. I can
expand on that tomorrow. The other point relates to directed molecular evolution.
I think we are the only laboratory that really has done this with GPCRs to any great
extent. We were evolving a GPCR to bind an unnatural ligand, and be activated
by it, to use as a tool eventually. This turned out to be extraordinarily valuable
for many laboratories. By using saturation mutagenesis, we could screen millions of
mutants within a couple of days, and found all of the interesting ones were actually
in the binding pocket. So the uninteresting ones that caused non-specific activation
were outside the binding pocket and had basically allosteric effects. But those that
changed the pharmacology of the receptor (which were the ones we are interested
in) were, as far as we could tell, right in the binding pocket and oriented towards
the ligand. The situation may be a little different in other cases, depending on the
particular reason for which you are trying to design the protein and whether these
outer-sphere mutations that have an entropic effect are going to be effective. But
we found that if you are trying to evolve a protein that binds an unnatural ligand,
then, at least in our experience, those were the best.

Richard Lerner: How many enzymes are there in the universe?
Brian Roth: T don’t know.

Richard Lerner: Maybe 10* more?

Chris Walsh to Judith Klinman: A question for Judith Klinman. I guess I have

not thought about compaction very often in terms of catalysis. My question relates
to the maturation of molecules like the green and red fluorescent proteins. On the
one hand, triad of residues — serine, tyrosine, glycine in a row — get converted
auto-catalytically or by auto-modification to the fluorophore in GFP or red fluores-
cent protein. But I understand that auto-modification only happens from a folded
nascent precursor protein and not from the denatured protein. So is that a case
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of compaction? Presumably not, and a lot of calculations have been done on that
auto-modification. So tell me how that is different.

Judith Klinman: Proteins fold and as they fold, they generate active sites that have
a very large number of functional groups, which could also be part of the green
fluorescent protein maturation. Actually, in my view, there is no counterpart in
small molecule chemistry because entropically it is simply prevented: you can’t get
that many functional groups in one place at one time. So that is step 1. That is how
proteins have evolved and of course the energy is paid at the time that the protein
molecule is synthesized through GTP hydrolysis. But that is not the end of the
story. That is a static ground state structure. And then the question is what else do
we need to get these enormous rate accelerations. Having all the functional groups
present does not seem sufficient. Now we have to go system by system, but the
model that has emerged — at least in my lab from the hydrogen tunneling studies
— is that these proteins are actually moving all the time. They are sampling many
different ground states, and it is only those ground states that give you all the precise
interactions, all the precise hydrogen bonds, electrostatics, etc., that allow catalysis
to proceed so quickly. It’s that level of dynamic motion. Of course, we think of
proteins now as existing not as a single structure but as a family of conformational
sub-states. Any perturbation you make will affect catalysis, whether or not it is
a remote mutation. There is no question that putting a lot of functional groups
around the bound substrate gives you a large rate acceleration. I think you could
probably get a 10%-, 10%-, 10'9-fold rate acceleration. I do not think you are ever
going to get to a 10%° fold rate acceleration from simply putting these active site
residues together. There I think what you need is this distribution of conformational
sub-states. That being said, in the methyl transfer reaction we appear to be seeing
a lot of compaction in the ground state, at least at the ternary complex, but that
is just one aspect of catalysis. I do not think that there is any way out of this
kind of thinking right now. The problem is how do we show it computationally and
experimentally and bring this all together? That is a challenge for going forward.

John Gerlt: In the complex, what fraction of the protein and substrate molecule is
compacted and what fraction is relaxed? You are talking basically about a difference
between the entropy of bringing things together and then, presumably, additional
energy — enthalpy — is used to bring about this compacted state.

Judith Klinman: Before we did the methyl transfer experiment, I would have said
that it was all in the dynamics, in some fraction of the total protein, and I could
not have given you that number. That made it difficult to test the ideas, as well.
It’s just a transiently formed sub-state. But in the case of the methyl transfer,
it looks as if there is enough going on in the ground state so that you can get it
(the compacted state) as the dominant enzyme form. So then the question arises
regarding charge effects: in C-H activation, the charge properties are very different
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from S-AdoMet-dependent reactions where you have the sulphur ST and nucleophilic
substrate. The electrostatics are going to contribute to this phenomenon. I can’t
give you a number. All we can do currently is look for changes in the conformational
distribution and correlate them with catalytic efficiency. This is being done more
and more using biophysical tools.

Marina Rodnina to Judith Klinman: I also have a question for Judith. How common

are these tunneling effects in enzymes? In other words, can it be that we are
describing enzyme function in an entirely wrong way if we are not taking them into
account?

Judith Klinman: We have been looking at tunneling for about 25 years. I would

say that there is evidence that virtually every C-H activation has a strong tunneling

component. It is much harder to say that in proton transfers from oxygen to oxygen,
since you don’t have the same tools available. But I would say it is very prevalent.
I think the reason that my group started to think about dynamics is that once
you invoke hydrogen tunneling, the movement within the chemical step is just wave
function overlap and then all the motions that give rise to the chemistry have to
lie within the heavy atoms of the protein. My guess is that this is probably true
for all catalysis. So yes, there is something wrong with the idea of transition state
stabilisation. It’s just looking for all the catalysis in the enhanced binding at the
transition state, and not giving us the physical principles that allow these enormous
rate accelerations.

Ray Stevens: A question for Ken Houk. First, an observation: you made a comment

that docking is not very reliable for enzymes, and sometimes we hear kinases have
anywhere between 5 and 15% success rates. Whereas with GPCRs, not talking
specifically about enzymes per se, the hit rate is closer to 60 to 80%. You get much
better hit rates with docking than with enzymes. And then Richard Lerner made
the observation about enzymes, where you see some mutations on the inside (in
catalytic antibody enzymes) but you also find a lot of mutations on the outside.
Brian Roth made the observation that most of the mutations are occurring directly
in the binding site. So I am curious, from a computational perspective: how do
you use this knowledge concerning the hit rates and the position of the mutations?
Does it have something to do with dynamics? How do you use this and how do you
connect those dots?

Ken Houk: We can’t use that information directly in a computation. A computation

is built on the physics of interactions, so we would like to use quantum mechanics
since we think that is the right physics, but it is too time-consuming computationally
to be used for all systems. There is another complication, which is that the sites
of mutation often aren’t directly related to catalysis. You can measure increased
catalysis, but, for example, in experiments that I was trying to help explain, Codexis
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is trying to develop a commercially viable catalyst to be used in somewhat unnatural
conditions — that is, mixtures of water and DMSO for example. The mutations that
occur are contributing to the lifetime of the enzyme and to other factors that are
different from catalysis. That makes it difficult to mix in directly with computation.
When we do a computation, we are trying to essentially measure the free energy
difference between the bound substrate and the transition state in the enzyme. I
didn’t describe any calculations like that today, but that would be the ultimate
in using computations to explain catalysis. To do that correctly, unfortunately,
it is not possible to use a lot of empirical information. What we need is to have
much more accurate force fields if we are going to use classical mechanics or faster
quantum mechanics. In both fields, progress is constantly being made but we still
have to wait for those developments to occur.

Jan Steyaert: I have a hypothesis rather than a question. If conformational sampling

is indeed so important for catalysis, I would think that conformational antibodies
that recognize these enzymes would act as allosteric modulators. Is there evidence
for that?

Richard Lerner: Jim Wells has published a series of very nice papers where he

actually selected antibodies that are allosteric modulators.

Jan Steyaert: But those were large conformational changes. This is more subtle,

no?

Richard Lerner: 700 A2 of protein surface. That is pretty large, yes.

Tom Muir: I have a question for the protein evolutionists. We’ve had some beautiful

examples of using in-laboratory evolution to achieve new functions. In one example,
Jason Chin is really looking for a synthetase with new specificity in terms of an
unnatural amino acid that you can bind to the synthetase and activate. But it is
a slightly different situation with a catalyst. You obviously want to have activity
toward a specific reaction, but you also would like to have some promiscuity with
respect to substrate scope. I wonder what the state of the art is and the current
thinking about how one balances these two effects. To me it seems that there are
interacting effects: the enzyme is going to evolve toward the particular substrate
that you happened to use, not necessarily toward a whole panel of related substrates.
What is your thinking on that?

Frances Arnold: This is the sort of question I spend a lot of time thinking about.

When chemists say, “I love lipases because they will work on anything,” I answer,
“What they do (hydrolysis) isn’t very interesting, but they do have a broad substrate
range and reasonably good selectivities.” The real trade-off is usually between
having a broad substrate scope and having the regioselectivity or enantioselectivity
that you really want on each substrate. Right now, it’s just trial and error. It is
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very hard to know a priori whether you’ll have broad scope or not. Another group
of people would say that doesn’t matter, because all you need is a quick screen and
a couple of mutations to fine-tune the catalyst for any substrate or selectivity that
you want. If you buy that argument, then you really don’t need to have super broad
range, but you have to be able to access the substrate scope that you need.

Don Hilvert: If you want high activity, you have to have very high specificity as

well. Many computational designs are attractive in this regard because you get a
foot in the door: you have a promiscuous catalyst that you can then potentially
evolve in many different directions.

Kurt Wiithrich to John Gerlt: John, you now have this marvellous machinery set

up, and the PDB includes at least 5300 domains of unknown function. How long
will it take to annotate just this sample of structures with your machinery? You
should not work in empty space, here you have material to test your machinery.

John Gerlt: We are developing the machinery to allow such de-orphanization to

occur. We spend a lot of time worrying about the proper way to evaluate the success
of the Enzyme Function Initiative. Is it evaluated by how many PDB structures
we can de-orphanize ourselves, or are we developing strategies and procedures to
do that? I would say that we are not necessarily a machine to crank through every
structure and de-orphanize it, but what we are trying to do is to develop tools and
strategies so that other people can do this. I would say that a problem with many
PDB structures is that they were presumably determined in an unliganded state.
One of the proteins I talked about today, PDB 2PMQ, was actually crystallized in
what can be called a dockable state. After the fact, the structure was determined
with the ligand bound and found to be virtually superimposable on the unliganded
structure. I would argue that in cases like that the success rate for docking should
be high. And we would not necessarily be interested in all of those. We alone are
not developing a machine that is going to be totally responsible for doing this. T
don’t wish to be evasive; our success will be developing pathway docking. Because
docking is not a hundred percent accurate in each case, is there a way to do multiple
docking experiments and successive catalytic events that enhance that rate? This
is not a challenge that one large-scale project is going to solve.

Kurt Wiithrich: Should I translate this by saying that you are developing a car but

don’t want to run the risk of driving it on the highway?
John Gerlt: No, not at all, but it is undergoing design continuously.

Chris Walsh: Maybe you have a car but you do not have any gas to put in it.

Wilfred van der Donk to Jason Chin: This question is for Jason Chin. We are doing

some incorporation of unnatural amino acids using the methodologies that you and
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others have developed. In our very limited experience thus far, success seems to be
very variable. In one position, for the same amino acid, the same tRNA, and the
same aminoacyl-tRNA synthetase, incorporation is great. In the same peptide at
another position, we do not seem to get much suppression efficiency. So are there
any rules? Is it understood why that is and is it something that you see as well?
Are we just doing things wrong?

Jason Chin: There is a series of papers by Miller in JMB, probably in the seventies,

that describe codon context effects in amber suppression, for example. We have done

things like develop ribosomes that direct more efficient incorporation at amber stop
codons. And there are other strategies that address this, which seem to even out
some of those effects that you see if you do a simple experiment with a synthetase
and tRNA. The simplest thing to do is to change the codon context, if you can,
around the amber stop codon. There are rules based on this paper by Miller that
will tell you what to put directly after the amber stop. Of course in some cases that
may result in an amino acid change and in other cases it may just be silent. But that
is the simplest thing to do. There may also be contextual effects related to where
you are in the polypeptide sequence. You know there is this issue with translational
ramping in the N-terminal region of proteins versus further on the polypeptide
sequence, as some people have reported. My lab is trying to put together a database
of our internal experiments and open that up to the community, sharing what the
incorporation efficiency is at a particular site, which experiments worked well or
which experiments worked not so well, to empirically determine as a community
what the rules might be. I think that would be a resource for people. But I think
the simplest thing for you is to try this codon context.

Henk Lekkerkerker: As a total outsider, I am impressed by these wonderful develop-

ments in genome mining, computation, specialist gene lines, etc. In 2007, President
Bush predicted that by 2017 the U.S. would be using 35 billion U.S. gallons of
bio-ethanol. It’s generally accepted that only 15 billion of that would come from
Midwest corn. That leaves about 20 billion gallons to come from cellulose feedstock.
When you talk to people from DuPont, they complain they can get good enzymes
(cellulases) only from fungal, not bacterial, sources. They need doses about 25 times
as high as for the corn conversion and it is slow. But with these eminent people
here, I expect that with the combination of genome mining, calculations, and other
approaches, we can solve the problem of DuPont by producing 20 billion gallons of
bio-ethanol. We produce about one billion now.

Frances Arnold: It is not the enzymes’ fault. If you compare cellulases from many

different organisms, they are all pretty much the same in terms of their catalytic
capabilities. There are no huge factors of difference. So the only opportunity for
increasing intrinsic activity is to raise the temperature of the process or to pre-treat
the material so that you make the cellulose available. All those things take money.
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The reason not much bio-ethanol is being made is that the price of oil is too low
and the price of corn and other feedstocks is too high. Nobody can make money
out of it. It is certainly not the enzymes’ fault.

Henk Lekkerkerker: T will tell it to these people, and they will be happy, but I

understand that they are building factories for which the technology is not yet fully
developed. Nevertheless, to meet this aim of 20 billion gallons, they are going ahead.
I agree that with Shell Gas etc. that the price of oil is low. So it is temperature
and not enzymes.

Frances Arnold: Certainly there is some room for improving the enzymes because

they are being asked to work under non-natural conditions. But the claims that
you can dramatically increase the intrinsic activity of these enzymes are completely
unfounded. That’s not going to happen. You are going to improve the process
context in which they are going to work, and you are going to reduce the cost of
production, which Novozymes and Genencor have been very successful in doing,
and they are keeping the rest of the profit in their pocket.

Bernard Henrissat: Building on what Frances has just said, the problem is not so

much the enzymes. It is that the substrate has evolved for millions of years to
resist enzymatic degradation. You know a tree must survive for an entire lifetime,
sometimes hundreds of years, without being destroyed. There has been a lot of
invention on the plant side, on the biomass side, to resist degradation.

Frances Arnold: The biomass is very hard to degrade. It has evolved to be hard to

degrade.

Henk Lekkerkerker: T agree it is difficult to make a solution of cellulose and it either

has to be highly acidic or highly basic, but the pre-treatment problem seems to be
solved.

Bernard Henrissat: It is not only cellulose in there.

Henk Lekkerkerker: Agreed.

Lode Wyns: It is a pity that JoAnne Stubbe is not here. She sent in a very

nice text, with a lot of interesting manganese bioorganic and inorganic chemistry.
In going through the text, I noticed that she was the only one who mentioned
education and the problem that education is lacking on chemical elements that
Nature doesn’t utilize. Looking at myself in the mirror, I say “My own knowledge
of those elements is weak.” At one time, we tried to make antibodies against
vanadate in order to make kinases, in the same way as they were making antibody
enzymes against phosphates to cleave esters. But I experienced that my knowledge,
and my inorganic chemistry colleagues’ knowledge, was not sufficient to make the



NEW CHEMISTRY AND NEW OPPORTUNITIES FROM THE EXPANDING PROTEIN UNIVERSE - PROCEEDINGS OF THE 23RD INTERNATIONAL SOLVAY CONFERENCE ON CHEMISTRY

http://www.worldscientific.com/worldscibooks/10.1142/9180

©World Scientific Publishing Company. For host on http://www.solvayinstitutes.be/ only. No further distribution is allowed.

Session 2: Discussions 111

right happen. I guess, when we talk about new enzymes, that there is a whole world
of inorganic elements that we don’t deal with. In that respect, education is a major
problem. That is what JoAnne wrote. I think that she was the only one to mention
education in this context.

Don Hilvert: That is a very good point, but there are inorganic chemists who are

trying to design enzymes. Thomas Ward at the University of Basel, for example,
has done very nice work combining the intrinsic reactivity of metal ions with the
selectivity that can be offered by protein binding pockets. There’s a lot more to do,
obviously: the periodic table is very large.

Chi-Huey Wong: Going back to the long distance effects, I have a question for

Judith Klinman and perhaps the others. There are so many examples now of long
distance effects on active site binding and catalysis. So the question is: how far are
we from being able to predict the long distance effect on binding and catalysis, and
what do we have to do next to comprehend this?

Judith Klinman: This is the area that makes enzymology a real challenge right

now. We can do it on a system-by-system basis. I can give you one example
where we have analysed tunneling as a function of a single residue at a dimer
interface 25 A away, and can actually show a network that controls the active site
compaction. Would I have predicted that in advance? Probably not. The only way
we identified it was by comparing a psychrophile to a thermophile. You know, you
have families of homologous enzymes that have to work at very high temperature
or low temperature. In that case we got lucky. By comparing the two, we could
actually identify the distal residues in the network. But in general, as I indicated
with this the methyl transfer example, we need to go back and forth between in
silico computation and experimentation. We don’t have rules yet and I wish I could
say more. We don’t even have the required temporal resolution. There has been a
great deal of controversy: enzymes turn over with rates of milliseconds, so for a long
time everyone was focussing on millisecond motions to control catalysis. In fact,
probably most of the millisecond motions are an accommodation as the enzyme
moves through its catalytic trajectory because the enzyme changes its shape as
you go from the substrate to an intermediate to the product. Those millisecond
motions may just be an accommodation to having different structures in the active
site. Most of the motions are going to be in that sub-millisecond to nanosecond,
even picosecond, regime. It’s tool development that we’ve discussed here. We have
to design the appropriate tools to get that temporal resolution. We need spatial
and temporal resolution. These are big problems, and I would like to get back
to education because I think the way we teach students enzymology is simply not
helping the field at all. It is not just bioinorganic or bioorganic chemistry. We really
need another approach. Hopefully, the next generation will have the background as
well as the tools. We need more people working on the problem.
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Ken Houk: In response to Chi-Huey Wong’s question, the way we are approaching

this is not really predictive but it is computational screening. Related to what Ju-

dith just said, the only approach so far is to do mutations and then do molecular
dynamics to understand the change in the enzyme average structure, and to deter-
mine whether that improves the active site arrangement or makes it worse. This
is unfortunately a very time-consuming procedure, but it is the only way we re-
ally can understand how long-distance mutations affect the activity. Unfortunately,
sometimes there are loop-motions and so forth that are slow enough so it takes
microseconds to milliseconds dynamics to try to account for that.

Don Hilvert: How large do the changes have to be to quantify reliably?

Ken Houk: I guess we know anecdotally that a change of several tenths of an A

from ideal is sufficient to reduce activities substantially. We’re looking to design in
smaller differences than that.

Frances Arnold: I have been asked over the years by multiple journal editors to

speculate on effects of mutations that we discovered by evolution. I always refuse,

saying that I want to write a paper of lasting value. That usually works. The reason
is that I know that I can tell ten different stories and they would all be acceptable
but I would not know which one is true. So, now that you are making strides and
are answering some of these really difficult questions, I wonder how do you know
the story, the explanation that you provide for the effects of a mutation is true?
Judith (Klinman), this question is also for you.

Ken Houk: If I can follow-up and respond to that. I agree that currently it is faster

to do random evolution than it is to do computational predictions, but once we are
able to do reliable predictions, then we will know that we understand.. I wouldn’t
claim we can do that yet.

Judith Klinman: I just want to comment that so many mutations, especially those

that are remote from the active site, do not change the X-ray structure at all. That
means that you have to look elsewhere for an explanation as to what is going on.
When you see structural changes then, I think it becomes really uninterpretable,
but that’s where the next round of experiments and computation picks up. When
we have profound effects on activity, and the solved structure looks identical, we
need to look beyond that to understand what is going on.

Kurt Wiithrich: The more this discussion goes on, the more I feel like asking whether

we should hope to soon get a general explanation for enzyme mechanisms, or should
we rather aim at investigating the mechanisms of one, two or maybe five enzymes
during the next ten years? What is your opinion? What can we hope for realisti-
cally?
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Ken Houk: Enzymes take advantage of everything to maximize activity. I don’t

think we will get a single answer to that question, other than the very general
answer about changing the free energy of activation no matter what the effect. One
can hope that, by studying more systems, we will be able to develop some general
rules about how remote mutations influence activity, but I do not know what those
rules are going to be.

Judith Klinman: I think that there are some fundamental reactions that occur in

biology. One of them is phosphoryl transfer, for example, and we have already talked
about C-H activation and methyl transfer today. There are some very fundamental
classes of reactions essential for life. If I were to choose, I would focus on these very
general classes of bond activation and cleavage, to see if we can in fact develop a
core set of principles that will allow us to go forward.

Frances Arnold: But that does relatively little to help the design problem, right?

If you understand the mechanism, it does not necessarily mean that you know how
to design it or even how to predict the effects of mutations.

Judith Klinman: Well, I would like to get back to the example of methyl transfer

because we defined a core region we think is essential for compaction. Maybe
compaction is a design principle. Maybe by going back and forth between in silico
and experimental results, we can validate that and see how compaction is generated.
And then that is a design principle.

Frances Arnold: But I see that everyone has his pet explanation, and tends to answer

the problem in terms of that explanation without really pursuing alternatives. And,
equally, addressing them side-by-side. Probably computation is the best and only
way that can be done, but do people really do that? First of all, we also need a
tremendous amount of data because prediction is critical, and then we will need to
predict many times because any individual prediction is an anecdote. Any paper
that says that a prediction worked without showing a lot of data could just be
showing the prediction that worked on that particular day, while the results of the
other nine students whose predictions did not work were not published. We really
don’t know what is going on behind the scenes here.

Judith Klinman: I agree with you. I think the field has come to be dominated by

computation. We need experiments as well. When new ideas emerge, this occurs
because you make an observation which can’t be explained by previously existing
theories. It is not, let’s throw this out or let’s throw that out. It happens because
you have a dominant paradigm and then new data emerge that cannot be explained
by that dominant paradigm. Then you move on to a new way of thinking. I think
that often starts from experiments, not from computation, and then you need this
interplay between both. Or maybe it can also come from computation. Since I am an
experimentalist, I'm obviously biased, but I think it’s the interplay of observations
that no longer fit the dominant paradigm.
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John Gerlt: I ask Judith what she regards as the rate-limiting step in bringing

together computation and experimentalists. I think that I hear you say that com-
putationalists are not sufficiently engaged, or is there a lack of interaction with
computationalists? I am not quite sure what the issue is. I don’t mean to be
argumentative. The point I want to make is that this requires collaboration.

To bring up again what Kurt (Wiithrich) said about the Enzyme Function Ini-
tiatives being a machine, I could also regard the DARPA project on Computational
Enzyme Design (I do not know how it is currently supported) — with design,
theoretical analysis, directed evolution, and structure analysis of proteins — as a
machine that produced impressive results. I am hoping that our machine will pro-
duce impressive results. I am in complete agreement that one needs to somehow
figure out how one can bring together experimentalists and computationalists to
analyse and solve this problem. Is the problem achieving this a lack of coordination
or interest?

Judith Klinman: Part of it is due to a lack of resources. We need the money to

go forward. This is a really important area of research. Another part of it, in my
experience over the years, has been language difficulties. Physical chemists have
their own language. These experiments need to be explained to the theoreticians so
that they are also fully on board. Therefore I would think that workshops to pro-
mote that kind of communication could help. But generally the way science works
is on a one-on-one basis: you have a question that you cannot answer and then you
look around for someone who has a skill that you do not have, such as computa-
tion, and then you move forward. It often takes a long time to lay the groundwork
so that you fully understand what each person is doing both experimentally and
computationally.

John Gerlt: I would say that these machines take some time and thought to put

together, but when they have been thought out and put together they in fact can
move forward in a significant way. In the United States, there is a “RO1 mentality”
for doing science, and bringing together RO1-supported independent scientists to
collaborate on a problem is not necessarily the most effective way to solve the
problem. Establishing machines, if you can do it, becomes more productive.

Judith Klinman: I think we’re getting into philosophy. There is big science, and

there is that individual investigator following his or her nose and seeing where it
takes them, but, yes, with resources you would be able to do that.

Gebhard Schertler: There are very good problems for big science. Biologists in

the genome project have started to really use that. Looking at new organisms and
mechanisms, or finding functions, is a good opportunity for big science, as long as we
can design a screening process. There are also very good reasons for small science
and idea-driven science, and I think we need both to work together. Biologists
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certainly have to learn (for example from the physicists) to organize to get the
resources, and that often might need a change away from individual contributions
that we very much value in biology research.

But let us go back to the idea-driven thing and the interesting discussion. We
talked about time-scale and catalysis and how fast the chemical bond is actually
made or broken, and it is quite interesting to think about this. I obviously only
know the answer for my pet molecule. And in rhodopsin, this decision is made in
200 femtoseconds. The primary effect that determines the quantum yield in the
enzyme is determined in 200 femtoseconds. Now I ask you whether that time scale
is not valid for all enzymes. Chemistry operates in a time scale of making and
breaking bonds, and this must be in a timeframe of femtoseconds to picoseconds
but not longer. You (Judith Klinman) mentioned microseconds and I think this is
not, correct. But what then happens in biology, and that is what we observe a lot,
is that the chemistry has to be absorbed by the system. Some people have spoken
about a protein quake for example: when you have thrown a ball into an enzyme,
you somehow have to dissipate the energy. This is also the case when you put for
example a photon in, and I do not know if that happens in catalysis so much. But
we also have sub-states, and we have so many intermediate states when we activate
rhodopsin because of timing. So at that point chemistry has happened, but the
protein has to time a process in such a way that it is adequate for a signalling
process, which is in this case a protein-protein interaction. So in biology, we deal
with very different time-scales. In signalling we need hundreds of microseconds
to milliseconds, which allows the diffusion to happen and the partners to find each
other. But in catalysis, when you make or break bonds, I think everything is decided
on 200 to 500 femtoseconds, and we need to support the tools, which can address
these time-scales.

Judith Klinman: I agree with you completely. The chemistry is happening on
femtosecond time scales. The motions that I and others are talking about are
within the protein. It is the sampling of the different conformers that sets up an
environment that allows this passage via the activated complex or the trajectory
that can lead to product. The actual making and breaking of the bonds is very fast.
So the microsecond time scale does not refer to the chemical step, it refers to the
class of motions that sets up the environment to allow the bond to be cleaved. You
can think of it as an environmental reorganisation; enzymes have evolved as the
genius of environmental reorganisation. You use the same thinking for reactions in
solution, but what is happening on the enzyme is quite distinct.

Ken Houk: What you say is entirely correct. In transition state theory or in tra-
jectory studies of reactions this happens in a hundred femtoseconds or less. But
even for reactions that take hours the actual bond making and breaking still only
takes a few hundred femtoseconds. But, as Judith says, it is the probability of
that one event happening that can vary, and that probability is influenced by the
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environment and the dynamic motions that are much slower either in solution or in
an enzyme.

Hiroaki Suga: I am always excited by the combination of in silico simulations and

in vitro evolution to get catalysis. But right now one needs to start from a certain
protein scaffold. So, how do you pick the protein scaffold and how many proteins
scaffolds are available at this moment? How many scaffolds are required to achieve
the variety of different catalyses?

Don Hilvert: In the original experiments about 200 scaffolds were hand-picked

because they were abundant, monomeric and thermostable. Subsequently, it has
been possible to really look at every protein in the PDB. I think the success rate
with those other proteins though tends to be much lower, because what you find
is that when you introduce ten mutations at the active site of such a scaffold you
more often than not screw things up. This means that the protein aggregates and
precipitates or can’t be produced. In the Baker lab they have also introduced
additional ways of compensating for these destabilization mutations that can then
rescue failed designs. With regard to which scaffold you choose, the largest fraction
of successful enzyme designs has been done in TIM barrels, which is perhaps not
so surprising since these are very abundant in enzyme families in Nature as well.
It is very easy to bring catalytic functionality together convergently around the
molecule. I guess scaffolds like that are going to be the best in the future.

Don Hilvert: I think with that we should bring the session to an end and I would

like to thank everybody for the vigorous discussion.
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Structures determined by the Joint Center of Structure Genomics of
gut microbiome resident bacterial proteins responsible for the
degradation of carbohydrates, sulfated sugars, and glycoproteins,
including putative glycosyl hydrolases from Ralstonia eutropha
(PDB 3b7f) and Parabacteroides distasonis (PDB 4fj6), Bacillus
halodurans glycosidase (PDB 2h56), and Bacteroides
thetaiotaomicron sulfatase (PDB 3b5q).
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STRUCTURAL BASIS FOR HOST/COMMENSAL-MICROBE
INTERACTIONS IN THE HUMAN DISTAL GUT MICROBIOME

IAN A. WILSON

Department of Integrative Structural and Computational Biology, The Scripps Research
Institute, 10550 North Torrey Pines Road, La Jolla, CA 92037, USA

My view of the present state of human microbiome research

The continued deluge of sequences from genome sequencing efforts are providing
“omics” and related fields with unheralded opportunities to explore the richness
and diversity of life forms and the fundamental processes that allow organisms
to evolve and function in their own particular niches and environments. Metage-
nomics has uncovered a vast diversity of microorganisms that colonize the human
body, which is estimated to contain over 10 times more microbial cells than human
cells. The NTH Human Microbiome Project (HMP) was launched in 2008 with the
goal of exploring these microorganisms and to investigate their role in human health
and disease [1-3]. However, microbiome projects to date been have dominated by
efforts to sequence the bacterial genomes and elucidate the types and composition
of the bacteria that inhabit specific environments, such as the human gut. These
studies have enabled identification of a large number of novel protein families that
are specific to the gut microbial communities. Over the past decade or so, the field
of structural genomics (SG) was founded to address questions on a genome scale
[4-6]. As such, high-throughput structural biology (HTSB) was pioneered to de-
velop tools and methodologies to tackle biomedical and biological questions on a
scale not previously contemplated but critical if the fruits of the genomes efforts were
to be realized at the protein structure and function level. These HT'SB approaches
have indeed enabled broader explorations into the rapidly expanding protein uni-
verse, as well as structural coverage of entire organelles, organisms, and collections
that inhabit specific niches, such as the human microbiome.

The human body is colonized by vast communities of microorganisms that thrive
in specific niches such as the human gut, skin, oral cavity, and vagina and engage in
complex symbioses with the host. These largely commensal microorganisms interact
extensively with their host through secreted and membrane-bound proteins and
production of small molecule metabolites. However, identifying the precise function
of the proteins involved in the microbiome is a major challenge. As a first step
in investigating the basis of this complex symbiosis, efforts, such as the HMP, are
cataloging and characterizing the diversity of the human microbiota. Substantial
genetic diversity has already been discovered in the gut (300 to 1000 unique species,
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depending on the methods used) [1, 7] and the activities of their gene products
supplement the host-encoded metabolic capabilities and, therefore, are extremely
beneficial to the host. Despite the dynamic flux and the species variability between
individuals, certain microbes are consistently detected in high numbers. Diversity is
even greater on the gene level, where organism diversity is compounded by extensive
polymorphism in bacterial species. Relative gene composition between species and
the distribution of genes within species may thus be more important than species
diversity itself [8].

Historically, microbes were typically recognized as infectious agents of disease.
However, Koch’s postulates may not hold for complex commensal systems. Human
health as well as disease is strongly affected by the commensal/host interactions.
While the human microbiome has been implicated in various disorders, only rarely
has a single species been identified as a causative agent. In some cases, such as obe-
sity, non-alcoholic fatty liver disease, ulcers and cancer, a specific group of bacteria
within the microbiome may be involved [8, 9]. In other cases, such as inflamma-
tory bowel disease (IBD) and allergies, aberrant inflammatory responses deriving
from an imbalance of commensals may contribute to disease (reviewed in [10]). The
role of microbes in these complex disorders suggests that many potential disease
targets will be identified from study of these commensal microorganisms. The gut
microbiota are, therefore, a largely untapped source of novel and potentially “drug-
gable” targets with the potential to revolutionize therapeutic strategies for many
important human diseases and conditions [11].

My recent research contributions on the distal gut human
microbiome

The Joint Center for Structural Genomics (JCSG) which I direct, has established
a robust and scalable high-throughput (HT) gene-to-structure pipeline that has
already delivered over 1450 novel structures to the community, by either X-ray
crystallography or NMR, on a wide range of targets from bacteria to human [5].
The JCSG is currently leveraging its HT platform to address challenging new fron-
tiers in structural biology, including exploration of the human microbiome and
other biomedically important areas, such as regulation of stem cells, T cells, and
human nuclear receptors through interaction with specific biological partners (see
www.JCSG.org). The JCSG is capitalizing on its extensive experience over the past
13 years to develop the best strategies to enhance chances of success, particularly
in these large-scale projects. Integrative structural/systems biology methods and
technologies developed in PSI-2 to analysis of the complete proteome of a single
organism, such as our Thermotoga maritima project, and the subsequent modeling
of its central metabolic network, have been invaluable for developing similar appli-
cations to the human gut microbiome [4, 12, 13]. These well-tested “engines” of SG
are well suited for exploring metagenomic projects in collaboration with specialists
in the field.
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Since the start of PSI:Biology (July 2010), the JCSG has focused on microbial
gut secreted proteins as its main biological theme project. To date ~ 3000 human
microbiome specific proteins have been processed and screened for potential bioac-
tive activity. To date, over 300 unique protein structures from commensals from the
human gut have been determined. Most of these are gut-secreted proteins that likely
interact with the host and cover a variety of biological important host-microbe inter-
actions, such as carbohydrate processing and assimilation, small molecule interac-
tions, and cell signaling. However, as expected from this type of exploratory project,
the specific function of most of these targets remains unknown. A significant por-
tion of the genome of these human gut symbionts encodes carbohydrate-processing
enzymes. Sequencing efforts are greatly outpacing the functional and structural
characterization of these interesting novel classes of enzymes, but progress has been
made on the larger families from this class of proteins.

SG efforts further aim to close this gap by enhancing our understanding of
sequence and structure diversity and the inter-relationship between structure-
function. Indeed, JCSG structures determined are increasing our knowledge of the
human gut microbiome. For instance, the genome of the gram-negative anaerobe
dominant symbiont of human distal intestinal tract, Bacteroides thetaiotaomicron
(Bt), was sequenced in 2004 and its 4816 genes have a strong representation of
glycosyl hydrolases (259 or >5% of all genes), as well as 30 recognized proteins
with carbohydrate binding modules (CBMs). At the time of sequencing, > 40% of
its genes were annotated as “hypothetical proteins”, indicating that these numbers
may be underestimated. Indeed, the JCSG has identified at least 40 additional
(putative) glycosyl hydrolases and almost 100 additional CBMs. These enzymes
play a crucial role in the metabolism of polysaccharides and are intimately linked
to the host’s metabolism. To date, the JCSG has solved 79 structures from Bt (out
of 262), resulting in an additional ~20% of Bt proteins that can now be annotated
based on the insights from these structures.

This new set of structures has helped us identify new (likely) host signaling
proteins, new classes of enzymes, new classes of bacterial fimbriae, and novel families
of leucine-rich repeat (LRR) proteins with never-before seen arrangements of LRRs.
LRRs are typically found in eukaryotic proteins and are usually involved in protein
and ligand binding. The best known-human LRR proteins are the innate immunity
receptors, TLRs and NLRs. All known eukaryotic LRR proteins adopt a very
similar, torus-like shape. The JCSG structural characterization of LRRs stemmed
from unexpectedly identification of bacterial LRR proteins when exploring human
gut microbiome targets of unknown function. Prior to this, very few bacterial LRR
proteins were reported and those that were, are predominantly virulence factors,
such as Listeria internalin [14]. To date, we have determined 14 bacterial LRR
structures, some of which are revealing unexpected novel structural features and
variations compared to eukaryotic LRRs that could not have been predicted from
the sequence alone. They show an amazing structural diversity, with almost every
one displaying novel structural features.
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In collaboration with Dr. Koji Nakayama (Nagasaki University, Japan) and
Dr. Lucy Shapiro (Stanford University School of Medicine), the JCSG is explor-
ing novel types of pilus found in oral pathogens and other gut bacteria. We have
determined structures of 15 novel pilins, which define a large diverse protein su-
perfamily in the animal gut. Our structures provide strong evidence for a novel
mechanism of pilus assembly [15].

Together, this new knowledge is being incorporated into a metabolic network
reconstruction, developed in the collaboration with Drs. Andrei Osterman (Sanford-
Burnham Medical Research Institute, San Diego, CA), similar to that accomplished
with our ground-breaking 7. maritima studies that led to the first complete struc-
tural reconstruction of a metabolic network [13]. B. thetaiotaomicron is now our
new model system for structural and function explorations into the human gut
microbiome.

Beyond nutrient utilization and immune modulation, the microbiome also influ-
ences the host through its small-molecule metabolites. Our colleagues at the Ge-
nomics Institute of the Novartis Research Foundation (San Diego, CA) and others
found a number of metabolites in serum and urine derived from human microbiome
[16, 17]. For examples, these studies demonstrated that secondary bile acids are
modulated by the gut microbiome. Beyond emulsifying dietary fats, bile acids in-
fluence gene expression through nuclear receptors like FXR, and are implicated in
diseases, such as pancreatitis, diabetes, and are the progenitors of gallstones [18].
Bile-modifying pathways were found in only a limited subset of species [19], and
the responsible genes (the bai operon of Clostridia) have been identified [20]. The
JCSG has recently determined the structure of BaiA [21]. This study represents the
first structure-function characterization of a human gut microbial enzyme involved
in secondary bile acid synthesis and provides key insights into the mechanism of
catalysis and uncovers structural features that could be utilized to design modula-
tors of secondary bile acid levels in the human body. Another obvious impact of
microbial metabolism on the host is the bacterial processing of complex carbohy-
drates. Human gut microbes contribute to host caloric uptake (estimated at 30%)
[9] through breakdown of complex carbohydrates into usable sugars or conversion
to fatty acids. Gut microbes also metabolize host surface glycans, effectively re-
cycling shed epithelial cells [22-24]. These examples highlight the important role
commensals can play in regulating host metabolism. Furthermore, microbial phys-
iology impacts delivery of drugs, were oral delivery can fail due to metabolism by
commensals that can inactivate a drug or metabolite compound, or convert it into
harmful products, like carcinogens. The microbial enzymatic repertoire can, there-
fore, influence circulating metabolites and drugs and, thereby, influence the host in
locations well outside of the gut itself [16].
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Outlook for future developments on human microbiomes

Understanding how commensals have succeeded in occupying a particular niche
without causing disease, while closely related strains or microbiome dysfunction
cause disease provides opportunities for generating strategies not only to defeat
pathogenic invasion, but also to harness the full potential of the beneficial effects of
the microbiome for human health and well being. Mammalian cells detect microbes
through pattern recognition receptors, which can bind microbial-specific compo-
nents. Commensals modulate the host’s innate immune system despite containing
molecules, which bind and activate these receptors. The immune system removes
pathogens, but there is mounting evidence that the immune response may be just
as devoted to maintaining beneficial populations [7]. Recognition of commensal
versus pathogen is largely defined by interactions between extracellular proteins of
the host and microbe.

SG is therefore playing a significant role in understanding the complex symbiosis
of the human microbiome. Many poorly characterized bacterial and host proteins
represent potential therapeutic targets. Microbial enzymes producing bioactive
metabolites [16] form pathways where structural information is essential in develop-
ing specific inhibitors to evaluate in vivo effects on the host. Likewise, extracellular
microbial proteins function in cell adhesion, immunity and signaling. Beyond struc-
tures themselves, the SG high-throughput “engines” (gene to structure to function)
can be applied in collaborations with biologists to better leverage the impact of
these fascinating metagenomics projects.
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CARBOHYDRATE CHEMISTRY AND BIOLOGY

CHI-HUEY WONG

The Genomics Research Center, Academia Sinica
Taipei, 115, Taiwan
Department of Chemistry, The Scripps Research Institute
La Jolla, CA 921530, USA

My view of the present state of research on carbohydrate
chemistry

Carbohydrates on cell surface exist as glycoconjugates and are involved in protein
folding and numerous biological recognition events such as differentiation, develop-
ment, cell adhesion, pathogen-host interactions, cancer progression and many other
intercellular interaction events. However, most of these biological functions are not
well understood, mainly due to the lack of tools available for the study, and as a
result the pace of the development of carbohydrate-based therapeutics and diagnos-
tics is relatively slow. In the past 10 years, however, many new tools and methods
have been developed and used to solve major problems and create new opportuni-
ties in carbohydrate chemistry and biology associated with diseases. As a result,
the field of glycoscience has attracted a great deal of attention that stimulates more
research activities.

My recent research contributions to carbohydrate chemistry

Our interests are to develop new methods and strategies to tackle the problems of
carbohydrate-mediated biological recognition and associated diseases. The follow-
ings list our contributions to the subject.

1. Synthesis of oligosaccharides on large scales using glycosyltransferases coupled
with regeneration of sugar nucleotides in situ. This strategy is considered to be
one of the most practical methods available to date for the large-scale synthesis
of oligosaccharides, making possible the clinical evaluation and manufacture of
this class of biomolecules. The concept was first conceived in 1982 and then fur-
ther improved, as illustrated in the synthesis of sialyl LeX tetrasaccharide and
Globo-H hexasaccharide [1-3].

2. Preparation of homogeneous glycoproteins with well-defined glycan structures.
Development of such a methodology is important in order to understand the
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Glycans on Cell Surface and Proteins: Functional Study and Opportunities
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Fig. 1. Identification of glycan markers associated with diseases and development of glycan arrays,
vaccines and therapeutics.

effect of glycosylation on glycoprotein structure and function and to develop
glycoprotein pharmaceuticals. Ribonuclease B was used as a model to develop
methodologies for this purpose [4-6], where the glycan moiety was trimmed down
with endoglycosidases to a homogeneous glycoform followed by addition of new
glycans with glycosyltransfer enzymes. Using this strategy, homogeneous gly-
coproteins with well-defined glycan structures can be prepared from the orig-
inal mixtures of glycoforms [6]. Alternatively, glycoproteins can be assembled
through native chemical ligation or sugar-assisted glycopeptide ligation, followed
by elongation of the glycan moiety as described above [6-7]. The methodology
was also used to investigate the contribution of each monosaccharide in a glycan
to the folding energetics and stability of the glycoprotein. This study has led
to the discovery that the monosaccharide (O-GlcNAc or N-GlcNAc) attached to
protein contributes most significantly to glycoprotein folding and stability [8-10],
and the finding was used in the development of monoglycosylated hemagglutinins
as influenza vaccines with broader protection activity, pointing to a new direc-
tion of universal vaccine design.
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3. Automated oligosaccharide synthesis. This is a long-standing problem and a ma-
jor challenge in the field. Development of automated methods for oligosaccharide
synthesis will facilitate the discovery research in glycoscience, and toward this
goal, we reported the first automated oligosaccharide synthesis method using the
reactivity-based approach in a one-pot and programmable manner [11, 12]. We
continue the effort to design more building blocks with well-defined reactivity to
be used for the assembly of various glycans for glycan array development and
study of protein-glycan interaction.

4. Development of glycan microarray for analysis of protein-carbohydrate inter-
action. The idea of glycan array development was conceived in 2002 and our
laboratory is one of the three groups involved in the development [12, 13]. We
started with the use of synthetic glycans covalently or non-covalently attached to
microtiter plates, then to glass slides and to the surface of aluminum oxide coated
glass slides [14]. We also developed new methods for determination of dissocia-
tion constant [12, 15] and study of multivalency, including heteroligand binding.
This work has provided a new platform for the rapid and quantitative bind-
ing analysis of protein-carbohydrate interaction, allowing us to understand the
specificity of carbohydrate binding proteins and to dissect their binding energy,
including the analysis and detection of influenza and antibodies that recognize
glycans [16, 17].

5. Identification of glycan markers and drug discovery. To follow the process of
biological glycosylation and identify glycan markers associated with cancer pro-
gression, we have developed several molecular probes for use to study post-
translational glycosylation and identify specific markers on cancer cells and can-
cer stem cells [18-20]. This work has led to a better understanding of EGFR
dimerization and intracellular signal transduction related to glycosylation [21],
and a study of fucosyltransferases 8 overexpression related to cancer invasion
[22]. In addition, new glycoenzymes or glycan-binding proteins have been iden-
tified from the use of these probes as targets for drug discovery and devel-
opment of carbohydrate-based vaccines against cancers and infectious diseases
[23-25].

Outlook to future developments of research on carbohydrate
chemistry

With more tools available, especially the tools for better synthesis and imaging,
the field of glycoscience will be further advanced to facilitate our understanding of
the biological glycosylation process in disease progression, and hopefully from the
understanding, new therapeutic and diagnostic strategies will be developed.
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PROTEIN FUNCTIONALITIES IN THE HUMAN DISTAL
GUT MICROBIOME

DENNIS W. WOLAN

Department of Molecular and Experimental Medicine, The Scripps Research Institute
10550 North Torrey Pines Road, La Jolla, CA 92037, USA

My view of the present state of human microbiome research

The distal gut microbiome represents a vast collection of commensal bacteria that
are essential to human metabolism, immune development and homeostasis, ep-
ithelial cell angiogenesis, and protection from pathogenic bacteria infiltration [1].
Alterations in gut bacteria populations directly govern and dictate the onset of
microbiome-related diseases, such as obesity [2], malnutrition [3], inflammatory
bowel diseases (IBD) (i.e., Crohn’s disease and ulcerative colitis) [4], diabetes [5],
circulatory diseases [6], and colorectal cancer [7]. Recent in vivo manipulations
of the bacteria that colonize the distal gut in mouse models have clearly shown
the enormous effect that these bacteria have on the host. For example, genetically
compromised IBD mice have chronic intestinal inflammation that can be allevi-
ated by administration of general antibiotics [8]. Conversely, IBD mice raised in
a germ-free environment exhibit no inflammation-related problems until colonized
with microbiota from a healthy donor [9]. These results, and many others, sup-
port the development of targeted therapies as innovative approaches to treat gut
microbiome-related diseases.

Great strides in microbiome research have been made over the last decade
and are almost entirely attributable to the pioneering development of culture-
independent pyrosequencing technologies. These methods generate vast amounts
of metagenomic 16S rRNA and deep DNA sequencing information and have pro-
vided valuable insights into the ecological diversity and composition of bacteria that
colonize the human intestinal tract [10]. Based on the outcome of these studies and
the concerted efforts of the Human Microbiome Project consortium, we now know
that the taxonomic composition is highly divergent among individuals, populations,
and geography and that a universal “core” microbiome of bacterial components is
not likely to exist [11]. Furthermore, we have not yet determined what contributing
factors help shape the microbial composition of the distal gut. Strong evidence
exists for environmental influences governing the commensal ecology, as differences
in diet (e.g., vegetarian vs. high animal protein) have significant dissimilarities in
the highly abundant bacterial species [12, 13]. Conversely, host genetics may play
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a role as conservation among mother-daughter pairs have more similar microbiota
compositions than unrelated individuals [14]. The ability to correlate microbiota
alterations to external factors and host genetics will greatly improve our ability to
address the causative or casual links between the gut microbiome and diseases.

We need to improve our comprehensive understanding of the role of the human
microbiome and we can readily accomplish this task by the application of novel
chemical and biological technologies. Considerable limitations in RNA and DNA
sequencing analyses restrict the extent to which they can be used to develop a deeper
and more fundamental understanding of the biological and biomedical impact that
microbiomes have on human health and well being. Despite providing fascinating
insights into the species diversity and composition of the colonizing bacteria, these
metagenomic studies can only speculate on the bacterial protein composition and
its interaction with the host as well as only qualitatively assess variation among
samples without consideration of other resident microbiota organisms, including
fungi, viruses, and single-cell eukaryotes. Furthermore, the application of different
sets of universal primers results in significant variability in the predicted bacterial
composition of an individual sample [15]. As such, new methods, chemical biology
tools, and interdisciplinary technologies must be developed to further evolve our
biological understanding of host:microbiome interactions and to harness and control
the enormous impact that enteric bacteria have on human health and disease.

My recent research contributions on the distal gut human
microbiome

We seek to advance the field of human distal gut microbiome research from its
original basis in genomics into proteomics and quantitative biology through identi-
fication and characterization of bacterial proteins and enzymatic activities that are
expressed within healthy and diseased distal gut microbiomes. Unlike metagenomic
approaches, our chemical biological studies are not focused on population differences
among commensal bacteria species as the root cause of microbiome-associated dis-
eases. We hypothesize that regardless of the microbial composition within the distal
gut, conserved bacterial enzymatic and functional activities are altered in the mi-
crobiome and spur inflammation, tumorigenesis, and other host-driven responses
to aberrant microbiota. Importantly, our results over time will also shed light on
whether conservation in function is preserved in the face of diversity of the compo-
sition of the microbiota within the microbiomes of different healthy individuals and
populations.

Negotiating the complexity of the microbial protein content is an enormous chal-
lenge and requires methods that directly and rapidly sample biological systems, yet
permit the systematic analysis and quantitation of individual classes of proteins. To
accomplish our goals, we design and use reactive chemical probes, termed activity-
based protein probes (ABPPs), that irreversibly label a variety of bacterial protein
families and permit the isolation of these tagged proteins from complex proteomes
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(Fig. 1). ABPPs are tremendously versatile and contain two essential elements that
enable target proteins to be labeled and isolated from complex proteomes: 1) a
reactive group that covalently modifies active sites of proteins with shared catalytic
scaffolds and 2) an identification tag, such as biotin for isolation and/or visual-
ization of labeled proteins (Fig. 1(a)). These types of small molecule probes have
been employed with great success in the identification of dysregulated proteins in
a variety of human ailments, such as cancerous tumors [16] and parasitic infections
[17] (Fig. 1(a)). An advantage for incorporating ABPP into the proteomic analysis
of the gut microbiome is the ability to engineer either promiscuity or specificity
into the chemical scaffolds for either general mining of the proteome or for explicit
searches for protein functionality, respectively.

A preliminary goal of ours is to create a universal proteomic methodology that
can be applied rapidly and thoroughly to a variety of gut microbiomes. As such,
we have begun to develop our own covalent modifying chloromethyl ketone (CMK)
probes that covalently adhere to reactive serine and cysteine residues located within
enzyme active sites (Fig. 1(b)). Our molecules exploit the use of “click” chemistry
so that a range of synthetic substructures, including visualization labels (e.g., flu-
orophores) or enrichment tags (e.g., biotin) can be introduced after labeling of the
microbiome proteome (Fig. 1).
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Fig. 1. Examples of general ABPP and “click” chemistry (a) and reaction of a chloromethyl
ketone probe with surface-exposed cysteine residue (b).

This chemical-based enrichment technique is used in conjunction with liquid
chromatography coupled to tandem mass spectrometry (LC-MS/MS) for bacterial
protein identification and quantitation (Fig. 2). Our development and application
of the powerful combination of small molecule probes and LC-MS/MS proteomics
allows us to elucidate aberrant enzymatic activities and functionalities associated
with diseased microbiomes as well as provide: (1) a novel chemical biological tech-
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nique to complement metagenomic studies; (2) a foundation on which to map the
comprehensive host:microbiome proteomic network; (3) a set of valuable chemical
tools directed towards understanding the microbiome biology; and (4) an initial list
of potential therapeutic targets to combat or protect against microbiome-related
diseases.
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Fig. 2. ABPP proteome labeling, “click” chemistry, and enrichment.

We have recently employed our novel small molecule CMK-based ABPPs in
the identification of commensal bacterial proteins from a “normal” human subject.
For example, an LC-MS/MS dataset yielded approximately 500 different bacterial
proteins that are primarily involved in lipid, carbohydrate, and protein metabolism
as assessed by KEGG pathway classification and an additional 15% of the labeled
proteins are listed as hypothetical or putative. Importantly, out of the estimated 400
bacterial species that are responsible for production of the ABPP-labeled proteins,
metagenomic approaches have not reported the majority of these species as members
of the commensal gut microbiota. These results strongly support our chemical-based
methodologies as a complementary approach to metagenomics. We are currently
expanding our proteomic approaches to establish a baseline enzymatic landscape of
proteins among “normal” human gut microbiomes with a variety of ABPP. We will
then interrogate microbiomes from patients with a variety of gut-related diseases in
order to elucidate compromised bacterial protein functions.



NEW CHEMISTRY AND NEW OPPORTUNITIES FROM THE EXPANDING PROTEIN UNIVERSE - PROCEEDINGS OF THE 23RD INTERNATIONAL SOLVAY CONFERENCE ON CHEMISTRY

http://www.worldscientific.com/worldscibooks/10.1142/9180

©World Scientific Publishing Company. For host on http://www.solvayinstitutes.be/ only. No further distribution is allowed.

134 D. W. Wolan

Outlook for future developments on human microbiomes

One of the most significant questions is if altered microbiota drive propagation
of host disease phenotypes. Several lines of evidence suggest bacterially produced
metabolites, including short-chain fatty acids directly control the Treg cells of the
host’s adaptive immune response [18]. These recent studies are beginning to ad-
dress the immense potential influence the microbiota have on our health. Moreover,
substantial evidence has revealed that manipulation of the microbiome by external
intervention, such as antibiotic treatment of IBD, results in ablation of disease. Un-
fortunately, such drugs jeopardize the composition of the gut microbial flora and
encourage colonization of the now vulnerable intestinal tract by pathogenic bacteria
[19]. These findings strongly suggest that new chemical and biological approaches
are urgently needed to specifically alter microbial enzymatic function and alleviate
host physiological responses to gut bacteria dysbiosis. Most importantly, they illus-
trate that such therapeutic development will require specific enzymatic targets, as
nondescript off-target effects may result in drastic changes in the population and/or
composition of commensal gut flora and have deleterious effects on host symbiosis.

In summary, we need to develop and apply novel and innovative complementary
methodologies and approaches to provide higher spatial and temporal resolution
to the many environmental and genetic variables that contribute to understanding
of microbiome homeostasis and enhance our ability to manipulate gut bacteria to
combat a variety of human ailments. These advancements will only be possible with
paradigm shifts in the approaches and techniques applied to the in vitro, cell-based,
and animal model studies associated with microbiome research.
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AUTOMATED OLIGOSACCHARIDE SYNTHESIS: FROM
INSIGHTS INTO FUNDAMENTAL GLYCOBIOLOGY TO
VACCINES AND DIAGNOSTICS

PETER H. SEEBERGER

Maz-Planck Institute for Colloids and Interfaces, Department for Biomolecular Systems, and
Freie Universitat Berlin, Arnimallee 22, 14195 Berlin, Germany

My view of the present state of research on carbohydrate
chemistry

Access to pure, defined carbohydrates is key to a detailed understanding of the
role of glycans in biological systems. Glycans are of particular importance in im-
munology and the interactions of the microbiome with the human body. Given the
fact that complex glycans cover bacterial as well as human cells it is not surpris-
ing that carbohydrates play an important role for attachment of bacteria but also
in immunomodulation. In the immunological context, glycan have both beneficial
as well as detrimental effects and a detailed understanding of structure—function
relationships is needed.

While biological studies involving nucleic acids (genetics) and proteins (pro-
teomics) have made huge strides since the 1970s due to automated sequencing and
synthesis methods, glycobiology has suffered from the lack of good general meth-
ods for both sequencing and synthesis. Matters are more complicated because the
term “carbohydrates” really relates to several rather different structural classes of
molecules. For this reason, the synthesis of glycans has also proven greatly more
challenging that that of the other two biopolymers. Glycans are banched and each
glycosidic linkage constitutes a stereogenic center, thus requiring region — as well as
stereocontrol — two aspects that do not enter into the challenge of oligopeptide and
oligonucleotide synthesis. All four of the major classes of glycans, glycoproteins, gly-
colipids, glycosaminoglycans and glycoslyphosphatidylinsotial (GPI) anchors), are
glycoconjugates — a combination of an oligosaccharide and another biomolecule,
and complicates their synthesis drastically. At the same time isolation of glycocon-
jugates is also extremely difficult and no amplification processes analogous to PCR
exist.

Carbohydrate chemistry has been practiced for more than one century now and
increasingly more complex molecules have become accessible as chemical techniques
have improved. Until today carbohydrate assembly has, for the most part, remained
an art as few highly specialized laboratories have taken months and often years to
procure a glycan molecule of interest. While the synthetic molecules have con-
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tributed decisively to our current understanding of structure-activity relationships
in glycans, the speed (or better lack thereof) in glycan assembly has been a serious
obstacle for glycobiology. Glycobiology needs rapid and reliable access to pure and
defined glycans that can be incorporated into tools such as glycan arrays. In the
case of oligonucleotides and peptides automated solid phase synthesis has produced
the desired molecules for many years.

My recent research contributions to carbohydrate chemistry

Automated Carbohydrate Synthesis: Based on the precedence of DNA and
peptide assembly, the Seeberger laboratory developed, by solving a host of chemi-
cal problems, the first automated oligosaccharide synthesizer [1]. After more than
ten years of development and a complete overhaul of the synthetic strategy [2], a
commercial synthesizer (Glyconeer 3.0 by GlycoUniverse) is now available to pro-
vide access to many complex carbohydrates in days rather than years.
This platform has been used to access the major classes of glycans up to 30-mers
[3] including glycosaminoglycans [4], GPI-anchors as well as O- and N-linked gly-
cans. The glycans prepared by the fully automated synthesis system are ready for
printing onto surfaces and particles or for conjugation to carrier proteins for vaccine
development. Using the methods we developed, non-specialists can access defined
sugars for biological or medical applications.

o o] "o
LR )

Glycoconjugate Vaccines

Glycan Microarrays

T

Automated solid-phase
oligosaccharide synthesis

Glycans on nano
and microparticles

Fig. 1. The automated solid-phase oligosaccharide synthesis platform Glyconeer 3.0 as basis for
chemical glycobiology.

Synthetic Tools for Glycobiology: Rapid access to usable quantities of de-
fined oligosaccharides has enabled us to create synthetic tools that have been com-
monplace in genomics and proteomics research. The Seeberger group pioneered
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the use of carbohydrate microarrays and printed the very first glycan arrays using
robotic printing [5] to determine the ligands for carbohydrate-binding proteins and
to define oligosaccharide vaccine antigens. We screened blood for anti-carbohydrate
antibodies that correlate with disease patterns. In this context we were able to
demonstrate partial resistance to malaria infection based on anti-GPI toxin anti-
bodies [6]. Blood tests for other infectious agents such as parasites threatening
pregnant women and for autoimmune diseases are currently under development.
Carbohydrate-functionalized, highly fluorescent nanoparticles were prepared and
utilized to image carbohydrate-based targeting in vivo [7].

Investigations Into the Role of GPI Anchors in Biology and Medicine.
The chemical synthesis of (GPI)-anchor glycans was key to the identification of the
malaria toxin [8]. A general approach to synthetic GPI anchors provided the basis
for detailed biological studies into the role these complex molecules play in biology
[9]. In addition to the first synthetic GPI-anchored prion protein we prepared
a host of other GPI glycolipids. Synthetically derived GPIs served to establish
the parameters for calculations concerning the structure of GPI [10]. Biophysical
studies using grazing incidence X-ray diffraction (GIXD) shed light on the structure
of GPI-glycolipids in the lipid bilayer of the cell membrane [11]. Investigations into
the role of glycolipid signaling in the inflammatory cascade, nerve growth and other
biologically relevant are currently underway.

Defining Glycosaminoglycan-Protein Interactions Responsible for Cel-
lular Signaling. Proteoglycans are major components of the extracellular matrix
that surround all mammalian cells. Core proteins anchor glycosaminoglycan (GAG)
polysaccharides in the outside of the lipid bilayer. GAGs mediate blood coagula-
tion, virus entry, and angiogenesis as well as many other important biological events
by binding to proteins such as growth factors, chemokines, and cytokines. To de-
fine structure-activity relationships of GAGs, the Seeberger laboratory introduced
a modular synthesis of this class of complex carbohydrates [12] that was the basis
for automated assembly [4]. Microarrays of defined heparin oligosaccharides [13]
served as valuable molecular tools to rapidly identify heparin-protein interactions
and have been used widely to establish GAG binding motifs of importance in sig-
naling cascades in biological systems.

Synthetic Carbohydrate Vaccines. The presence of specific cell-surface polysac-
charides on parasites, bacteria, viruses and cancer has been the basis for three
marketed vaccines against meningococci, pneumococci and Haemophylis influenza
type b (Hib) that are saving millions of lives each year. Since many pathogens can-
not be cultured and their cell-surface carbohydrates cannot be isolated in pure form
synthetic access to the desired antigens is an attractive alternative. We have utilized
synthetic chemistry to access defined oligosaccharides as a basis for vaccine design
[14]. Using our synthetic capabilities (vide supra) we have prepared vaccine can-
didates against several parasitic and bacterial diseases. Vaccine candidates against
malaria [8], Group A Streptococcus [15], C. difficile [16], and Neisseria meningi-
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tides [17] as well as Streptococcus pneumoniae are currently at different stages of
development.

Diagnostic Approaches. Monoclonal antibodies raised against synthetic anti-
gens can recognize bacteria very sensitively and specifically. Antibodies against the
antigen on Bacillus anthracis are now used in a marketed anthrax detection kit [18]
while a test for plague based on an antibody is currently under development [19].
Glycan arrays carrying synthetic structures are used to diagnose different infectious
diseases as well as unwanted immune reactions to drug substances.

Outlook to future developments of research on carbohydrate
chemistry

Carbohydrate chemistry will be the deciding technology to further progress in the
field of glycobiology. In the absence of amplification methods analogous to PCR
access to pure carbohydrates is restricted to synthesis. The products of these syn-
theses will be important standards for glycan sequencing efforts, they will be used
to create ever more comprehensive glycan arrays and other tools. Our fundamen-
tal understanding in the creation of glycosidic linkages is still far from adequate,
even after 100 years of research. A better understanding of mechanisms and factors
that influence the outcome of glycosylations will eventually allow us to predict the
outcome of glycosylations reliable and not to have to rely on trial and error. In
addition to mammalian glycobiology, glycans that play a role in bacterial commu-
nication and for plant biology will come into focus. In addition to communication,
access to ever more complex glycans will allow us to ask fundamental questions of
structure. The role of glycans in plant structure is paramount and by understanding
the forces involved in building complex yet stable molecular assemblies will give us
a basis to think about creating architectures based on first principles using simply
glycans.

The classes of GPI-anchors and GAGs are areas that will benefit from synthetic
access. An atomic understanding of GPI-anchored proteins will allow us to under-
stand how such proteins interact in the cell membrane and get involved in signaling
process between cells and into cells. The role of GAGs as key mediators of signals
via the extracellular matrix is in principle clear. However, what exact sequences or
patterns or sequences of GAGs are responsible for interactions with a host of pro-
teins is still unclear. The next few years will see an explosive growth in information
regarding glycan-protein interactions that will become available. With an improved
understanding of how GAGs and GPIs are involved in signaling mechanisms, new
biology and new modes of therapeutic or prevention will become available. Par-
ticularly, relatively weak, temporary arrangements of biomolecules in membranes
will be of interest that include carbohydrate-carbohydrate interactions and inter-
actions of GPI-anchored proteins. In time glycans will take their place next to
oligonucleotides and polypeptides as key signaling molecules.
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CARBOHYDRATE-ACTIVE ENZYMES IN MICROBIOMES
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Campus de Luminy, 13288 Marseille, France

My view of the present state of research on microbiomes and
carbohydrate chemistry

Despite their apparently unexciting chemical composition, carbohydrates can form
an astronomical number of combinations through the stereochemical diversity of
the hydroxyl groups that they carry, through the multiple possibilities to assem-
ble monosaccharides to each other, and through the many non-carbohydrate sub-
stituents that can decorate the resulting oligo- and polysaccharides. Laine has
calculated that there exists more than 102 possible isomers for a reducing hex-
asaccharide [1]. Although not all possible isomers are found in Nature, Nature
has long exploited the stereochemical and physical diversity of carbohydrates for a
large variety of biological roles, from carbon reserve (starch, glycogen, laminarin,
etc.), to structure (cellulose, hemicelluloses, pectins, peptidoglycan, chitin, man-
nans, glycosaminoglycans, carrageenans, agarose, porphyrans, fucans, etc.), or as
the mediators of intra- and intercellular recognition within one organism or between
organisms [2]. The complex glycan structures borne by glycoproteins or the mul-
titude of bacterial exopolysaccharides mediate the recognition between a host and
commensals, symbionts or pathogens. The complexity of carbohydrate recognition
reaches probably its maximum in the distal intestine where hundreds of different
bacterial strains digest the colossal diversity of our food and epithelial glycans, while
harboring a multitude of exopolysaccharides that participate to the maturation of
the immune system [3].

Nature’s utilization of carbohydrates seem only limited by the ability of enzymes
to assemble and disassemble a glycan without interfering with another. The num-
ber of protein folds being limited, Nature has created carbohydrate-active enzymes
(CAZymes) from a small number of primordial scaffolds. This creative process has
taken place all along the evolution of living organisms and has enabled the emer-
gence of a multitude of complex glycans which became substrates for breakdown
enzymes. For instance, cellulose was a relatively minor macromolecule when life was
essentially marine. The successful emergence of terrestrial plants was made possible
by the exceptional mechanical properties of cellulose. From then on, cellulose be-
came the most abundant macromolecule of photosynthetic origin on Earth, thereby
creating an immense new ecological niche for organisms that would be able to di-
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gest plant cell walls. Various microbes and fungi jumped on the new opportunities
offered by land plant biomass by “recycling” a number of pre-existing enzymes that
progressively adapted to the new substrate. This process took place independently
several times from different protein scaffolds, explaining why nowadays cellulases
are found in more than 10 different families.

The evolutionary processes by which novel substrate specificities are acquired
from a common ancestor leave traces that can be detected in the sequence of con-
temporary proteins [4, 5]. Thus, unexpectedly, what is the usual drawback of car-
bohydrates (their chemical resemblance) is at the origin of their success in the post-
genomic era: whilst the fine specificity of DNAses, RNAses, proteases and esterases
are practically impossible to derive from their sole sequences, the hierarchical classi-
fication system that we have proposed for CAZymes [6-8] allows, already in several
cases, the prediction of the carbohydrate substrate based on the assignment to a
family [9]. In principle, this provides the opportunity to examine the glycobiological
profile of an organism based on its genome sequence. However, the acquisition of
novel specificities from older CAZymes often groups together in the same family
enzymes that act on different substrates and this results in significant problems
during the functional annotation of a number of CAZyme-related genes. Today
our knowledge of functional variations within CAZyme families is still insufficient
to accurately and reliably predict the substrate specificity of all CAZymes identi-
fied during genomic or metagenomic sequencing. The organization of the sequence
information in clans, families and subfamilies can serve as a guide to select puta-
tive CAZymes for functional studies by identifying the poorly explored regions of
each family, i.e., where homology-based specificity predictions are unreliable. Our
classification of CAZymes therefore can contribute simultaneously to the rational
identification of targets for functional studies and to the utilization of this infor-
mation to decipher the Glycobiology organisms based on genomic or metagenomic
sequence. This virtuous circle will progressively contribute to the emergence of
Glycogenomics, and will be instrumental to establish a Systems Biology that will
capture the peculiarities of carbohydrates.

My recent research contributions to microbiomes and
carbohydrate chemistry

The spectacular progress of modern DNA sequencing technologies together with the
launch of large multinational efforts allowed (i) to isolate and sequence the genome
of a multitude of gut bacteria and (ii) to generate metagenomic data of increasing
quality and depth [10-12].

During the last 5 years, I have explored the potential of CAZymes in the func-
tional profiling of genomic and metagenomic data derived from the digestive micro-
biota of humans and animals. The main results based on CAZyme family assign-
ment and the resulting broad substrate categorization have led to several observa-
tions. First, an early metagenomic study of cow rumen has revealed that rumen
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CAZymes appear to contain a number of appended carbohydrate-binding modules
much smaller than CAZymes from environmental bacteria [13]. This is attributable
to the confinement and highly substrate concentration found in the digestive
ecosystems.

Second, we noted that the CAZyme profile of obese individuals was less diverse
than that of control subjects [14]. Next, through the analysis of fecal metagenomic
data derived from 33 mammalian species and 18 humans, we showed that diet shapes
the CAZyme profile in animals and humans [15]. Finally, we recently analyzed the
enormous genomic and metagenomic datasets generated by the HMP consortium
[12], which sampled not only gut, but also bucal, urogenital, nasal and skin body
sites [9]. Examination of 493 bacterial reference genomes isolated from different
body sites, showed that carbohydrate degradation capabilities appear more similar
within a bacterial taxonomical family than among bacteria colonizing the same
habitat. Yet, the analysis of 520 metagenomic samples from the five major body
sites showed that even when the community composition varies the CAZyme profiles
are very similar within a body site, suggesting that the observed functional profiles
have adapted to the local carbohydrate composition [9].

All in all, and despite the current limitations due to their incompletely stud-
ied sequence-to-function relationships, CAZyme profiles appears to correlate with
both taxonomy and habitat (lifestyle) of individual organisms (genomes) or com-
munities thereof (metagenomes). Irrespective of the expectable improvements of
sequencing technologies, future progress will depend on our capacity to predict with
increased accuracy the fine substrate specificity of CAZymes identified in genomes
and metagenomes.

Outlook to future developments of research on microbiomes and
carbohydrate chemistry

In principle, the clan-family-subfamily classification of CAZyme sequences has the
potential to determine the glycobiological profile of an organism simply based on
its genome sequence. However, the multiple specificities that are often grouped
together in a given sequence-based CAZyme family is an obstacle to the simple and
straightforward functional annotation of CAZyme-related genes. Whilst this prob-
lem can be overcome by the definition of smaller subfamilies [16, 17], our knowledge
of functional variations within CAZyme families and subfamilies is still insufficient
to accurately and reliably predict the substrate specificity of all CAZymes identi-
fied during genomic or metagenomic sequencing. The organization of the sequence
information in clans, families and subfamilies should serve as a guide to select and
study candidate CAZymes for functional studies by identifying the poorly explored
regions of each family, i.e., where homology-based specificity predictions are unreli-
able. Coupled to the discovery of novel families by the glycobiological community,
the hierarchical classification of CAZymes therefore can contribute simultaneously
to the rational identification of targets for functional studies and to the utilization
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of this information to decipher the Glycobiology of organisms based on genomic or
metagenomic sequence. This virtuous circle will progressively improve and the pre-
cise specificity of most CAZymes that interact closely with their substrate will be
predictable. If coordinated, this effort will contribute to the emergence of Glycoge-
nomics, and will be instrumental to establish a Systems Biology able to capture the
peculiarities of carbohydrates.

Applications could be massive as carbohydrate polymers constitute abundant
renewable materials for use by a variety of industries and for the production of
transportation biofuels. Complex carbohydrates also constitute a major fraction
of human and animal diet and could be used to manipulate, stabilize or restore
the composition of the microbial communities along the digestive tract. Due to its
wide variety and limited overlap with the human metabolic pathways, the human
microbiome constitutes a potential source of therapeutic drug targets [18]. The
breakdown or modification of orally administrated drugs by the microbiota also
attracts attention from a health perspective [19]. Although the microbiota has been
linked to a number of diseases, it is presently unclear whether the changes in the
microbiota composition are the cause or the result of the disease [20]. The interplay
between the microbiota and heath is still in its infancy, but certainly constitutes a
mine of opportunities for the future.
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THE MICROBIOME(S): MICROBIOTA, FAMILIES, FUNCTIONS
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My view of the present state of research on microbiomes and
carbohydrate chemistry

Complex microbial communities thrive in every environmental niche on Earth and
recent breakthroughs in DNA sequencing provided us with unprecedented level of
information about these communities, effectively rediscovering them both for science
and popular imagination [1].

For over a century, microbiology was dominated by a “pure culture paradigm”,
where the ability to grow a microbe in a pure culture was seen as a prerequisite to
any scientific study of its function and/or characteristics. While very successful in
identifying microbial causes of many diseases, in cases where individual members
are difficult or even impossible to study in isolation it slowed down and sometimes
reversed studies of microbial communities. Existence of such communities, for in-
stance multi-bacterial biofilms, was well known since the invention of the microscope
— already in 1677 Anton van Leeuwenhoek reported seeing multiple “Animals in
the scurf of a mans Teeth”, a claim that was widely questions and almost led to his
expulsion from the Royal Society of Lodon [2]. However, only technical advances in
DNA sequencing that allowed direct sequencing of environmental samples (metage-
nomics) brought these observations to the forefront of modern science. Surveys of
ocean [3] and human microbiomes [4] made metagenomics and microbiomes a sub-
ject of popular press [5]. Especially a realization that humans, and to a varying
extend all multicellular organisms, are in fact super-organisms that depend on their
microbial components for normal functioning captured public imagination. Human
microbiome consists in fact of hundreds of smaller microbiomes, as every surface and
even smallest region of our body hosts separate, ofter very different microbiomes
[6]. An often repeated estimate suggest that in human body, microbes outnumber
human cells by a 10:1 margin, and microbial genes outnumber human ones at least
100:1. When we include viruses, which outnumber microbes by a similar margin,
we are indeed outnumbered in our own body.

Previous microbe-human interaction paradigm viewed microbes as agents of dis-
ease and lack of them as a symbol of health, it seems that the opposite is closer
to the truth. For instance a first symptom of many diseases is diminishing the di-
versity and numeric count of our microbiome [7] and the absence of some bacterial
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species was found to be correlated to diseases [8]. The most obvious role of human
microbiome, especially the gut microbiome, is providing humans with the ability to
digest food particles that are normally not accessible to human enzymes. Human
gut bacteria, such as Bacteroides, developed extensive networks of carbohydrate
metabolism able to process complex polysaccharides of plant origin, as well of pep-
toglycans (protein-carbohydrate polymers) of animal origin. For rats, 30% of an
caloric intake is provided by byproducts of microbial metabolism [9]. The second
role is protecting the host, mostly by overcrowding the pathogenic bacteria, but also
by priming host immune system. Microbiome also may play other, at this point
little understood roles, such as contributing to the maturity of host nervous system
[10]. Research on human microbiome is still in a very early phase, but it is clear
that our microbes form dense networks of interactions with the host, us, on every
level — from metabolites, to proteins to cell-cell interactions.

As much as human microbiome captured the headlines, as microbiomes go it
is not particularly complex or diverse. Many environmental microbiomes display
astonishing diversity with for instance at least 9 distinct phyla are usually abundant
in soil microbiomes [11], compared to two major ones in the human gut microbiome.
Bacterial communities are found in most exotic environments, from the Atacama
desert [12], to inside of glacial lakes [13], isolated for thousands or in some cases
for millions on years. Novel carbohydrate metabolism enzymes found in human gut
microbiome are just a tip of the iceberg of fascinating discoveries we can expect
from the barely touched or still to be explored regions of protein universe in other
environments, driven by unusual and often unknown chemistry and we can expect
many fascinating discoveries from the barely touched or still to be explored regions
of protein universe.

My recent research contributions to microbiomes and
carbohydrate chemistry

In my group we have been collecting and analyzing gene repertoires from different
microbiomes and developing a family fingerprint approach to directly compare them
for the functional content, an alternative to the phylogenetic profiling such as done
by the 16S rRNA.

By comparing presence/absence of protein families in different functional groups,
we can for instance see an functional complementarity between family repertoires
in the human genome and in the human gut microbiome, where families lost in the
human lineage since the last eukaryotic common ancestor (LECA) can be found
in the human gut bacteria, thus making the human+microbiome superorganism
having a similar metabolic capacity as LECA (Fig. 1) [15].

We also put a big effort into defining new protein families, specific to given
types of microbiomes [16]. Since most protein families defined in public databases
were identified from model, broadly distributed microbes, they rather obviously
focus on broadly distributed families, which members have universally conserved
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functions. In well studied microbes, over 80% of all proteins can be classified into
known families. At the same time, only 40-60% of predicted proteins coded by
genes identified in metagenomic studies can be identified, suggesting that microbes
forming microbiomes in many environments could have developed novel functions,
tuned to the specific challenges of their environments. Therefore databases of pro-
tein families have to be expanded to include novel families found in newly surveyed
environments. We have defined and deposited to Pfam over 400 protein families
specific to the human gut environment and we are now using them to analyze and
compare microbiomes associated with diseases and study geographical diversity of
human microbiomes.
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Fig. 1. Comparison of bacterial composition of different microbiomes, here between human mi-
crobiomes associated with two forms of inflammatory bowel disease (Crohn’s disease and ulcerative
colitis): (left) principal component analysis of species distribution [14], (right) relative frequen-
cies of proteins from specific families, here proteins involved in butyrate synthesis (Godzik lab,
unpublished).
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Fig. 2. Human gut microbiome complements the domains lost in the human lineage since the
last eukaryotic common ancestor (LECA). Reconstruction of ancestral domain repertoires suggests
that LECA had an extensive repertoire of metabolic functions (black bars), many of which were
lost in the branch leading to vertebrates, including humans (red bars). While individual human
gut microbes (green and yellow bars) have limited repertoires of such domains, together with the
host they almost achieve the same numbers as those in LECA.
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Outlook to future developments of research on microbiomes and
carbohydrate chemistry

We have just begun to survey the world of microbiomes and the amazing diversity
of genes they contain. Even if a relatively small percent of these new genes code
for enzymes, we still face billions of novel enzymes, performing potentially novel
functions.
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N-LINKED PROTEIN GLYCOSYLATION

MARKUS AEBI
Institute of Microbiology, Department of Biology, ETH Zirich, CH-8093 Zirich, Switzerland

My view of the present state of research on microbiomes and
carbohydrate chemistry: Protein glycosylation

For a long time, carbohydrates as protein modifications have received little at-
tention and very little was known about their functions. This lack of knowledge
was mainly due to the lack of analytical tools that specifically detect and identify
complex carbohydrates on proteins. In addition, complex carbohydrates are the
product of biosynthetic pathways in which the structure of the product is deter-
mined by the specificity of the enzymes (glycosyltransferases) involved and not by
a linear template such as RNA in the case of proteins. A good example of the
fact that carbohydrate modifications of proteins have been overlooked is the rela-
tively recent discovery of the dynamic modification of a large number of cytoplas-
mic and nuclear proteins by N-acetylglucosamine on serine and threonine residues
(O-GlcNAcylation) [1]. This protein modification is as frequent and as dynamic as
protein phosphorylation but the lack of a simple and specific detection system has
slowed down the functional analysis of this highly conserved process in eukaryotic
cells. Similarly, protein glycosylation was for a long time considered to be eukaryote-
specific but research in the last ten years revealed that such modifications are very
frequent in prokaryotes and that protein glycosylation is highly divers [2]. Novel an-
alytical tools such as MS-based methods and oligosaccharide-specific antisera have
been instrumental in the identification of such novel protein glycosylation processes
in prokaryotes.

Reverse genetics in model organisms is an excellent tool to study the function of
proteins in vivo and this tool can also be applied to reveal the function of carbohy-
drate modifications. However, this requires a detailed analysis of the biosynthetic
processes and the characterization of the different glycosyltransferases that are in-
volved generation of protein-linked oligosaccharides. Therefore, genetic tools have
only been applied recently in glycobiology but they revealed a large functional diver-
sity of protein glycosylations. Powered by genetic studies of glycosylation processes
in model organisms such as yeast and mouse, a large number of human congential
disorders have been recently linked to deficiencies in protein glycosylation pathways
[3].
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My recent research contributions to microbiomes and
carbohydrate chemistry: Protein glycosylation

The research of my group has focused on the process of N-linked protein glycosyla-
tion. Using the model organism Saccharomyces cerevisiae we have characterized the
N-glycosylation pathway in the Endoplasmic Reticulum and characterized many of
the steps in the assembly and the transfer of the N-linked glycan to protein [4].
We also studied a homologous process of N-linked protein glycosylation found in
the bacterium Campylobacter jejuni and characterized it at a molecular level after
functional transfer of the pathway into Escherichia coli [5]. In collaboration with
the group of Kaspar Locher, ETH Ziirich, the crystal structure of the bacterial
oligosaccharyltransferase (OST) was solved [6]. This structure revealed the molecu-
lar basis for the recognition of the conserved N-X-S/T substrate motif and was the
basis for the “twisted amide” model of the reaction mechanism.

It is interesting to note that N-linked protein glycosylation became the
most frequent protein modification in eukaryotes: more than 20,000 different N-
glycosylation sites are proposed to be glycosylated in the eukaryotic proteome [7].
A short recognition element (N-X-S/T) is a prerequisite for the observed evolution-
ary trends in N-glycan multiplicity in specific sets of proteins. Due to the fact that
OST requires a flexible peptide for substrate recognition, the execution of N-linked
protein glycosylation before the folding process of substrate proteins is a specific
feature of eukaryotic N-linked protein glycosylation as compared to its prokaryotic
counterparts. Additional subunits of the eukaryotic OST can slow down the folding
process of substrate proteins [8]. In particular, Ost3/6p exhibit oxidoreductase ac-
tivity and bind specific polypeptides, both non-covalently and via transient disulfide
bonds and thereby maintain the substrate peptide in a “glyosylatable” stage. This
shift from the prokaryotic order of events (translocation of the polypeptide — fold-
ing — glycosylation) to the eukaryotic order (translocation — glycosylation — folding)
results in an increase of potential glycosylation sites. At the same time, the transfer
of the highly hydrophilic oligosaccharide to a polypeptide alters its folding param-
eters significantly: N-glycosylation extends the folding landscape of polypeptides.
However, the folding of polypeptides is not only affected by the altered biophysi-
cal properties due to attached oligosaccharide, the oligosaccharide itself is used as
an anchoring point for the assembly of a glycan dependent chaperone and folding
machinery, the calnexin/calreticulin complex [9]. In addition, the processing of the
N-linked glycan is used to signal the folding status of the protein and defined car-
bohydrate structures are essential signal for the degradation of not properly folded
proteins in the ER of eukaryotic cells [10]: N-linked protein glycosylation is a central
factor in the folding of secretory and membrane proteins in the eukaryotic cell.

Once in place on properly processed proteins, the N-linked glycans can serve
additional functions and the eukaryotic cell has devoted a whole organelle to the
remodeling of protein-bound glycans: the Golgi apparatus. In a species- and cell-
type specific process, N-linked glycans are trimmed and reconstructed by a series of
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different hydrolases and glycosyltransferase resulting in the well-known structural
diversity of N-linked glycans. Using a novel, MS-based analytical method we were
able to quantify site-specific glycan structures on proteins with multiple N-linked
glycans (C-W. Lin, R. Gauss, S. Fleurkens, I. and M. Aebi, unpublished results),
Our results revealed a site-specific processing of the N-glycan by the Golgi machin-
ery, suggesting a kinetically controlled process that is influenced by the interaction
of the oligosaccharide with the covalently bound polypeptide. It is the process-
ing machinery in the Golgi, the structure of the glycoprotein and the location of
the attachment site that determines the site-specific oligosaccharide structure. The
site-specific structures of N-linked glycans can provide novel functionalities to N-
glycoproteins.

Outlook to future developments of research on microbiomes and
carbohydrate chemistry: Protein glycosylation

The structural complexity of carbohydrate modifications will remain a challenge for
analytical approaches. New MS-based approaches that are fast and that give a de-
tailed structural information are urgently needed. It will be of outmost importance
that the analysis of glycan functions does not remain a domain of specialized glyco-
biologists and glycochemists. Once glyco-analytics can be performed in any decently
equipped laboratory, we will be able to identify a very high diversity of functional
roles of protein-bound glycans. It is evident that glycans are the main components
of the extracellular matrix in all cells, pro- and eukaryotic. Cells interact with their
environment via their glycan interphase and we will be able to decipher the un-
derlaying “glycocode”. The biophysical properties of carbohydrates, different from
those of nucleic acids and polypeptides, are the basis for this “code” but it is evi-
dent that carbohydrate-binding proteins, lectins, are the main interpreters. A large
number of lectins are encoded in all genomes that are sequenced so far, but for only
a few of these proteins we know their biological function.
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SESSION 3: MICROBIOMES AND CARBOHYDRATE CHEMISTRY

CHAIR: IAN A. WILSON
AUDITORS: N. CALLEWAERT!, R. LORIS?

(1) Unit for Medical Biotechnology, Inflammation Research Center, VIB and Department of
Biochemistry and Microbiology, Ghent University, Technologiepark 927, B-9052
Gent-Zwijnaarde, Belgium
(2) Structural Biology Brussels, Vrije Universiteit Brussel and Department of Structural
Biology, VIB, Pleinlaan 2, B-1050 Brussels, Belgium

Discussion among panel members

Karen Nelson could not make it but was kindly replaced by Adam Godzik.

Tan Wilson: Let me first start by asking about the microbiome and this problem of

associating it with disease and are we ever going to get to that situation where we
will be able to do that?

Adam Godzik: I am sure we are. I think that there are a lot of interesting correla-

tions. What we are still having problem with is whether they are really causes of

these diseases or just bystanders. There are some very interesting results on mice
and model systems, which suggest that this is the driving force, but this is still not
proven.

Tan Wilson: What about the sample variation and the difficulty of actually assess-

ing... this is a real problem, isn’t it?

Adam Godzik: Yes, the diversity is an enormous problem but there are some signa-

tures which survive these differences. There are specific combinations of species and
specific combinations of pathways, which are overrepresented or missing despite all
the variations.

Dennis Wolan: There are plenty of examples in the literature, particularly of the

butyrate producing species, not even species but phyla, that are involved in disease
states, lack thereof actually. Jeremy Nichols I think has been doing quite a lot of
work, particularly in colorectal cancers, to show that particular metabolisms, like
cresol (and cresol sulfate) are overproduced in colorectal cancer patients. So taking
these kind of molecules and potentially bating for the proteins that do interact with
them is a potential way of going after drug discovery targets.

Adam Godzik: Let me add something. One of the interesting observations people

make is that very often disease states are associated with upsets of certain groups of
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proteins of pathways. So very often it seems that they are not causing the disease
but, if they are missing, this propagates the disease state.

Bernard Henrissat: I would like to complete this (or try to contribute to this) by

saying also, our view of what is going on is limited by the fact of what we sample.
We sample what is coming out. We should be sampling, using animals for instance,
what is going on all along the digestive tract. Because sampling of what is going on
in the mid colon or at the beginning of this colon is very difficult, and it is rarely
done on these cohorts of people.

Dennis Wolan: The resolution that we are at right now is quite minimal. We do

know that the different types of bacterial species that reside for instance in the
mucosal layer are highly different from those in the luminal content. The other
issue is as far as animals are concerned; there is some debate as to how useful
they are, particularly as the mucin layer composition is quite different in mouse as
compared to human.

Bernard Henrissat: I very much agree with this when I mentioned animals, I was

not thinking about mice. We just take a whole animal, such as little piglet or pig.
And you can perform some experiments with an animal than you cannot perform
in a human person.

Tan Wilson: Anyone else want to contribute to this topic?

Richard Lerner: What about mycoplasma? Bacteria live in a tube, mycoplasma

live on and in the cells. There doesn’t seem to be much attention on mycoplasma.

Adam Godzik: As I mentioned, in one of the unexplored areas, that all the issues

about intracellular bacteria are just beginning to be appreciated. We just obtained

very interesting results on a possible role of intracellular bacteria in colorectal can-
cer and it definitely seems tumors are infected by specific strains of intracellular
bacteria. We don’t know if they are cause or effect of colorectal cancer, but defi-
nitely mycoplasma, and many other bacteria of this type, are driving things. They
are just not studied yet.

Judith Klinman: I was wondering if bacterial metabolites can serve a function

in signaling in mammalian cells. Is anything known about that? (Like bacterial
metabolites being used by mammalian enzymes)

Dennis Wolan: There are some examples, for instance in butyrate-producing

Clostridium bacteria, butyrate does block NFxB activity. There are clear examples
where metabolites that are produced by bacteria do have an effect on the physio-
logical aspect of the human. A lot of it has to do with inflammation, as far as what
is in the literature at least.
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Tan Wilson: How are we going to get at all these different functions? Do you think

we are going to get it through these chemical probes, through structures, or through
bioinformatics approaches? How are we going to figure out all of the diversity of all
functions that are going on in the microbiome?

Bernard Henrissat: I can take a try on this one. I think we need to integrate

everything, we cannot leave something aside and say “This is not going to work out”.
We will need high-throughput assays for functions, we will need three-dimensional
structures, we will need everything to acquire enough knowledge so we can go into
prediction. We cannot leave anything aside — we will take it all.

Dennis Wolan: Along those lines, the Human Microbiome Project is expanding into

trying to incorporate a wide variety of “-omics” kind of technologies: metabolomics,
transcriptomics, genomics, proteomics, etc. to decipher the kind of differences that
are observed in disease versus normal states. However, there is definitely something
to be said about taking examples of particular proteins or working from a bottom-
up kind of approach to understand the functional significance and how they can
umbrella into other functions of bacterial proteins.

Adam Godzik: I agree that this problem is very complicated. There are now two

broad areas/ways to approach it. One uses larger studies, where we hope that by
comparing large cohorts of disease versus healthy people, you will notice the single
biggest signal. Then identify the signal and feed it back into model systems. There
are several studies like this on inflammation and several other diseases, where they
start from observations in large human cohorts and then go to mouse models and
try to see whether single identified features can be used to modulate the system.
On the other hand, there are a lot of ad hoc random trials and with some of them,
like probiotics for instance which are not regulated, something can be discovered
but it also generates a lot of noise.

Tan Wilson: Bernard said something which I thought is quite provocative: that

function is not determined by the fold. What do you exactly mean by that? You are
probably talking about fine specificities because there are carbohydrates processing
enzymes, signature sequences. .. Can you explain a little more?

Bernard Henrissat: I will take just one example that is been under our nose for so

many years, that is lysozyme. If you did not know what a-lactalbumin is doing,
you would probable predict it to be a lysozyme. By fold, by sequence similarity, by
everything. It is only when you inspect the catalytic machinery that is not there
that you may have a hint that it is no longer functioning as a lysozyme. But you
cannot guess what the new function is. You could not guess that one ancestral fold
has been has been recruited as the binding partner for a glycosyl transferase to alter
its acceptor/donor specificity. This is what I mean there: the fold will not predict
the function necessarily. Often it will do.
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Tan Wilson: I get that. But I was really referring to the carbohydrate-processing

enzymes. Are there so many differences between the folds? So the fold is already
telling you it is a carbohydrate-processing enzyme. What you don’t know is prob-
ably the substrate specificity. Is that what you are referring to?

Bernard Henrissat: It is right. It is “determining the specificity”: knowing that you

cleave a sugar is not sufficient. You would like to know which sugar. You would
like to know whether you have an ensemble of enzymes, in a operon or a cluster,
that target a complicated substrate, or the substrates that gets in the microbiota.
It is very complex and needs the co-operation of many enzymes. Knowing that you
have a sugar-cleaving enzyme is not fully satisfying. I would like to have more!

Tan Wilson: Are there any questions from the discussion panel members?

John Gerlt: 1 have a question about the carbohydrate enzymes. Are these

carbohydrate-active hydrolases and transferases excreted and used to degrade
polysaccharides so that we can use these as carbon sources? What is the diver-
sity of catabolic pathways within the human microbiome species because you only
talked about the hydrolases, but there are kinases, aldolases, dehydrogenases, for
example.

Bernard Henrissat: I can only speak about the enzymes I know. There is a great

variety also of glycosyl transferases that are elaborated by the bacteria of our mi-
crobiome, for instance. The reason for this variety is presently unclear but when we
look at the number of different glycosyl transferases that are encoded in the micro-
biome, there is an enormous diversity of carbohydrate structures that are produced
at the surface of the bacteria in our gut. One of the ideas I have on the role of such
a variety is for protection against phages. If all our bacteria in the gut had the same
carbohydrate structure at their surface, they would probably be very sensitive to
phage attack — what you have in a dairy factory where you have a single species
of Lactobacillus for instance. By having a variety of carbohydrate structures you
ensure resilience of the microbiota.

John Gerlt: But I am so curious about the catabolism of carbohydrates by the gut

bacteria. Is there much known about it? Is it a simple catabolism to maintain the

human microbiome? Is it producing the hydrolases so that we then can utilize a
wider variety of dietary oligo- and polysaccharides?

Bernard Henrissat: There is a little bit of this. It is estimated that about 10% of

the calories that the microbiome is deriving from the food we eat is utilized by the
(human) host. It is only 10%. But I believe that of the main “raisons d’étre” of the
microbiome is simply that we have a lot of carbohydrates, because we eat a diet
that is complex and we just derive very little ourselves. When it (food) gets in the
distal gut, there is temperature, water, heat and microbes can flourish. So I think
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that the main “raison d’étre” of the microbiota is just for itself more than for the
host. There has been a good level/amount of co-evolution (we accept this or this
bacteria because they do not harm us), there are some very good things, but the
(bacterial) flora is there mostly for itself.

John Gerlt: So they could be producing signaling molecules or other molecules to

interact or so that we can interact with them, so as to receive some positive benefits,
that is not just a carbon source.

Gebhard Schertler: Can I ask a question here? You said we have realized that

many bacteria form films. Are carbohydrates actually a substrate to sustain films
of bacteria and make them more specific because we want to retain certain bacteria
and not others. Maybe that is a way to look at it?

Markus Aebi: No the carbohydrate is the matrix that creates the biofilms mediated

by lectin-carbohydrate interactions, and even carbohydrate-carbohydrate specific

interactions.

Discussion among all attendees

Tan Wilson: We now can open this up to the general discussion for any of the

speakers. Maybe I will start with asking Chi-Huey (Wong) about the effect of
the glycosylation. You talked about stabilization but that was for a particular
sequence, where you had to have a phenylalanine upstream. Do you think it is
general or for specific cases? And how can we use this information to think of
stabilizing glycoproteins in general?

Chi-Huey Wong: I think phenylalanine is of small significance, but in some cases

you see glycosylation will affect folding, but not of every protein. Hemagglutinin
is one of them. There is no phenylalanine there, but Asn27 is essential for folding.
If there is no glycan there, it is not enough. The metal transfer I mentioned, the
antibody, none of them has the aromatics but they still affect the folding pathway.

Tan Wilson: But you said for the hemagglutinin that there was a certain residue for

which glycosylation is required for folding. We have bacterially expressed hemag-
glutinin and it seems to fold just fine. So how do you reconcile that?

Chi-Huey Wong: I didn’t see that. Did you express the same sequence?

Tan Wilson: Yes, with the bacterially expressed form of the hemagglutinin. We

haven’t published that yet.

Chi-Huey Wong: We expressed the hemagglutinin in human cells with a mutation

at Asn27 but couldn’t get it. We use for example PNGase to remove the glycan, we
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also see the structure fall apart. That one (Asn27) is essential for folding and there
is another one, Asnl42, that is close to the binding site for the sugar (sialic acid).
If you don’t have the glycan there, you miss out on the stereospecificity because
hemagglutinin will recognize both the a(2-6) and «(2-3) linked sialic acids. These
are the two glycosylation sites that we identified. The other four are not really
essential for stabilization but I think they are involved in function.

Dario Neri: I have a question for Ilan Wilson that may be also relevant for the session

tomorrow. When you change the process in a production of an antibody or when you
go from a product to a biosimilar, the main changes that you may expect, not the
only changes, are at the level of the glycosylation. There are some examples in the
pharmaceutical history where changes in production made a big impact in terms of
pharmacokinetics and in vivo and dose potency, for example the famous XOMA'’s
antibody (note: Raptiva™) for the treatment of psoriasis that was transferred
to Genentech and had different pharmacokinetics and potency. My question is
whether there are other examples that we should be aware of where changes in the
glycosylation of antibodies result in different pharmacokinetics, extravasation and
i viwo potency.

Tan Wilson: T am not sure I am the best person to answer that. I will transfer that

to Chi-Huey Wong.

Chi-Huey Wong: I think there are limited studies on that, so it would be interesting

to see how that would effectively affect the behavior in vivo. But as I mentioned,
if we take the known antibody, which is usually a mixture, and we analyze all the
glycoforms and see how each of them behaves in animals, you will see that the sugars
have a dramatic effect on ADCC (antibody-dependent cell-mediated cytotoxicity).
If the antibody is against cancer and has also an anti-inflammatory activity, it is a
chimera. I think the Fc receptor somehow interacts with the glycan. We need to
have a structure of the complex to better understand how the sugars of the antibody
play a role in interacting with Fc v receptor.

Richard Lerner: There is a sort of famous experiment. As you might imagine in

the biosimilars arena, there were the “erythropoietin wars”. The Irish wanted to

go into the business of biosimilars and so they built their production plants. What
they found was that the commercial reference erythropoietin produced was more
different batch to batch than their own erythropoietin. The good news for the
pharma companies was that under the new “biosim” rules, it is good to have a
mess because you can’t replicate a mess. If you have a homogeneous thing, you
can make it and it becomes like a small molecule. But if you put out a product,
let’s say a peptide product, and there are many components for which you don’t
quite know what the active principal is, even if they all have the same sequence,
you cannot make a “biosim” unless you copy that complete mess. It is a very
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interesting dynamic because in the small molecules world, one attempts to make
the most pure compound you can get your hands on. In the “biosim” world, it
would be interesting to hear from the people who worry about fermentation: can
you actually by fermentation get the same sort of carbohydrate derivitization twice
in row?

Chi-Huey Wong: I mentioned about the N-glycosylation from yeast to human.

So the core trisaccharide would be the same from yeast to human. If we take a
glycoprotein made from yeast to create the sugar to keep the (trimannose) core
and then add the one of interest to the core, we create the human version of the
glycoprotein. But it depends on if you want a mixture or a single molecule. . .

Richard Lerner: But this is because you developed an elegant method! What would

you expect is going on with all the other products out there?

Chi-Huey Wong: Maybe Markus (Aebi) will answer that. I think my expectations

are in the future. Biosimilars will be one business, but people will try to get a single
molecule out of biosimilars as a new drug. That would be a new drug instead of a
biosimilar.

Markus Aebi: I think for a single site like a protein this is possible. You can mimic

this microheterogeneity, but as soon as you go to multiple sites, this becomes very
difficult and the reason for that is that we lacked until now analytical tools to
quantify structures per site. I think now we have these tools and this means that
we can start addressing the question: what is the function of a specific carbohydrate
on a specific site?

Until now we always had handwaving: it has no effect, but we didn’t have the
tools to generate glycoproteins with a defined structure at the defined sites. Now
we can start asking these questions and I think this will be important in the future.

Peter Seeberger: Along those lines, Danishefsky et al. have just finished the first

total synthesis of chemically made erythropoietin. This is entirely synthetic and
basically made like a pharmaceutical drug. It is a single molecule, completely
defined. I wouldn’t say it is a drug at this moment because it is too expensive to
produce, but it gives us a chance to really understand at the atomic level what is
the exact composition. Then you can find of a new product with a composition
based on that. I think the delineation between biologicals and small molecules is
starting to fade.

Richard Lerner: We could have an endless discussion on this. It is true, scientifi-

cally speaking, with modern analytical chemistry, you can really characterize your
product down to the level of the proton. But it is a practical issue, and scientific
issues and FDA practical issues are different. And the FDA says that biosimilars
must be the same, and that is just the way it is. When you start to ferment multiple
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kilogram quantities of a protein like EPO, you cannot have two batches that are
the same, it just doesn’t work that way. That, in the end, is the real issue. We, as
scientists, tend to go for purity, while the regulatories (FDA) go for sameness.

Tom Muir: I have a question for the microbiome folks, maybe Dennis would be the

best person to answer that question. I remember my late colleague Ralph Steinman
often told me that by many measures the gut is the largest immune organ in the
body. It is stuffed full of dendritic cells, T-cells and so forth that keep a certain
level of activity all the time, it is not quiescent. There is activity to some level and
the idea is that there must be some kind of communication between the microbiome
and the immune system to maintain homeostasis. But as far as I know, we don’t
know what the signaling molecules are. It seems to me that it might be a really
interesting class of molecules to try to identify using methods such as the ones you
talked about. Can you comment on that?

Dennis Wolan: You are absolutely right. The roles that the levels of the immune

system has and the basal levels that are there is brought about by the commensal
healthy microbiome. And exactly what kind of metabolites and/or interactions
or peptide interactions are being sampled by dendritic cells in the Peyer’s patches
and things of that nature are still in progress. As these become elucidated, we
will definitely be using those as starting point to identify bacterial proteins and/or
human expressed proteins that interact with them.

Richard Lerner: Tom, you could put a really fine point under that question. When

you have something like a mycoplasma, that is an obligatory parasite, it has to live
on the surface of our cells for life and escape the immune system.

A) How does it do it?
B) If we knew how it does it, could we use that strategy to make immunosup-
pressive drugs?

Because apparently as far as we know certain strains of mycoplasma will live inside
you, for life, and totally exposed.

Brian Roth: Related to that question, it looks like this would be a tremendous

opportunity for sort of unbiased small molecule based screening; if collections of
these can be obtained, they can be screened in a high-throughput fashion against
families of proteins. We had a small collaboration with some group at UCSF, which
was sending us small collections. But it would be great to get larger collections of
thousands (if not potentially millions) of these compounds secreted by bacteria that
potentially affect human gut homeostasis and immune cells and so on.

Dennis Wolan: There are absolutely groups that are focused on identifying the

metabolites that are produced by both the bacteria as well as the human, and the

interactions that result. Michael Fischbach from UCSF for example is trying to
determine the natural products that are produced by the bacteria.
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Brian Roth: He had synthesized a small number. I can’t recall offhand what the

data are. This work might still be in progress. But yes, I am aware of that.

Markus Griitter: I have a general question on practicality. How different or similar

is it to study the bacteria that exist for example in the gut and what is the diversity

and the (number of) different strains. Does one have to study thousands of different
strains? Are there similarities? What is the situation there? I would be interested.

Bernard Henrissat: I can begin to answer your question. Everything depends on

how we define a species to begin with. There is ample evidence of a large amount of
horizontal transfer between bacteria in the dense environment that is the gut. And
therefore you can imagine that if you have a bacterium that incorporates a piece of
DNA from another, its 16S RNA will not change. But the functional properties of
that bacteria will change. So it really depends on how we define species. We try to
understand and we would like to answer this question with the current knowledge,
which is not enough to derive everything. That is all I can say.

Markus Griitter: But how about the practicality of working with these organ-

isms/microbacteria compared to our laboratory animals?

Adam Godzik: I think with there are a few strains of specific bacteria which emerge

like a model system in in vitro studies that are being used. For the question related
to the gene transfer, we don’t know how relevant these strains are to the counterparts
in the real system. On one hand metagenomics will study the distribution of strains
like we have in a normal gut. And on the other, we have model systems but there is
still ongoing debate on how related they are. I know a few cases where for instance
some models used did not incorporate interesting genes and therefore for in wvitro
studies turn out to be irrelevant. But we are just developing this library of relevant
organisms that could be used for models.

Dennis Wolan: There is the clear example of a situation where you can’t just use a

single model organism. B. theta (Bacteroides thetaiotaomicron) for instance, that
Tan mentioned, encodes 400 or so glycosidases. And it is not until B. theta had been
co-inhabited into a mouse with some probiotic (I don’t remember the name) that
all the glycosidases become expressed. So the interactions between the individual
bacteria and how they interact with their host is another layer of complexity.

Christine Orengo: Can I just ask another practical question? I think you alluded to

it before about those metadata. If we are trying to understand the functions that
these communities have, it is very important to capture the phenotypes that we see
in either human health or human diseases or, if you are talking about soil bacteria,
then pH and different characteristics. Are there any initiatives to derive ontologies
of the type of information that should be collected along with the sequencing data?
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Adam Godzik: The answer is yes, there is a consortium for developing standards

for metadata from marine organisms. This was most related to microbiomes as I

mentioned until this fiasco where all samples were collected without any information
about water temperature. It was very difficult later to compare them to anything
because the samples arrived “naked”. For humans, it still doesn’t exist. We have
problems analyzing certain data sets because we don’t know about the medical
history of people or about antibiotic use for instance. I think at this point, the
concept is to collect all information that is available, just put it in an unstructured
way and worry about it later.

Tan Wilson: I would like to move on and talk about synthesis of glycans. Is this now

conquered? Can we get gram quantities? Are there other sequences, in particular

of ones that are put on in human cells? Can we get any amount pretty readily?

Peter Seeberger: We can make up to kilogram quantities of certain glycans —

of certain mammalian type — but also of bacterial type. We typically on the
instrument I showed you make 25 micromoles of material which is about somewhere
between 10 and 50 milligrams of what you need. I think this is sufficient for most
studies we would like to do. The question that of course comes up: Can you make all
structures? The answer to that is clearly no. Another question is how many building
blocks do we need to make for example a mammalian glycome? Theoretically, that
is in the hundreds of structures but from bioinformatics studies, we found out that
we can get away with probably 15 building blocks to make most of the human
glycome. When you go to bacterial glycomes, the number is larger. But within
certain types of bacteria you can get away again with very fewer glycan building
blocks. So I think we are still ways away from making everything, but if you really
want to make something, we can do that.

I give the example of a compound called “Prevnar”, a 13-valent vaccine against
Streptococcus pneumoniae. It sells itself for billions dollars worth from Pfizer every
year. We have now succeeded in making this entire thing using some synthetic
chemistry. Of course the Streptococcus pneumoniae has more than 13 serotypes,
there are 96 serotypes. We haven’t made all the 96 yet! It is a long way away, but if
you really want a carbohydrate, you can make it. And I think like in DNA, people
couldn’t make poly-G for many years. In peptides, you could not, after Merrifield
(pioneered solid-phase peptide synthesis) make everything right away. I think there
is room for improvement, but again, if you really want something, I really do believe
you can make it.

Chi-Huey Wong: I agree. I think if there is a demand the synthesis can be solved.

The question is: What to make? The information has to come from biologists.

Kurt Wiithrich: As a follow up to Markus Aebi’s talk, are there any systematic

studies of polypeptide chains with and without glycosylation? I mean unfolded
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polypeptide chains and studies on their folding behavior? It may be difficult to keep
some of these polypeptides unfolded in solution, but it is feasible. Has anything of
this been done?

Markus Aebi: I think there are folding studies on RNAse A and RNAse B but I am

not aware of others, I must say.

Chi-Huey Wong: I think there are many examples (from Patel, from Barbara

Imperiali’s and many other groups). We had one from about 15 years ago: what
we did was make the dodecamer of the RNA polymerase C-terminal repeat that is
in random coil. But if you add the mono-sugar, it becomes a type-II S-turn. So
the glycosylation is able to induce the conformation from random coil to type-1I
B-turn. This of course will initiate the folding. But there are many examples using
a peptide as a model, among which synthetic peptides with and without sugar to
see how the glycosylation affects the folding.

Tom Muir: I think the erythropoietin Peter eluded to from the Danishefsky group,

actually did see quite dramatic differences in the folding yield of the protein, as a

function of how many sugars were added to it. And it wasn’t until they had the
full complement on that the folding became reasonably efficient. Without them, it
was really a mess due to the folding reaction. That is specific of the in vitro folding
reaction.

Peter Seeberger: I think the answer is only as good as the models are. Early on those

were relatively short peptides with relatively few sugars. And then it is difficult to
come to a general conclusion based on that. As we see larger molecules with larger
glycans, we will get more information. Of course what this means biologically is less
clear. Because some of these glycans are put on during the synthesis of polypeptides
in some cases, there may be immediate effects on that. So I think that answering
to the question is not that straightforward.

Judith Klinman: I haven’t heard anything about lifetime of proteins in the cells as

a function of glycosylation. It is something I remember from years ago but I don’t
know what the current status is on that thinking.

Markus Aebi: So glycoproteins are secreted proteins, so the relevance is either on the

plasma membrane or they are secreted in the serum. In the serum, we know very well
that the glycan structure determines the lifetime. The asialoglycoprotein receptor
that retrieves non-siaylated glycoproteins from the serum and thereby determines
the half-life. On the plasma membrane it is an interesting question. How is the
quality controlled with respect to the glycocalyx on the cell surface? There are
some ideas around of how this is managed and what determines the half-life. But
until now we still don’t have the tools to analyze the half-life of a glycoprotein in
vivo. This is not something you just do on a Saturday morning!
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Markus Griitter: As follow up on Kurt Wiithrich’s question to Markus Aebi: It

seems that you have the machinery studied and you know the components that are

responsible for the glycosylation on the polypeptide chains. Do you see a possibility
to engineer these components sort of semi in vitro or directly glycosylate something?

Markus Aebi: So one way is you separate the two things, namely the N-glycosidic

linkage, to make the N-glycosidic linkage from the structure of the carbohydrate.

This is an engineering way. You can actually separate the two processes. Making
the N-glycosidic linkage is at a specific point in the polypeptide chain. For this, you
have to rely on enzymes; you cannot do that chemically except with big efforts. So
there are F. coli systems that can do that, you can then combine it with chemically
synthesized carbohydrate and ligate the two things together. That is possible, now
whether it is commercially attractive I don’t know. I think as soon as the regulations
are such that you require really pure components as we discussed before, then it
becomes commercially interesting because then it can compete with the production
from eukaryotic cell lines.

Chi-Huey Wong: I have a question for Markus. You mentioned that it is maybe the

kinetic barrier that gives the mixtures of glycans. You know glycosyl transferases
are membrane-bound in the Golgi. I wonder if there is lectin involved to move the
newly synthesized glycoproteins around. Can you further elaborate on why we get
mixtures?

Markus Aebi: There is a Nobel prize just awarded for this transport phenomenon

in the cell on this vesicular transport. There is still some debate as how proteins are
transported in the Golgi, whether there is retrograde transport or recycling. I don’t
want to go into this debate but it is clear that the protein cargo travels through this
Golgi and the membrane-bound glycosyl transferases stay within the stacks creat-
ing individual gradients and therefore a microenvironment in these micro-reaction
vessels, so to say, that then determine the structure of the carbohydrates. That is
at least my view. I think it’s a given set of glycosyl transferases in the cell that is
the hardware. And then you determine the expression levels individually, and these
determine in what direction glycosylation goes. And then the speed of transfer that
then ends up in specific glycan structures on a protein. That is how I view it.

Tan Wilson: Can I ask you Markus about the site-specific identification? Because

that is something I have been extremely interested in. This has really held our work

up very badly when trying to think of immunogen design for an HIV vaccine. It is
complicated with HIV, due to the 27 glycans per monomer (that is 81 per trimer),
so we really would like to know the specific glycans at particularly positions. How
can we do that with such a large protein, because with each tryptic peptide you get
an average of 4 glycans.

Markus Aebi: We are using analytical tools that were developed at the Academia

Sinica to exactly address this question. These are MS-based analysis HCD fragmen-
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tation that allows you to identify first glycopeptides and, at the same time from
the same fragmentation, use the information to identify the polypeptides. Then we
use as a second dimension sequencing of the carbohydrates. This new technology
allows us to exactly address this type of question and quantify the corresponding
results.

Tan Wilson: You were suggesting in your talk there wasn’t perhaps as much variation

as one might think at a specific position and that there are actually relatively few

isoforms/glycoforms there. Did you ever see mixed high mannose and complex
sugars at the same position or is that never found?

Markus Aebi: In this system (a purely experimental system), we are using yeast

proteins expressed in insect cells. This is as reductionism as it can be. There we did
not see high mannose structures expressed except for those in the ER. But I would
expect that as soon as you have very strong interactions between a carbohydrate
and the surface of a protein then you get high mannose structures on the final
protein. And I would be eager to measure these interactions. We can model it by
molecular dynamics, but I think NMR would be an ideal system to see how specific
these interactions actually are and whether we are able to predict them for the
outcome with pure protein.

Jason Chin: I have a question about glycosylation in the Golgi in two parts. You

talked about a series of reactions happening as you move through the Golgi. And
then possibly co-translational initial glycosylation, which possibly precedes the fold-
ing event. My first question is about the co-translational folding: To what extent
is it possible to recapitulate these things in vitro and to make detailed biophysical
measurements? My second question is about the subsequent series of glycosylation
and how we should think about those. Is there any directional flow where you
have a series of glycosylations and any error you make in any step is propagated to
the next? Or is it more sophisticated than that it that and there might be retro-
grade transport coupled to deglycosylation and error correction? How do we think
about this process and how can the analytical techniques that we have allow us to
distinguish between those possibilities?

Markus Aebi: I think first that the term “co-translational” you used is relevant.

It is more “before folding” or “after folding”. To couple the glycosylation to the

translocation event is one way to make sure that glycosylation occurs before folding.
But it can also occur much later on in the process, in the folding pathway.

We cannot mimic, but we can do in vitro glycosylation and we couple it to the
translocation event. These studies have been done extensively, also to monitor other
things of the translocation events and glycosylation was used as a marker. We can
detail how far the (poly)peptide has to reach into the ER lumen to get glycosylated
and we know quite well from in vitro studies how this processes work. In terms of
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retrograde transport, we take it off again. We lack to my knowledge the enzymatic
machinery in the lumen of the ER to do that. To deglycosylate proteins, they do
have to exit the ER again in retrograde translocation. Then they are degraded in
the proteasome. But before the sugar has to be taken off from the polypeptide.

Jason Chin: So this means there is no error correction?
Markus Aebi: No. You just degrade the protein that is not properly folded.
Jason Chin: OK. But you never correct the glycosylation on the protein?

Markus Aebi: As far as I know, no. Because taking of the sugar generates an

aspartic acid instead of an asparagine, which wouldn’t make much sense.

Tan Wilson: Can I ask some questions about identifying the glycan specificity? The

glycan arrays are fantastic inventions of the last few years in order to decide what
the specificity of the glycan is. But we have encountered a number of situations
where we actually don’t find much specificity on the array. The binding is just
too weak. So you either need higher density arrays or you need mixed glycans.
The particular examples that I showed you are antibodies that actually have 2 or 3
binding sites for a glycan plus interaction with the polypeptide. So the individual
interactions are likely to be probably very weak (probably in the millimolar range),
but can I ask about the detection and the specificity. How can you actually detect
so weakly binding glycans?

Peter Seeberger: I think all the data you get out of your glycan arrays is only as

good as your input, as far as content of the array is concerned. I think we are only
at the very beginning. The Consortium of Functional Glycomics I think has 600+
compounds. We have now hundreds of compounds on our arrays. But it depends
on what you put on there. We cannot believe that with 600 glycans, we really
even begin to cover either the human glycome or the microbial glycome. And I
think particularly the arrays that are out there right now are weak on the bacterial
glycome. There are almost no bacterial structures on there. That is what my
department has been addressing these recent years because they feel there is a real
need. They are now doing the same thing for plants. So I think the content has to
be improved, we need more glycans. It is not going to be pretty but someone has
to make those molecules, or isolate them.

The second question is the interactions between proteins and glycans. You are
implying most of these are weak interactions. I think this is only partially true.
There are some known interactions where the binding is in the low nanomolar
level. Of course people have dogmatically written about it that this is not the case,
but I think we see very tight binding, particularly in the case of glycosyl-glycans.
Heparins and proteins bind exceptionally tightly to each other. There is charge,
so these things are possible. I think it depends on what the glycan should do: if
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the glycan is at the surface and it has to temporarily engage the receptor, it makes
sense that we get a weak binding. But then binding is temporarily and it opens
up again. If you want a signaling event in the cell, I think you want to have a
tight and specific binding event that leads to the transmission of information. And
I think that depending on what the function of the glycan is, we can have different
types of binding that range from very tight to not tight at all, where multivalency
and other things plays a role, but I think people have been quick in making broad
ranging statements about the functions of glycans based on one or two examples in
some cases. So I do not say we do not need some sort of identity arrays, but I think
we need both and we should be aware that in some cases with glycans we see very
tight binding.

Tan Wilson: I mean the situation I am talking about is: we actually know roughly
what the specificity is, we know the sort of glycans that are present on the array,
so that is not the issue. We know that we can get crystal structures. We actually
have sometimes crystal structures even with the individual glycans and with the
glycosylated protein. We actually see these interactions that we are not detecting
on the array, and we know that the glycans are actually on the array.

Peter Seeberger: I think this is a matter of context. Because I think people have
focused only on the protein or only on the glycan. It would be really interesting
to look at the whole system, because glycosylated proteins have both components:
the protein and the glycan. And I think it has been difficult in the systems that
have been made by Markus and others, and through synthetic means we are getting
towards this end now.

Chi-Huey Wong: I can add some points about this. The antibodies you discovered
from HIV patients, some of them, like 2D12, PGT16, PGT9, they don’t recognize
just one glycan. They recognize two different glycans. How do you pick that
up from the array? The current array is made from glass slides activated by N-
hydroxysuccinimide ester (NHS). We know it is unstable and very often you see
that the active ester is not evenly distributed on the surface. So the array you
have got is not very homogeneous. I showed that aluminium oxide-coated glass
slides will be very even because the chemistry used for such arrays is different. It is
based on the use of a phosphonic acid tail, which will react with aluminium oxide
spontaneously. That will create a much better controlled array with a pre-arranged
distance between the sugars. With that we are able to pick up the heteroligand
binding and multivalent binding with very high dissociation constants there. And
I think this could lead to the design of carbohydrate-based vaccines in the future.
The other problem with arrays, as Peter mentioned, is that we don’t know how
many sugars we have to put on. I think the NIH commission has several laboratories
to make 10,000 glycans to be put on the array. But whether that is enough, we
still don’t know. If we get into the microbiome system, it would be enormous. So
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I think it is probably better to make the array for special purposes: we have the
array for influenza, for cancer, for gp120 (HIV) (because it has about 85 different
glycans that are put on the array), and that is how we use it to understand the
specificities of the carbohydrate-binding antibodies.

Aled Edwards: I think this experiment must have been done? How much success

has there been in reconstituting in S. cerevisiae by knocking them all out one by
one, getting a minimal glycosyl transferase-ome and then adding back and looking
what effects they have. And are you going to do that with the baculovirus with the
CRISPRs — start knocking out one by one so you can have an in vivo reconstituted
system as it were?

Markus Aebi: I know from one example where they have engineered insect cells

(I forgot the cell line) for the specific production of antibodies with fucosylated
glycan structures, for which they have knocked out and put in the specific glycosyl
transferases. I think it was a Japanese company and they were able to generate a
pure glycan structure on the produced antibody. So this is possible.

Aled Edwards: I was more thinking of reducing (I don’t know if there are 50 of

them) down to five. The cells will be barely alive and then add them back (glycosyl
transferases) one by one to see exactly what happens.

Markus Aebi: So when you fiddle around with ER glycosylation machinery, you are

dead! When you take the early enzymes in the Golgi, you hardly survive. And for
the later ones, the sialyl transferases, there is no serious phenotype in mice.

Chi-Huey Wong: The knock-out experiment was not very successful, particularly

in mammalian cells, because they (glycosyl transferases) are all essential. One
glycosyl transferase could be responsible for many different glycoproteins. But one
successful approach is the Genentech approach that uses a fucosyltransferase knock
out to make antibodies without fucose. That has been produced on larger scales
for development.

Tan Wilson: May I ask Chi-Huey Wong about the vaccine approach? A lot of the

earliest thoughts on trying to get better interactions/responses for neutralizing an-
abolism, better immune response against viral antigens, was actually to cover up
the surface with additional glycans, not to take glycans off. And then you actu-
ally only leave particular sites (such as receptor binding sites or fusion machinery)
unexposed, but you are covering up everything else including all the hypervariable
loops. So you have done completely the opposite, that is you have taken all the
sugars off and you found you can get good responses. But assuming that you must
get a lot of non-neutralizing response mixed in with neutralizing response, how do
you boost the neutralizing response?
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Chi-Huey Wong: That is a good question. Where we have evidence so far is that

once we remove the outer part of a sugar, you generate more different kinds of
antibodies. We used a single B-cell to get about 400 clones and some of them
are very interesting. We even obtained antibodies that recognize the sequence
covered by the sugars. I think we need to get a complex to better understand
that. I think what happens is that (you know antibody-protein interactions are
much stronger than antibody-glycan interactions) the antibody pushes the sugar
away and thermodynamically you get the antibody-protein interaction there. We
need to get that evidence by structure, but numerous studies showed that we get
more different kinds of antibodies and they target new epitopes. The antibodies
generated are better in terms of neutralization. We have to do more studies to
confirm that.

Richard Lerner: I think this is important — more than a gem of an idea — this

dialogue between Ian Wilson and Chi-Huey Wong. Because the neutralizing an-

tibody people have pointed to the fusion area, there has been a race between the
vaccine makers to sort of make the fusion piece, and jettison everything else. From
a synthetic point of view, that turned out to be very difficult to do, because once
you take those pieces out, they don’t fold right. So the alternative would be to do
what Tan Wilson just said: that is leave the thing intact but cover everybody else
with sugars. You have the cake and eat it too! You have got the epitope you want
in the right conformation more or less, and you have blacked out everything else.
That would be a way to focus vaccination. You (to Chi-Huey Wong) could take the
same technology you have had, turn it on its head and use it to cover everything.

Chi-Huey Wong: I agree. We have just begun to understand how carbohydrates are

taken up by B-cells and by dendritic cells, and how these antigens are processed,
how they are cleaved and then presented to T-cells. This is unknown. We begin
to understand because several carbohydrates make small changes there. What we
know is that in the case of proteins, of course protease is involved in the processing,
but for carbohydrates we don’t know about it. People think it has to do with nitro-
gen oxide radicals cleaving glycosidic bonds but there are some other glycosylases
involved. We don’t quite understand the specificity of that, and that is why often
one carbohydrate by chance sometimes creates different kinds of antibodies, which
can recognize the internal part of the epitope.

Richard Lerner: But by the end of the day, the immune response is a binding

energy competition amongst 102 combatants. And anything you can do to lower
the binding energy potential of the rest of the molecule in terms of the initial event,
never mind the protease later on, will focus the immune response. You can probably
focus on everything that you want.

Tan Wilson: There is evidence of what you are suggesting that certainly for these

antibodies to the hemagglutinin, that the glycans are pushed out of the way. You
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can see that the best antibodies are actually navigating through the glycans. If
they weren’t there, you might get at the surface better, but if you think of trying
to get an immunogen that is going to raise the same type of antibodies, you might
need to start with something that has less glycans on it, then add something later
as a boost with more glycans. You should use this combination approach. There is
good evidence in the HIV field, this is also true, that you can start with something
which has less glycans on it. There are usually less glycans on the transmitted virus
than on the virus that ends up after a few rounds of replication in your body. Many
times, the germline antibody doesn’t even seem to recognize the viral antigen. And
one way that it sometimes can recognize is if you take the glycans off. There is
thought now of, again, taking some of the glycans off to get initial priming of the
germline response and then add more glycans back to make it more native-like.

Richard Lerner: But nobody would have ever done that, if you had not shown that
the loop can penetrate. That is what changes everything because why would you
take a sugar off to expose an epitope underneath, unless you knew what you know
now. Because the natural system would cover it up again. You have to consider
that, in the context of the idea, that there is enough energy in the loop as it were to
push the sugars away and get at what is underneath. If you can’t do that, there’s
no sense doing it that way.

Kurt Wiithrich: We all seem to agree that glycosylation is extremely important and
that we don’t know the basis for its important role. I have a specific example: Peter
Seeberger talked about prion proteins and the GPI anchor. There is another story
related to the glycosylation of the prion protein in the cellular form. There are
two glycosylation sites and based on the determination of the glycosylation levels,
it has been determined that some people, mostly in England, were infected with a
new variant of Creutzfeldt-Jacob disease. Just simply from the numbers, it seems
that this may not have been a correct interpretation of the data. I can hardly
imagine that there would have been new variant of Creutzfeldt-Jacob disease in
just 250 cases and never again, considering the extent of the BSE crisis in England.
I suppose that since you worked on the GPI anchor site of the problem, you must
have looked into this as well.

Peter Seeberger: Very simple answer: No, we did not yet. One of the limitations
for us actually was to get the protein properly. You pointed out during the break
that it is not easy to work with this protein. I think the expertise of working both
with these complex proteins that also have to be handled taking into account certain
safety regulations in some countries as well plus the required glycosylation expertise
for us took a long time. So your plans now are that after we have made the protein
plus the GPI anchor to put on glycans as well. There is a group in my department
that works only on that problem. They made progress but they haven’t yet made
the whole thing.
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Tan Wilson: Do we have general questions that anybody wants to ask?

Christine Orengo: It is a change in topic completely. Just a brief question to Bernard

Henrissat: You talked about your subfamilies you are characterizing in the CAZyme
classification and you explicitly said you don’t use any sequence information. But
I imagine that within some families even from the tree you can see clustering and
specificities associated with the different branches. So I imagine there must be some
sequence signals. I just wondered if you had a look at that at all and why you choose
not to use that sequence information.

Bernard Henrissat: The situation is very difficult. In a family-by-family case, we

have figured out that there is no universal threshold to determine these subfamilies.
Sometimes in some families of glycosyl transferases, especially those that convert
the blood groups A and B, just a couple of residues are enough to change specificity.
In other families, we can go as low as 15% identity and still have the same function.
So really we need to have expert knowledge on each and every family. When we
see subfamilies, we don’t know what is the driving force or whether we will discover
new functions. They just provide opportunities for discoveries, but we don’t have
a 100% hit on discovery. Most of the time we discover that what was the signal
turned out to be taxonomical drift, that sort of things. This is getting more and
more complicated because the trees get to be saturated by the sequence information
we have these days. So it is easy to explain on a slide, it is a lot harder to do in
real life.

Don Hilvert: Maybe to return to a Kurt’s question about chemical synthesis of

carbohydrates. What are the remaining chemical challenges to be able to make the
entire universe of carbohydrates? Is it the building blocks or the particular linkages
that are difficult to accomplish? Are there strategic changes that need to be made
in the approach that one takes?

Peter Seeberger: Two things that you mentioned. The first is you need the building

blocks. For human systems that is pretty easy, but for some bacterial systems that is
difficult because you cannot pull out the monosaccharides. So we have to synthesize
the monosaccharides from first principles. It is doable, but in some cases there are
as many as 15 chemical steps required to get the building block. That has been
worked out by a number of different laboratories. The more complex question is:
the chemical glycosylation reaction has been known for 110 years now. And to this
day, we know it depends on the electronics, sterics and conformation of both the
nucleophile as well as the glycosylating agent. In many cases, we can tune that very
nicely, but in some particular cases you get steric mismatches, and you do not get
what you want. It has been so far difficult to predict and so a few cognoscenti know
how to do this and others don’t. We have tried to create an operator-independent
database that compares many different pairs of coupling partners and therefore
derive some empirical evidence to predict glycosylations.
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This is growing now and I think this will make it easier for people to decide
what building blocks to use. Based on that, we have come up with what we call a
list of approved building blocks. We know they can be made, they are stable and
upon activation, and they give you reliably high activity at the site of glycosylation-
linkage. Their number is growing and I think this is what people who would like to
make a glycan and are not experts need. They can either buy these building blocks
and make the glycan themselves or go to a commercial supplier that will make a
glycan for them. I strongly believe that the glyco-field needs to integrate more with
the people who make proteins because you cannot get a molecule pure, you can’t
ask the (right) questions. Not everything can be made yet, but it can be made in
many areas.

Don Hilvert: On the other hand, the catalysts do exist in Nature. What about the

chemo-enzymatic approaches? Is it just really the availability of the enzymes? Or
the stability?

Chi-Huey Wong: I think that would be the way to go in the future. Of course it

depends on the product. If you want to make glycoprotein or heparin sulfate or
more complex structures, I would not just go around with chemical methods. If you
want to scale up, I think the enzymatic process could be the choice, because you
cannot tolerate any stereoisomer in the product, particularly if you are dealing with
a vaccine. So I think both chemical and biological methods have to be considered
and of course it depends on what you want to make. The problem with the enzymes
is that they are not available, but they are there! If there is a demand, I think they
will become available. This is very similar to the story of aspartame, the sweetener.
When it came out, it was made by mixed anhydride chemical synthesis. The reason
for that is that thermolysin was expensive and now it is as cheap as sodium chloride.
When there is a big demand, I don’t think enzyme is a problem.

Tan Wilson: A lot of what we're having to do now is trying to think of not doing all

glycoproteins but designing and synthesizing some sort of epitope scaffold. So you
have maybe one peptide or multiple peptides and you want to put say Mans in one
place and Mang in another place, and a complex sugar in another place. How can
we do that?

Chi-Huey Wong: I think that this can be easily done by chemical means. Peter

Seeberger is one who set up a solid-phase synthesis of target molecules. These are
small enough to be dealt with chemistry.

Peter Seeberger: I think one has to be pragmatic. As Chi-Huey Wong said before:

depending on the issue or what you have to make, you can use chemical means
where you can create quickly diversity. If you go to large scales then you might do
it enzymatically. But I think it is some of a “chicken egg” problem because materials
are not available. People don’t even dare to ask about them. The technologies exist
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but they are still expensive and people don’t dare to do it. At some point, you have
to break from this vicious cycle.

Craig Townsend: I direct this question to the bio-informaticists. Is there any ex-

ample of a drug that has its effect against the primary target, but whose beneficial
effects are amplified by normalizing in some way the microbiome? I understand it
is hard to separate cause and effect here.

Adam Godzik: I am sure there are but I don’t know myself.

Dennis Wolan: There is the example that appeared in Science a few years ago: CPT-

11 which is a chemotherapeutic that is processed by glucuronidases of the bacteria.
So not necessarily what you are saying, but we have to take into consideration the
metabolic processes on drugs in our PK-ADME studies for sure.

Tan Wilson: Any other burning question you want to ask to the panel? I am going

to ask Markus one question: in HIV, we have this high mannose patch on gp120
and we are not quite sure how it arises but it seems to be conserved. Somehow the
virus wants to hold on to this high mannose patch and we would like to understand
why? Maybe for interactions with other molecules on the cell surface? How can
you control holding onto this high mannose patch with a hypervariable virus?

Markus Aebi: I believe it is relatively easy to maintain a high mannose patch be-

cause you simply have to prevent processing by mannosidases that are in the ER
and in the Golgi. You have to hide the non-reducing end of the carbohydrate some-
how and you can do that by burying into a pocket of a protein. If that hypothesis
is correct, we should be able to measure that by these interactions with a protein.
I think the only way is to do that by NMR and more people have to work on this.
I think it should be possible but Kurt might know more about if we could measure
carbohydrate interactions with such a large molecule using NMR.

Kurt Wiithrich: How large?
Markus Aebi: gp1207?
Kurt Wiithrich: No problem.

Markus Aebi: So you can model or you can measure. I would say it is the way to

go.

Kurt Wiithrich: Maybe this is a very naive question. Why did we exclusively talk

about glycosylated peptides or polypeptides and not at all about carbohydrates

today? For example, carbohydrates as substrates for enzymes or the microbiome,
especially in the gut?
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Bernard Henrissat: I did touch on this. I explained that we are only able to digest

three sugars and the rest is entirely done by the microbiome. Lactose, starch and
sucrose, that is the basic food and that is what gets absorbed by the small intestine
before it gets into the bowel.

Peter Seeberger: I think also it is interesting to see how these biofilms form. What

glycans are involved? How do they interact and how do the communities that live
together in the different parts of the body, how do they decide who is interacting
with whom. I think glycans and carbohydrates are involved in these interactions.
The problem, at least from my perspective, is that nobody knows the answer to
that and I am not sure we actually have the tools at this moment to resolve this
sort of question. But to me that’s the real key question: why do certain types of
bacteria decide to be in a certain place and deal with each other. And how do
they communicate? Are glycans involved in that? Probably yes partially. Maybe
someone has the answer here? I don’t think anybody has.

Markus Aebi: Kurt, you are absolutely right. You are touching a problem that

glycans are not only here to decorate proteins. They are part of the cell wall, of
the fungal and plant cells wall. You name it. But this is the general rule that
carbohydrates are made to interact with the outside of a cell and so you can touch
whatever you like. You will end up with carbohydrates at least in our view here.
This is a totally new field. We are the wrong experts.

Chi-Huey Wong: I have a question related to high mannose cluster in human viruses.

I don’t know why most human viruses have glycoproteins with the high mannose
type: hepatitis, HIV, dengi? Does this high mannose glycan escape from the ER
and never get into Golgi? Or do they go the Golgi and for some reason are not
further glycosylated?

Markus Aebi: I am not an immunologist but in my view, high mannose is “self”,

a self entity recognized by the immune system. (N. Callewaert, you might correct

me)

Nico Callewaert: The answer is multiple fold. HCV for example is packaged from

the ER membrane directly. It doesn’t do that from the plasma membrane. The
HIV does, as far as we know, but there are many viral glycoproteins that are
densely packed with one another, so steric occlusion away from the Golgi glycosyl
transferases after that packaging has happened, maybe an important factor in that.

Tan Wilson: I think we have come to the end of this session. I thank the speakers

and panel members, and all of you for your questions.
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Phylogenetic tree of GPCRs and published GPCR structures. See
Figure 1 contributed by Raymond Stevens on page 187
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GPCRs AND TRANSPORTERS: LIGANDS, COFACTORS,
DRUG DEVELOPMENT

GUNNAR VON HEIJNE

Department of Biochemistry and Biophysics, Stockholm University
106 91 Stockholm, Sweden

My view of the present state of research in the field

We are currently witnessing an almost exponential increase in structural studies of
integral membrane proteins. While a low-resolution structure of bacteriorhodopsin,
obtained by electron crystallography, was published as early as 1975 [1], the first
high-resolution X-ray structure of an integral membrane protein, the photosynthetic
reaction center, was published only in 1985 [2]. For many years there was but a
trickle of new structures coming in — as late as 2000, there was only about 50 unique
structures in the PDB. Today, however, more than 400 unique structures have been
published (see http://blanco.biomol.uci.edu/mpstruc/) and new ones appear at an
increasing rate.

What lies behind this small explosion of membrane protein structures? Many
more crystallographers are active in the field today than 10 years ago, and a number
of methodological advances have increased the success rate of structure determina-
tion. Perhaps the most important first breakthrough was the adoption of a struc-
tural genomics approach: instead of working for decades on a single protein, most
researchers today start from a large collection of homologous proteins collected from
different organisms (mainly prokaryotic, but now also eukaryotic). The genes are
cloned, proteins are expressed in easy-to-use organisms such as E. coli or yeast, and
rapid screens to single out those proteins that are produced in high amounts and
behave well during purification are applied. Finally, the best-behaved candidates
are subjected to high-throughput crystallization screens in a wide range of deter-
gents or lipid cubic phases, possibly with the addition of various ligands, lipids, or
antibodies to help stabilize the protein. Proteins can also be stabilized by mutagen-
esis strategies. Finally, crystals are screened at synchrotrons, and phases are solved
either by molecular replacement (if a similar structure is already known), by the
introduction selenomethionine residues into the protein, or by classical heavy-atom
derivatives.

But not all interesting membrane proteins have bacterial homologs. In such
cases, the only open avenue is to tackle the difficulties of working with eukaryotic
membrane proteins head-on. This realization has given rise to a dramatic improve-
ment in techniques, both in terms of high-throughput approaches and in different
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ways of stabilizing these often fickle proteins to increase the probability that they
will crystallize.

In parallel, new methodology has increased the number of membrane protein
structures solved by NMR — a technique that also allows studies of protein dy-
namics — and there are also new structures being determined by electron crystal-
lography of two-dimensional crystals or by single-particle cryo electron microscopy.

This session is devoted to two particularly important classes of integral mem-
brane proteins: G protein-coupled receptors (GPCRs) and small-molecule trans-
porters. Both classes contain centrally important drug targets, and play critical
roles in many signaling and metabolic pathways. Both fields have seen great progress
during the past few years, opening up new possibilities for drug screening and
design.

My recent research contributions to the field

My own research deals with the question of how integral membrane proteins are tar-
geted to, integrated into, and fold in the membrane during biosynthesis. These pro-
cesses are common to all membrane proteins (including GPCRs and transporters),
and look very much the same in prokaryotic and eukaryotic cells. In short, ribo-
somes translating a membrane protein are quickly targeted to so-called translocons,
protein-conducting channels found in, e.g., the cytoplasmic membrane of bacteria,
the endoplasmic reticular membrane in eukaryotic cells, and the inner membrane of
mitochondria. The translocon then mediates the orderly membrane integration of
hydrophobic transmembrane segments as they emerge from the ribosome.

We have focused primarily on the energetics of the membrane-insertion process
as it is played out in live cells. Recent contributions include detailed measurements
of how much each of the twenty natural amino acids (and some non-natural amino
acids to boot) contributes to the overall free energy of membrane insertion of a
transmembrane segment [3-5], as well as measurements of the forces exerted on the
nascent polypeptide chain during membrane integration [6, 7].

Outlook to future developments of research in the field

Given the rapid pace of structure determination, representative structures for all
major subclasses of GPCRs and small-molecule transporters will no doubt become
available within a few years. The next step is to obtain structural information on
protein complexes between GPCRs and other proteins; indeed, a structure of a
GPCR in complex with its cognate G protein has already been solved [8]. Beyond
the static structures, the conformational changes involved in GPCR signaling and
small-molecule transport will become increasingly well understood, thanks to struc-
tural, biochemical, and biophysical studies. New drug candidates will be developed,
based on high-throughput screening approaches and structure-guided design.
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My view of the present state of structural biology with GPCRs

The main goal of GPCR structural biology is to obtain insight into the mechanisms
by which signals elicited by ligands in the extracellular “orthosteric” binding site are
transmitted over a distance of about 35 A to intracellular partner proteins (Fig. 1).
This includes that one tries to establish correlations between the chemical structures
of drug molecules and the signaling pathways, as well as to gain insight into the
mechanisms of action of allosteric effectors, as indicated in Fig. 1. Present-day
GPCR structural biology can work from a highly promising, recently established
platform, since crystal structures of more than 20 different human GPCRs are
available. These include the first structure of a human GPCR, 2 AR, which was
determined in 2007 [1], a high-resolution structure of AsaR [2], a S2AR-G-protein
complex [3], and numerous GPCR complexes with pharmaceutical ligands (surveyed
in [4]). The availability of the high-resolution GPCR scaffolds provided by X-ray
crystallography enables precise design of complementary experiments for studies
in non-crystalline milieus, for example, with NMR spectroscopy or single-molecule
spectroscopy.

Our recent contributions to GPCR research

Using NMR spectroscopy in solution we pursued two different lines of research.
Firstly, in support of subsequent structural studies, we characterized solutions
of detergent-reconstituted integral membrane proteins (IMP). This included the
screening of a wide array of newly designed detergents [5], the use of microcoil
NMR equipment for measurements of translational diffusion coefficients to charac-
terize the size of the IMP-containing particles [6], and applications of the results
from [5] and [6] to optimize IMP solutions for NMR studies and for crystallization
trials [7-9]. Secondly, we inserted fluorine-containing labels in strategic locations
of GPCRs (Fig. 1). Observation of the NMR signals of these 12F-NMR probes en-
abled the observation of conformational equilibria between long-lived inactive and
activated states of GPCRs, as illustrated in Fig. 2 for f3AR. This resulted in the
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Orthosteric Ligand
o

PERIPLASM

CYTOPLASM

G-protein @

Fig. 1. Survey of GPCR structure and function. GPCR structures are characterized by seven
trans-membrane helices. On the periplasmic surface there is an “orthosteric” ligand binding site
(the arrow indicates mobility in the ligand binding site). Allosteric binding sites have been located
along the periphery of the seven-helix bundle (cholesterol) and in the center of the bundle (Nat).
Binding of drug molecules to the orthosteric site elicits signaling to partner proteins in the cyto-
plasm, for example, G protein and S-arrestin. The two red circles indicate locations for fluorine-19
labels that have been used for 19 F-NMR observation (Fig. 2) of conformational changes associated
with trans-membrane signaling between the orthosteric site ligand binding and the cytoplasmic
protein surface. (Reproduced from [10]).

demonstration that signal transfer to G proteins and to S-arrestin are transmitted
through different signaling pathways [11, 12].

Outlook to future developments of NMR spectroscopy with
GPCRs

Exploratory experiments with several different GPCRs showed that the results on
conformational transitions between long-lived active and inactive states, as obtained
with 82 AR, cannot readily be generalized for other receptors. It will therefore be
exciting to pursue comparative studies of different GPCRs with the °F-NMR probe
approach. In addition, we have established an expression system that enables la-
beling of GPCRs with stable isotopes, so that the YF-NMR probe experiments can
be followed up with high resolution structural information, which may include de
novo structure determination of new GPCRs. For me it is particularly exciting
that the glucagon receptor in its interactions with glucagon is one of our primary
targets. Several decades ago, NMR studies of glucagon in aqueous solution [13] and
in the water/lipid interface on the surface of detergent micelles [14, 15] yielded in-
teresting observations on the conformations of this polypeptide hormone in different
milieus. It will be exciting to compare these data with new results on the behavior
of glucagon interacting with its receptor.
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Fig. 2. 19F-NMR observation of conformational equilibria in f2 AR. 9 F-NMR signals of TET C265
and TET(C327 in the apo-form and in four drug complexes of single-residue TET-labeled S2AR
recorded at 280K. The experimental spectra (thin black line showing noise) have been deconvoluted
into signals of an activated state (A, red) and an inactive state (I, blue) of B2 AR. The thick black
line represents the sum of the signals I and A. The chemical structures of the bound ligands are
schematically drawn on the right. (Reproduced from [10]).
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THE SEVEN TRANSMEMBRANE SUPERFAMILY

RAYMOND C. STEVENS

Department of Integrative Structural and Computational Biology, The Scripps Research
Institute, 10550 North Torrey Pines Road, La Jolla, CA 92037, USA and
the itHuman Institute, ShanghaiTech University, Shanghai, China

My view of the present state of research on the 7TM superfamily
(GPCRs)

The 7-transmembrane (7TM) superfamily is the largest membrane protein family
in the human genome, and the target of more than 30% of all therapeutic drugs
that treat diseases afflicting mankind. At more than 800 members and responsible
for 80% of all human cell signaling, the family includes well-known receptors often
referred to as G protein-coupled receptors (GPCRs). In 1976, Henderson and Un-
win were the first to observe the 7TM protein architecture with bacteriorhodopsin
[1]. Palcewski and co-workers then reported structure-function studies of bovine
rhodopsin in 2000 [2]. In 2007, structures of human fs-adrenergic receptor (S2AR)
were determined by Kobilka, Schertler, and Stevens combining different approaches
highlighting the first structures of a human GPCR and the first receptor controlled
by diffusible ligands [3-5]. Since then, structures of more than 24 different 7TM
receptors have been determined [6], each one impacting a different important area
for basic and applied discovery. Furthermore, the structure of a GPCR G protein
complex has been determined with an intracellular antibody [7]. At the current
pace, it is highly likely that representative structures of all subfamilies will be de-
termined in the coming few years enabling new discoveries in molecular recognition
and illuminating the incredible diversity of these receptors. They should also pro-
vide deeper insights into structural basis for activation. Collectively, the structures
and related follow-up biochemical and biological studies are dramatically changing
how we think about the 7TM receptors. For example, with the observations of
cholesterol and sodium binding to receptors and complemented by functional stud-
ies, we are now starting to view these molecules as allosteric machines controlled
by many different molecules in the membrane beside just endogenous or synthetic
pharmacological molecules [8].

My recent contributions to research on the 7TM superfamily
(GPCRs)

Like many others in the field, my laboratory started pursuing structure-function
studies of this superfamily more than 20 years ago, with no success until fairly re-
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cently. Combining our novel membrane protein technology developments created
specifically for GPCR structure-function studies including miniaturization and au-
tomation, alongside Brian Kobilka’s extensive knowledge of the protein chemistry of
B2 AR, the structure of o AR was determined at a resolution that enabled the char-
acterization of correct ligand orientation and many of the receptors novel features.
Given our large investments in technology development, we were able to quickly
follow-up with the structure of the human A adenosine receptor (A2aAR) [9],
and also establish the human GPCR, Network (http://gpcr.scripps.edu) that has
successfully breached barriers to routine structural studies of human GPCRs [10].
Efficient determination of GPCR structures requires the development of a robust
approach to enable a high likelihood of success and to provide a platform that
is amenable to optimization and cost reduction based on accumulated experience.
The approach used by the Scripps GPCR Network in the initial successful structure
determinations of the S3AR and the Asa AR led to the development of a pipeline
infrastructure with feedback loops that could be used as a template for the deter-
mination of other GPCR structures. This pipeline is constantly being optimized
using a ‘family learning approach’, which is similar to the approach used by the
Structural Genomics Consortium [10] most notably with protein kinases [11].

jos GLUTAMATE (15)
SECRETIN
(

FRIZZLEDITAS2
ADHESION (24)

(24) o

RHODOPSIN
(701)

Fig. 1. Phylogenetic tree of GPCRs and published GPCR structures (24), those human GPCR
structures published by the Scripps GPCR Network (16) are shown with red circles.
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Since 2007, our process has determined the structures of two thirds of the avail-
able unique receptor structures (16 of the 25) and provided follow up insight into
their structures and functions (Fig. 1). Each of the structures has been studied in
collaboration with a scientific community leader who has extensive knowledge of
the specific receptor system from a chemical, biological and pharmacological per-
spective. This highly collaborative approach is beneficial not only to ensure that
the science is at the highest quality, and that insightful follow-up experiment and
discovery are done, but it also establishes an avenue for extensive dissemination and
communication of the data and results beyond the structural biology community. In
addition, computational docking challenges with the community, specifically GPCR
Dock 2008 [12], 2010 [13], and 2013 are also helping to monitor the field of compu-
tational GPCR modeling and docking, to provide us with feedback for prioritizing
target selection and thus ensuring continued high impact to the biomedical com-
munity.

Diversity and modularity of GPCR structures [6, 14]

Although all GPCRs are characterized by a similar 7TM topology, the five major
families of human GPCRs share little sequence identity (SI) and possess different
extracellular N-terminal domains (SI < 10% in the 7TM domain). The largest and
most diverse Rhodopsin family (also called Class A) consists of approximately 700
GPCRs in humans, and its subgroups a—¢ have an SI of 25% or more. Each sub-
group contains numerous subfamilies, and GPCR subtypes within these subfamilies
share a higher SI (> 30%) and often a common ligand selectivity. A survey of all
solved GPCR structures is improving our understanding (and correcting misunder-
standings) of the architecture of these receptors. GPCRs exhibit modularity in the
extracellular module, which is responsible for binding diverse ligands and has much

Higher Diversity
Between GPCR

Ligand

-Iga Families,

Binding Smaller

Module Conformational
Changes

Lower Diversity

D i Between GPCR
ownstream

Signali \ Families,
ignaling Livsr
Module 1 .

Conformational
Changes

C-term

Fig. 2. General architecture and modularity of GPCRs.
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higher structural diversity than the intracellular module, which is involved in bind-
ing a limited number of downstream effectors including G proteins, arrestins, and
kinases and hence shows higher sequence/structure conservation (Fig. 2).

A highly diverse repertoire of structural features in the ligand-binding pockets of
different GPCR subfamilies apparently reflects evolutionary pressure to selectively
recognize ligands that vary greatly in shapes, sizes and electrostatic properties.
Even within the preserved overall 7TM bundle architecture, there is a remarkable
diversity of shapes and features of binding pockets between GPCR subfamilies,
manifested in both side-chain diversity and variations in backbone conformations
of TM helices and extracellular loops.

As an example, the structures of opioid and serotonin receptors involved in
binding of psychedelic drugs have been studied. In collaboration with Bryan Roth at
UNC, these structures highlight the diversity in the binding pockets and now provide
a molecular basis for answering the question as to why the nociceptin receptor
(NOP) does not bind morphinans, unlike the other classical opioid receptors, or how
molecules like LSD elicit distinct and biased responses by closely related serotonin
receptors. The structures show that replacement of only a few key residues in
the ligand binding pocket region results in conformational changes in the structure
including shifts in helices V/VI leading to different pharmacological behavior.

Crystal structures of GPCRs also provide a robust three-dimensional structural
framework for computational modeling of receptor dynamics and oligomerization
state, as well as for ligand docking and virtual ligand screening (VLS). The growing
number of structure-based VLS studies demonstrates encouragingly high hit rates
(20-70%) in the identification of new ligand chemotypes as lead compounds for
Ao AR, CXCR4 chemokine, D3 dopamine, and H; histamine receptors, as well as
in lead optimization. Following their successful applications to kinases, proteases
and other protein target families, structure-based ligand screening technologies are
now becoming an important part of the GPCR drug discovery process in phar-
maceutical and biotechnology companies. For example, the S1P; structure [15] is
now being used by the biotech startup Receptos in their drug development efforts
targeting multiple sclerosis and irritable bowel syndrome with two different Phase
II/IIT clinical trials currently underway.

7TMs as allosteric machines [8]

Pharmacological responses of GPCRs can be fine-tuned by allosteric modulators.
Structural studies providing such observations have been limited by the medium
resolution of past GPCR structures. Thus, we reengineered the human Ass AR by
replacing its third intracellular loop with apocytochrome bsgoRIL and solved its
structure to 1.8 A resolution. This high-resolution structure allowed us to identify
57 ordered water molecules inside the receptor comprising three major clusters.
The central cluster harbors a putative sodium ion bound to the highly conserved
aspartate residue Asp?°°. Additionally, two cholesterol moieties stabilize the con-
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formation of helix VI. These high-resolution details shed light on the role of water
molecules, sodium ions, and lipids/cholesterol in GPCR stabilization and function.

Biased signaling pathways in 7TMs characterized by
19 F-NMR [16]

Extracellular ligand binding to GPCRs modulates G protein and S-arrestin signal-
ing by changing the conformational states of the cytoplasmic region of the recep-
tor. In collaboration with the Wiithrich laboratory at TSRI, we placed site-specific
YF-NMR labels in the 33 AR in complexes with various ligands, and observed that
the cytoplasmic ends of helices VI and VII adopt two major conformational states.
Changes in the NMR signals reveal that agonist binding primarily shifts the equilib-
rium toward the G protein—specific active state of helix VI. In contrast, S-arrestin—
biased ligands predominantly impact the conformational states of helix VII. The
selective effects of different ligands on the conformational equilibria involving he-
lices VI and VII provide insights into the long-range structural plasticity of S2AR
in partial and biased agonist signaling. The use of F-NMR may thus prove to be
a widely applicable tool for structure-activity relationship studies of GPCR ligands.

Outlook for research on 7TM superfamily (GPCRs)

Over the past 40 years, pharmacologists have treated GPCRs as black boxes that
recognize and respond to certain ligands, and narrowly defined them as either cou-
pled to G proteins, or more recently coupled to arrestin. However, we now know
there are more than 200 other intracellular proteins that interact with the 7TM re-
ceptor family and we are only beginning to understand signaling. Furthermore, with
only 24 known structures, this represents only a few percent of the total number of
receptors, each one characterized revealing great new discoveries no one expected.

Our ultimate goal is to understand how complexes, cells, organs, and species
work at a molecular level. To accomplish this endeavor and better model how
organisms work, wide ranging types of data need to be integrated together including
computational approaches. Human cell signaling with 7TMs at the center, are a
model system to investigate, with broad reaching impact on many different fields
of basic and applied science to help mankind.
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NANOBODIES FOR THE STRUCTURAL AND FUNCTIONAL
INVESTIGATION OF GPCR TRANSMEMBRANE SIGNALING

ELS PARDON and JAN STEYAERT

Structural Biology Brussels, Vrije Universiteit Brussel, Pleinlaan 2, 1050, Brussel
and Structural Biology Research Centre, VIB, Pleinlaan 2, 1050, Brussel

My view of the present state of research on GPCRs and
transporters: ligands, cofactors, drug development

Many membrane proteins including GPCRs and transporters are conformationally
complex molecules. These are exiting times because we are starting to collect high
resolution structures of the key functional conformers for a number of model sys-
tems. Most important, we are also witnessing the development of appropriate bio-
physical methods to study the (thermo)dynamics of the conformational transitions
and the way ligands, cofactors, lipids or other proteins disturb these conformational
equilibria. Ultimately, we will have to incorporate the contribution of the electro-
chemical membrane potentials to fully understand transmembrane transport and
signaling. No doubt that the remarkable progress that we are making in these fields
will lead to better drugs.

My recent research contributions to GPCRs and transporters:
ligands, cofactors, drug development

Polytopic membrane proteins such as GPCRs and transporters are dynamic proteins
that exist in an ensemble of functionally distinct conformational states. Crystal-
logenesis typically traps the most stable low energy states, making it challenging
to obtain agonist bound active-state X-ray structures of GPCRs. Stabilization of
an active conformation of a GPCR can be achieved in different ways. The most
physiologic approach is to use a native signaling partner such as a G protein. An
alternative to using a G protein is to identify another binding protein that can
stabilize the same conformational state.

Antibodies evolved to bind to a diverse array of protein structures with high
affinity and specificity. Last years, we generated Nanobodies (Nbs) that selectively
recognize the active states of the 2 adrenergic receptor (52AR) [1] and muscarinic
receptor 2 (M2R) [2]. Such Nbs that faithfully mimic the effects of the G proteins
Gs or Gi were used to obtain diffraction quality crystals and to solve the very first
structures of the active agonist-bound states of 52AR or M2R. More interesting, we
also identified nanobodies that stabilize the 52AR-Gs complex [3]. One of these Nbs
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was used to obtain the high-resolution crystal structure of this complex, providing
the first molecular view of transmembrane signaling by a GPCR.

Our work illustrates the power of the Nanobody platform for GPCR research
[4]. Nanobodies are the small (15 kDa) and stable single domain fragments har-
boring the full antigen-binding capacity of the original heavy chain only antibodies
that naturally occur in Camelids. Because of their unique three-dimensional struc-
ture, nanobodies have access to cavities or clefts on the surface of proteins. Our
Nanobody discovery platform has the competitive advantage over other recombi-
nant crystallization chaperones that the cloned Nanobody library represents the full
collection of the naturally circulating humoral antigen-binding repertoire of heavy
chain antibodies, contrary to combinatorial libraries of conventional antibody frag-
ments. Because Nbs are encoded by single exons, the full antigen-binding capacity
of in vivo matured antibodies can be cloned and efficiently screened for high affin-
ity binders, allowing one to fully exploit the humoral response of large mammals
against native antigens.

Fig. 1. Nanobody-assisted X-ray crystallography of GPCR active states. (Left) Agonist bound
active state of S2AR (ribbon representation) stabilized by Nb80 (surface representation); (Mid-
dle) Active state of M2R (ribbon representation) bound to an agonist and a positive allosteric
modulator that is stabilized by Nb9-8 (surface representation); (Right) S2AR-Gs transmembrane
signaling complex (ribbon representation) stabilized by Nb35 (surface representation).

Outlook to future developments of research on GPCRs and
transporters: ligands, cofactors, drug development

Last years, we demonstrated that Nanobodies are exquisite tools for the structural
investigation of conformationally complex membrane proteins. Future work will
focus on Nanobodies that stabilize different GPCR conformational states including
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active, inactive and biased conformations of the receptors, aiming at understanding
how different ligands elicit other biological responses. Our work on the S2AR-Gs
complex indicates that nanobodies can also be used to stabilize protein complexes.
In the coming years we will develop methods to select nanobodies that stabilize tran-
sient protein-protein interactions and focus on GPCR-G protein (Gs, Gi, Go, ...),
GPCR-arrestin and GPCR-kinase complexes and other signaling complexes involv-
ing f-arrestin, ERK2 and C-Src amongst others.
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THE HIDDEN PHARMACOLOGY OF THE HUMAN GPCR-OME

BRYAN L. ROTH

Department of Pharmacology and Division of Chemical Biology and Medicinal Chemistry
University of North Carolina Chapel Hill Medical School, 4072 Genetic Medicine Building
Chapel Hill, NC 27599, USA

My view of the present state of research on GPCR drug discovery

With nearly 900 members, the human GPCR-ome comprises the largest family of
druggable targets in the genome although most members have not been chemically
interrogated.

G protein-coupled receptors (GPCRs) constitute the single largest class of
druggable targets in the human genome [1]. The human genome includes genes
for ~900 olfactory and non-olfactory GPCRs and careful analyses estimate the
number of non-olfactory GPCRs to be between 342 and 356 (http://www.iuphar-
db.org/index.jsp) [2]. Of these, approximately 38% are classified as “orphans”, i.e.,
their natural (endogenous) ligands remain unknown (see [IUPHAR GPCR Database
at: http://www.iuphar-db.org/index.jsp). Additionally a significant proportion of
the non-orphan GPCRs remain incompletely or inaccurately characterized with re-
spect to the ligands that modulate their activity.

My recent contributions to the area of GPCR drug discovery

Over the past several years, my colleagues and I have shown that approved medica-
tions and their metabolites exert both known and unknown effects via unanticipated
interactions with GPCRs [3-5]. In some cases, such as the infamous ‘fen/phen’ diet
drug fiasco, an unanticipated interaction of a drug metabolite (e.g., norfenfluramine)
with a GPCR (e.g., the 5-HTsp serotonin receptor) led to tremendous both human
suffering and disasterous economic consequences [6]. In recent work done in close
collaboration with Ray Stevens’ group we were able to provide a molecular explana-
tion for how drugs can interact with these receptors and induce serious side-effects
[7].

Most recently my group has been interested in using cheminformatics and other
in silico approaches to facilitate GPCR drug discovery and genome-wide technolo-
gies to chemically interrogate the GPCR~ome and these will be discussed separately.

Identifying ligands for orphan and non-orphan GPCRs
Considerable effort has been devoted to finding both endogenous and synthetic
ligands for non-orphan GPCRs. For instance, we provided the initial validation data
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[8] and later explored the utility of the Similarity Ensemble Approach (SEA; [8]) for
identifying GPCRs as unanticipated targets of approved medications and chemical
probes [5, 9-11] — all of these studies in collaboration with Brian Shoichet’s group at
UCSF. We have also used in silico approaches for drug design and lead optimization.
The most recent example of this was the successful design of multi-target drugs for
aminergic GPCRs [12] using Baysean-based approach. In general, we have found
these particular approaches to be useful for predicting small molecule interactions
with molecular targets for which there is a large amount of annotation as to small
molecule interactions. Unfortunately, for much of the GPCR-ome, little chemical
matter is annotated (see Fig. 1).
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Fig. 1. Annotated small molecules for the GPCR-ome. Shown is a scatter-gram listing of rep-
resentative members of the GPCR-~-ome on the X-axis and # of small molecules annotated from
Chembl. As can be seen, most of the GPCR-ome has relatively sparse annotation.

My lab has had some success with identifying ligands for orphan receptors
[13-15] and this remains an active area of investigation.

Genome-wide technologies to chemically interrogate the GPCR-ome
Orphan GPCRs represent a particularly challenging target class because conven-
tional GPCR screening approaches require either a priori knowledge of the particu-
lar G protein(s) to which the orphan GPCR preferentially couples or the availability
of positive control compounds (either agonists or antagonists) Various means to cir-
cumvent these challenges to provide so-called ‘universal’ GPCR screening platforms
include the use of chimeric (or universal) G proteins, label-free impedance-based
approaches, arrestin-based screening platforms, melanosome-based approaches and
others (see [16] for review), although these have not been applied on a large scale
to identify ligands for orphan GPCRs.

We have been able to recently adapt an arrestin-based platform initially for D2-
dopamine receptor screening [17] and later for other receptors including k-opioid
[18], serotonergic [7] and now nearly every GPCR in the human genome (see on-
line resource at: http://pdsp.med.unc.edu/PDSP%20Protocols%2011%202013-03-
28.pdf; Kroeze et al., manuscript in preparation).
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Because the bulk of the GPCR~ome is not annotated from a chemistry perspec-
tive, developing genome-wide platforms to interrogate the GPCR-ome will greatly
accelerate our ability to develop drugs and small molecule probes for the ‘hidden
GPCR-ome’. Additionally, as new chemical annotation will accelerate in silico
approaches such information will allow us to reveal the subterranean (or hidden)
pharmacology of known drugs and bioactive compounds. Revealing such informa-
tion will have a tremendous impact on not only drug discovery but also safety
pharmacology and, ultimately, the health and well-being of humanity.

Outlook to future developments of research on GPCR drug
discovery and chemical biology

Illuminating the pharmacology of the hidden GPCR-ome will transform drug dis-
covery, although this will require novel and highly scalable technologies.
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STRUCTURES AND REACTION MECHANISMS OF
ABC TRANSPORTERS
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Institute of Molecular Biology and Biophysics, Department of Biology, ETH Ziirich;
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My view of the present state of research on the structure and
mechanism of ATP-binding cassette (ABC) transporters

ABC transporters are primary active transporters that have an important role in
the physiology and pathophysiology of many organisms. Fueled by hydrolysis of
ATP, these proteins allow nutrients, metabolites, and noxious substances to be
moved across lipid bilayers [1]. In bacteria, ABC importers facilitate the uptake
of nutrients from the environment via high-affinity uptake pathways, thus enabling
pathogenic bacteria to acquire essential (micro-)nutrients even when they are scarce.
ABC exporters catalyze the extrusion of components required for the biosynthesis
of the bacterial cell envelope and often contribute to drug resistance, which can
pose problems in combatting pathogenic bacteria. In eukaryotes, ABC transporters
are generally exporters that move diverse substrates across cellular or organelle
membranes. Various hereditary human diseases have been associated with the dys-
function of ABC transporters, and their over-expression in tumor cells can cause
multi-drug resistance, a serious impediment for the treatment of cancer [2].

A great deal of progress has been made over the past 15 years in the structural
and mechanistic investigation of ABC transporters. Specifically, X-ray crystallo-
graphic studies have revealed their folds and have visualized distinct conformations.
The structural insight was useful for interpreting functional, biophysical, and bio-
chemical studies and proved invaluable in understanding the coupling mechanisms
of several model systems. While the first structures described ABC transporters of
bacterial or archaeal origin, advances in over-expression and purification of eukary-
otic membrane proteins have allowed the mechanisms of ABC transporters related
to human diseases to be tackled.

My recent research contributions to the structural and
mechanistic investigations of ATP-binding cassette transporters

Research in my group at ETH Ziirich has focused on the structure and mechanism
of various membrane proteins, with a strong emphasis on ABC transporters. We
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have spent considerable efforts at establishing and optimizing the over-expression
and purification of ABC transporters in bacterial host cells, and more recently also
in eukaryotic cells. Using X-ray crystallography, we have determined the first struc-
tures of type I and type I ABC importers, as well as that of the first ABC exporter
[3-5]. The structures of these bacterial proteins were useful for studying the trans-
port mechanisms not only of bacterial, but also of eukaryotic ABC transporters.
Whereas the transmembrane domains of transporters belonging to different sub-
families revealed distinct folds, the “motor domains” (nucleotide-binding domains)
share a conserved fold and therefore also some similarity in binding and hydrolyzing
ATP. We identified an essential structural motif termed “coupling helix”, which is
present in the transmembrane domains of all ABC transporters whose structures
were solved to date. This short a—helix is nestled into a groove formed at the sub-
domain boundaries of the nucleotide-binding domains. The coupling helices provide
the interface between the motor and the transmembrane domains, which is critical
for the transmission of conformational changes and thus for coupling ATP binding
and hydrolysis to substrate transport (Fig. 1).

& : : : ¥
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Fig. 1. Transmission interface in ABC transporters. The coupling helices are a conserved archi-
tectural motif of transmembrane domains. They are pushed together during ATP binding and
pulled apart upon release of the hydrolysis products. This motion constitutes the power stroke of
ABC transporters. The nucleotide binding domains form a closed, head-to-tail sandwich in the
ATP-bound state. In the nucleotide-free state, they may either be spatially separated (lower left)
or held together by C-terminal motifs or domains (upper left).

In 2007, by comparing distinct structures of transporters trapped in the ab-
sence of nucleotide or in the ATP-bound state, we deduced a coupling mechanism
that could rationalize substrate uptake by type I ABC importers and extrusion
by ABC exporters [6]. The mechanism predicted that in the nucleotide-free state,
ABC transporters adopt an inward-facing conformation, in which they release their
substrates into the cytoplasm (importers) or recruit them from the cytoplasm or
from the inner leaflet of the lipid bilayer (ABC exporters). In the ATP-bound
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conformation, the transporters adopt an outward-facing conformation, either re-
leasing substrates (exporters) or acquiring them from the cognate binding proteins
(importers). Alternating access was thus coupled to an ATP-dependent, motor
domain-driven reaction.

We have recently captured the vitamin B12 transporter BtuCD-F from FE.
coli (a type II ABC importer) in an intermediate state with bound AMPPNP,
a non-hydrolysable ATP analog. Combined with functional data, this allowed a
full transport cycle to be formulated. To our surprise, the structural rearrange-
ments in the transmembrane domains of BtuCD-F are distinct from those of type
I ABC importers or ABC exporters, suggesting that while the coupling helices
move in a similar way, the conformational rearrangements in the transmembrane
domains of ABC transporters differ [7]. In BtuCD-F, two distinct cytoplasmic gates
(compared to only one in other ABC systems) operate, allowing large substrates
such as cobalamin (1355 Da in mass) to be transported without ion leakage to occur.

Outlook to future developments in the structural

Despite recent progress, the reaction mechanisms of ABC transporter—catalyzed
processes are only understood for select substrates, all of which are water-soluble.
For hydrophobic substrates, the transport mechanisms are poorly understood. This
includes the transporters of toxic compounds, prescription or environmental drugs,
or (glyco)lipid flippases. Most of these reactions are highly relevant in pathophysiol-
ogy. For example, ABC transporter—catalyzed drug extrusion from endothelial cells
of the blood-brain barrier protects the brain from toxic insult, but simultaneously
impedes the delivery of drugs for neurological diseases. The study of structures
and mechanisms of ABC transporters of substrates that have a low hydrophilicity
(drugs, lipids) will therefore likely unravel novel transport mechanisms. Such studies
should have a potential value for future diagnostic or even therapeutic applications
besides providing insight into elusive biological reactions.
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SESSION 4: GPCRs AND TRANSPORTERS: LIGANDS,
COFACTORS, DRUG DEVELOPMENT
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AUDITORS: C. GOVAERTS!, M. PARMENTIER?

(1) S.F.M.B., Université Libre de Bruzelles, CP206/2, Campus Plaine, Bd du Triomphe,
1050 Brussels, Belgium
(2) WELBIO and IRIBHM, Université Libre de Bruzelles, Campus Erasme,
808 route de Lennik, 1070 Brussels, Belgium

Discussion among panel members

Gunnar von Heijne: All right, thank you. That was very intense. I don’t think

there’s a problem for the people in the panel to now come up with a load of questions
to discuss but maybe I can just kick off by going back to one of the questions I put
up on my initial slide which is — if we start with the GPCR field — where would
you say that, you know, think about the basic mechanism of the GPCRs, what
could you say that we kind of know for sure now about the mechanisms and where
are we kind of speculating and hypothesizing?

Bryan Roth: We don’t know anything (laughs). So, I think we have some snapshots

of some of the initial potential complexes but I think, as was mentioned, we really
have no idea at the level of detail that we’d like to, about how the arrestin-GPCR
complex is organized and how it functions. And then downstream from that there
are, as Ray mentioned, potentially hundreds of other interacting proteins, which also
are very important for signal transduction. I don’t think there are any complexes of
those yet that have been reported with the GPCRs, so we’d like to see those from a
structural perspective. And then, there’s this whole web of interactions inside the
cell which is really a seamless web, which changes on a sort of millisecond basis and
that is, I would say, completely unknown in terms of what is going on. So I would
say, despite magnificent progress in structural biology, we still are just at the very
earliest stages of getting any sense of what’s really going on. So, I would say the
Golden Age is yet to come. But we're getting there.

Gebhard Schertler: So for me it’s quite exciting. You know, a few years ago, we

were dreaming of seeing a ligand at all in a GPCR, and all we had were models, so
now we have really... every day we can see ligands, if we put the money in. So
in terms of drug discovery cycle, we are really in a much better situation. If you
want to try that, if we look at the understanding of the system, I showed you that
we very well understand what the role of some of the conserved residues is, I think
we also have seen there is a kind of general activation mechanism but there’s also
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another very puzzling thing about GPCRs. They are actually very small, right?
They’re tiny. But they interact with arrestin, G protein, can have different signaling
outputs. They will interact with the kinase, responding on the ligand you have and
then you will get a different phosphorylation on the receptor. So there’s something
going on and so far the answer is that the different conformations that are possible,
are the answer. But you know, let’s look at this a bit more complicated. If it’s
chewing gum, then nothing is determined anymore, all right? So, how could it be a
bit more systematically analyzed? So there are different answers. I showed you very
conserved residues, so are there distinct states that we stabilize? Sometimes they
have been called microswitches, so I think there are elements which are fixed but
because there are several of them they can be combinatorially switched, so I think in
this way there’s some underlying principle which allows us to give different outputs.
But it is not that every ligand induces a completely independent signaling pathway,
it uses various sub-elements, and sub hydrogen-bond networks in the GPCR to
actually give you this new conformation. And this needs to still be proven, you
know, we didn’t see so many states in detail that we really can see that, I mean.
We have an impressive number of structures and sometimes it’s also a little bit hard
to correlate the structures with what state it is. So we get the structure, we kind
of look afterwards: What state it is? I have shown you a tryptophan on helix five,
which is sometimes in and out. That’s a little bit an indicator for at which point
you're in the activation cycle, or which state you have, but it’s actually not very
strong and not 100% correlated but it be can used a little bit for that. So very
often, after the structural biology, we imply what state it was. It’s not — even
the complexes — it is not so clear what states exactly are relative to the other
measurements. And I think this is a big problem. I think what would be very great
is to know much more about the interactions with the kinases, there we have no
structures, obviously we have a weaker interaction. Will it be really a full complex
or is it a transient complex, can it be stabilized in the future? That would be very
interesting. I think we will have very soon arrestin structures and we will see how
they trigger actually other elements or the same element in the GPCR, but I think
that will be resolved actually very, very soon.

Ray Stevens: I have a question for Brian, and this stems from yesterday’s discus-

sions on the enzymes and stability. Gebhard just talked about stability. We don’t
really characterize, we don’t consider stability to be a pharmacological property.
But stability, how long a GPCR or a transporter resides in the membrane is in-
credibly important. We look at PK/PD effects of drugs. Stability obviously is very
important for the actual protein targets. So why is receptor stability ignored?

Bryan Roth: I think because GPCRs are generally in terms of their residence in the

membrane, and signaling, they’re not regulated by, so much by ubiquitination and
intracellular proteolysis, that sort of things. It’s more a vesicular recycling mode of
regulation.
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Ray Stevens: Well, that’s been our view. It’s all about trafficking, it’s about inser-

tion, trafficking. But maybe it’s also about residence time.

Bryan Roth: Yeah, that’s an interesting idea and I don’t know what to say about

that. I can sort of give you an anecdote from my past. So Anne Lesage is here as
an auditor and she was a post-doc with me when I was at Stanford. I had a failed
postdoc there and was very lucky to get an academic position, but the reason the
postdoc failed was that I thought that GPCRs were regulated transcriptionally and
this was sort of early in the era when GPCRs were being cloned. And basically what
I found out was that transcriptional regulation is not the way they are regulated and
all the regulation apparently is post-translational and as far as is known, mainly,
basically turning the reactivity on and off, but not so much stabilizing their activity.
Now it’s possible that there are things out there we don’t know about, related to
GPCRs. But, I'll keep an open mind. It’s possible that this is an area that has
never been interrogated appropriately, but I'm not aware of anything related to that
with GPCRs.

Gebhard Schertler: So, another problem we have from the structural biology: we

work on very strongly reduced systems. So we have removed N-termini, C-termini,
inserted loops, and we don’t think that they are biologically not important. Some
of them, have clear features from intrinsically disordered structures, like the C-
terminus of rhodopsin. And I think in some GPCR situations they will be important
to assemble or co-assemble or bringing proximity, other factors, which are important
in this signaling network. And we know very little about it, and actually we know
also not so well how to study this. All what people have done is: they have found
hundreds of things that actually co-precipitate with GPCRs, so there are full lists
of them. But there’s actually not a knowledge created from that. And this is
potentially a great sea of new waves of pharmacological intervention. So because
we are not knowing or understanding these signaling pathways and the signaling
routine, we really also can’t address this so well. Biased-signaling is great but,
at the moment, it’s a molecular phenomenon. We are not linking it very well to
human disease phenomenology, all right? So we don’t have fantastic examples where
biased-signaling is clearly the cause of a side effect or clearly the cause of a cure, or
clearly the cause of a disease. So it is much more complicated. However, finding this
effect might explain certain unexplained things so far. We might think in another
way about it. But we’re not immediately at this stage where we can say: we want
to bias something and then we get this medical outcome. So a lot to learn there.
And it has to be partially done with patients or animal models and it cannot be
done in cells or on the molecular side at all.

Bryan Roth: So there is one example of where biased signaling is unambiguously

important. And this relates to the niacin flush. I think I’'m probably the only physi-
cian here right? But maybe some of you have taken niacin for lowering cholesterol.
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It is very effective for lowering cholesterol and fortunately as effective actually as
statins. The problem with niacin now is that many people when they take it they
get a very severe flush, and it turns out that the flush is actually due to arrestin
signaling so Bob Lefkowitz and colleagues published a beautiful paper in the Jour-
nal of Clinical Investigation a few years ago where they were able to dissociate the
flush side effect of niacin from the lipid lowering effects of niacin, and for actually
what was previously an orphan GPCR. And so the idea, sort of going forward, has
been to basically create a G protein-biased agonist for this particular GPCR, that
clusters all lowering agents which don’t have this effect of flushing. So that’s one
that’s key. There are a number of compounds in clinical trials, now from Travina,
which are G protein-biased compounds for the angiotensin receptor and we will
probably know about them shortly. And then, in full disclosure, my lab has a large
collaboration with Pfizer pharmaceuticals to create arrestin-biased compounds for
treating schizophrenia and those, at least in animal models are extraordinarily ef-
fective, and work only through arrestin. So I think these compounds certainly are
percolating up and this is a really active area of drug discovery right now, and it
won’t be too long I think before we have this compounds. That being said, it’s just
one aspect of bias. So there all these others signaling pathways beyond arrestin
that are not. ..

Ray Stevens: So that was going to be my question to you, Brian. Everybody

keeps talking about arrestin or G protein. Why is the field so obsessed with those
two signaling pathways? It’s seems that it’s actually the name GPCR that has
held back the field because we have two hundred other intracellular proteins they
interact with.

Brian Roth: Yes, I agree 99.9 percent. The reason basically is for convenience

that are, for those of you that have been involved in sort of lead optimization,

things at the later stage of drug discovery need sort of very facile assays, and it’s
simply because the assays are available currently for G protein signaling and arrestin
signaling and they are extraordinarily robust and selective and so. ..

Ray Stevens: Related to Al Edward’s comment — if you make a tool compound, all

of a sudden everyone will start studying it. The appeal with G protein and arrestin
signaling is the simplicity of the assay. It is what is available, and so that’s what
everybody does.

Brian Roth: Right. Those are the assay, that’s what people do. We are trying to

expand the universe, but yes there is no good reason other than those are the tools
currently available that are in wide distribution.

Gebhard Schertler: T have a question for Kurt. First, I mean the NMR labeling

studies are really fantastic because it directly showed that there are different states,
which we can observe in solution. What is your view of how NMR could look at
the dynamics of GPCRs in more general terms in the next fifteen years?
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Kurt Wiithrich: Well, as you know, NMR can do everything you want (laughs), as

long as you have a sufficiently big magnet. To be serious, in S2AR we saw two states
of two different sites in the protein, which means that we must have seen at least
three, possibly four states, depending on whether the inactive state is identical or
different in the two. And if we added more probes, the chances are that we would
see additional states. So it would appear that we have a manifold of relatively long-
lived states with locally different conformations. I did not mention this before: we
have measured the lifetimes of the two states which we called A and I, and found
a lower limit of about 1 second. So these are really long-lived states, meaning that
the conformational change must involve major rearrangements, very likely including
backbone segments. You mentioned before that in order to get diffracting crystals,
you had to eliminate loops and truncate chain ends. In most cases, fusion proteins
were used. Then you have to add CHS, and it is very critical which kind of detergent
you use, and so on and so forth. And I mean, considering the amount of structural
information that has been obtained, it is amazing that you are not telling us how
these GPCRs work. I'm surprised, you see, since we now have, at least, a hundred
structures of 25 human GPCRs with different ligands.

Ray Stevens: I'd actually say we’ve learned a tremendous amount. You're right. So

right now there are more than two dozens different types of GPCRs solved, there
are over a hundred co-crystal structures. We have now started to decipher sodium
effects and other solvent ion effects. Cholesterol is a big influence. We are beginning
to understand molecular recognition. So I disagree with your disappointment in the
amount of what we’ve learned.

Kurt Wiithrich: Oh no no no, it wasn’t disappointment, it was surprise (laughs).

Ray Stevens: OK I'm surprised by your surprise (laughs). I think we’ve learned a

tremendous amount. Now, we look to you and NMR, in terms of understanding
the dynamics, because we do think that these receptors, the way that they function
is not from their static pictures. We think that it’s how they move and at what
timescales, but I think we’ve learned a tremendous amount in the last five years.

Kurt Wiithrich: Yes, we heard that one structure has been solved at room temper-

ature.

Ray Stevens: That’s correct.

Kurt Wiithrich: You see, in solution NMR experiments we don’t have all these

stabilizing interactions. We heard that a nanobody has to be added to stabilize
states of GPCRs that cannot otherwise be seen. Now, are these artifacts, or are
these interesting states? It has also been pointed out that you have to bind the G
protein or a nanobody to stabilize the activated form. We don’t have any of this,
and in the absence of a cytoplasmic partner protein we get up to 90% population
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of what we consider to be the activated state. So there are clearly data that need
to be combined to sort things out.

Jan Steyaert: I think we all agree that GPCRs are highly cooperative things so that

means that if you...

Kurt Wiithrich: Highly?

Jan Steyaert: Highly cooperative molecules, so if you want to look at these highly

cooperative systems, you cannot do it just with one, with two of the components.
You at least need three components. You need a ligand at one end and you need
the cooperative partner at the other end. And so far we are always looking at the
receptor with one of the partners, so to really understand how these things work we
will need at least three molecular complexes: we will need a ligand at the outside
and we will need the other partner at the inside. That’s the only way to look at
cooperative systems. And the GPCR by default is a cooperative system. So as
long as you look at it from a two components system, I mean, you are missing, you
always miss the downstream partner being it the G protein, being it the arrestin,
so to really understand a cooperative system you need at least three components.
And so far most of the structural information has been gained on two components
systems.

Kaspar Locher: Can I ask, Kurt, how do you measure your NMR spectra? What

is the GPCR in? And is that a good model for a lipid membrane that contains up
to 20% cholesterol?

Kurt Wiithrich: Well it contains 20% CHS. It’s a mixed micelle of 80% detergent

and 20% CHS. It’s the same mixture that yielded crystals that diffract. Is that the

answer to your question?

Kaspar Locher: So now the question is, if you're asking the crystallographers or ex-

pressing your surprise that no clear consistent mechanism has come out and implied
that NMR would solve that, my concern is that if you conduct these experiments
at reasonably high temperatures I assume with 80% detergent, the dynamics could
be altered and in ABC transporters a lot of dynamics are altered when you go into
detergents so I guess there are question marks there too.

Kurt Wiithrich: Yes, but I mean we don’t work at liquid nitrogen temperature. We

work at body temperature, not at “high temperature”. So which dynamics would
be relevant?

Ray Stevens: You know, this has been a debate, and all of us in the room have

at least heard of it this debate for forty years: NMR versus crystallography, solid
state versus solution state. I heard Kurt talk 30 years ago against the evils of
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crystallography, and I wish I would have recorded that lecture. I think the reality
is, you use multiple techniques to try to understand what’s going on. We know that
with crystallography, we are going to get a static snapshot, that’s the best that we
can do. But we get a pretty accurate static snapshot. Then we use NMR and the
dynamics, it’s the best that we can do. We would like to be able to do, in more sort
of a lipid-like environment. We like using the lipid cubic phase because it’s a little
bit more a lipid-like environment, but it’s all about combining the pieces together.

Gunnar von Heijne: Okay, so I think now it’s time for us to increase our coffee and

cholesterol levels. So we will be back at 4.10 for the open discussion. Thank you.

Discussion among all attendees

Gunnar von Heijne: Right, who wants to start?

Kaspar Locher: T actually didn’t get a chance to ask a question at the panel dis-

cussion that I have of the GPCR fellows to the right of me. I had and remade this
comment about not working with anything other than human, and I'm wondering
how different is mouse biology in terms of GPCRs from human biology? Because
eventually, whatever drug you’re going to produce, and I think that’s one of your
goals, you're going to produce a molecule that you going to have to put into a
mouse, and I’'m wondering what’s known about this.

Bryan Roth: So I preempt the question from Ray because we actually deal with

this on a daily basis. In the first of the two serotonin structure papers, we go in
this in great details. So there is this huge mouse/human difference in serotonin
receptor pharmacology due to a single amino acid in the binding pocket, which
actually killed drug discovery for Pfizer because they were developing compounds
against the mouse receptor and it turned out that they didn’t interact with the
human receptor. And this is sort of ubiquitous in GPCRs that there can be big
species-specific differences in pharmacology in the binding pocket, usually due to
a single amino acid differences. And so, as a practical matter, what’s normally
done when you’re advancing compounds is to have the cognate receptor for every
species that you're looking at, for better or worse. So we have this project ongoing
on serotonin receptors, which have the added complication that there are editing
isoforms. So we have to have editing isoforms for human, mouse, and rat and every
compound that advances far enough has to actually be profiled in those before it
goes into the experimental animal. So it turns out for this particular family, if you
want to be assured that what you’re looking at has a pharmacological relevance to
the human, you have to have a human receptor, unfortunately.

Ray Stevens: I would add: each one of these structures is tough to solve, each

one takes us anywhere from three to four years to solve. So, if you going to work
that hard, you may as well go after the human. That’s sort of one. The second
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is: it was mentioned that we use different stabilization techniques. Chris Tate and
Gebhard did beautiful work on stabilizing membrane proteins with mutations. We
try to stabilize largely through chemical ligands. And again, most of the ligands
that have been developed are actually for human receptors, expressed in human cell
lines. Then from screening that way, eventually we get them into mouse in terms
of studying some of the animal studies. Earlier in my career, we we’re working on
two different drug discovery programs, and we made great drugs that worked for
mouse enzymes and it turned out they didn’t work all that well for human. And I
decided, at the very beginning, we were going to focus on human.

Gunnar von Heijne: But Kaspar, maybe we can throw the question back to you.

So in the transporter field, it’s mostly prokaryotic transporters so far. So how do
you reason in this?

Kaspar Locher: So, as I tried to point out, ten or twelve years ago when there

were no structures of ABC transporters it made perfect sense to use bacterial pro-
teins as model systems to understand anything at all. Folds, coupling mechanisms
and we're finishing some of this work and looking at some of the reactions that
are still poorly understood, like glycolipid flipping. Apart from that, I would agree
with Ray very much and the last two projects have shown how the human multidrug
transporters. . . Because it’s a very similar situation there. In mice, multidrug trans-
port is a little different and you do not want to have the situation where you're
looking at pharmacological insight gained from structures only to find that it is
different in the humans later on. So I agree very much.

Ray Stevens: So, if I can ask one more question to Kaspar. You said that the

transporter field is two decades behind the GPCR field. And I wonder why is
that? Because, if I think about structural information, we saw a lot of transporters
structures before we started see GPCRs structures. Is there something inherent
about the transporters? How are they different? Because everybody thinks their
protein is the most unstable, most frustrating, annoying protein on the planet. And
so what is it about transporters that makes them so challenging?

Kaspar Locher: The ABC transporters are the most frustrating (laughs). Just

kidding. So we can’t talk about all transporters in one bag. There are many
that are relatively easy to study. They are very diverse but I do think that their
importance for drug clearance, drugs moving around in the human body has been
underestimated. And this is catching up now, and part of the program that we have
in Switzerland, which is called TransCure, is trying to remedy that, and looking at
much more details of transporters involved in health processes. So, we're behind in
terms of interest and manpower of people who study this.

Richard Lerner: I want to raise an issue that Ray raised but went by very fast.

And that is regulation by dwell time. The reason we became interested in that
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is — you’ll see tomorrow just briefly — we make agonist antibodies to receptors.
And sometimes, you take a given cell clone, a stem cell let’s say, and you add a
normal ligand, and it will make a white cell let’s say. And then you add the agonist
antibody and instead it will make a brain cell, and out of the same cells. And so
incidentally using the same downstream signaling pathways. So our model for this
is a kinetic model, and that is that a dwell time keeps the signal on for a longer time
and the cell can read signal length or signal gradient like happens in development
biology or something like that. And the same receptor can be used in the same
way depending on the dwell time. And I wonder if, in the case of the GPCRs in
particular, what you term bias is a function of dwell time?

Ray Stevens: So if I can make one comment to that Richard — on this whole issue

of how long a receptor is sort of around. So I agree, the longer a receptor resides,
the longer it can have an effect on different signaling pathways. We need to tease
out what’s going on. But probably one of the most frustrating aspects at least of
the GPCR field is kinetics. You would think with these billion-dollar GPCR drugs
available that pharmaceutical companies would have actually studied the kinetics
of these different ligands, but if you want to know what the off-rate is of Plavix
or some of these other drugs, it’s not known. In fact, pharmaceutical companies
do not study kinetics of receptor-ligands to the best of my knowledge. And we’ve
begged, and we've asked for just about everything from the different companies.
So I think kinetics of binding is poorly understood, receptor residence time is very
poorly understood. We understand some aspects of trafficking absolutely. You know
there is a really nice seminal work that has been done. C-terminus being a point
where the receptor gets pulled out of the membrane. What about GPCR kinetics?

Richard Lerner: But Ray, just to follow up with that, wouldn’t you think that as

it were dwell time analoging would be an important, you know they’re more than

happy to put a methyl on it.

Ray Stevens: Well if T look at PK/PD effects of drugs, you would think that the

drug companies and anybody that’s doing drug discovery, you would think people
want to study the on- and off- rates of ligands as well, related to that, but they don’t.
It’s hard. Part of the answer is that it’s just really hard to get this information and
data and you want to do it on a large library of ligands, it’s even tougher. But I
think it’s an important area of discovery.

Gebhard Schertler: I mean, it is interesting that G protein signaling normally is

on the fast side, you know minutes to 20 minutes. And then, biased signaling, if
you read it out, for example with kinetics, it does come later. So if you could have
something differentiating and not being on long enough you might already get the
bias. But it might not explain the whole thing.
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Kurt Wiithrich: I'd like to come back to this monobody, two-body, three-body

comment of before the break. In the monobody NMR experiments, with apo-82AR,

we have a visible population of the activated state with identical chemical shifts
to the states that we see with increased or decreased populations when different
ligands are bound. This indicates that the different states that we see are an
inherent property of the GPCR and that it is not needed that a partner protein
is associated with the GPCR to generate the activated conformation. I think, this
is an important starting point for understanding how things happen. You see, you
then have the receptor as a monobody, and you can start to add one, or multiple
components and see how these components affect the equilibrium between the two
conformations that preexist in the GPCR. I just want to emphasize this, when we
talk about mono, di- or tri-body systems, that we at least seem to have a starting
point with a monobody. Of course, we do not know — now I can expand into
the future — what the two states are that we see at each of these probe positions,
and we of course have to follow up with whatever method is available. We will
try NMR structural work, that means isotope labeling of the GPCRs and defining
the structural variations between the two states that we see at each point. You
see, with the fluorine labels we have been able to measure the thermodynamics
and the kinetics in the system of multiple pairs of two states, but we cannot make
statements about the structures behind it. For this, we need to collect additional
data. That’s the outlook for the future.

Lode Wyns: I have a totally different question, maybe linking this morning session

and this afternoon. It’s well known there’s a number of GPCR-related diseases
where you have point mutations. It seems the GPCRs are perfectly happy, but
signaling from the endosomes or signaling from the ER to a large extent seems to
be OK but they are withheld and they don’t get to the surface. What is being done
in this field?

Bryan Roth: So, there’s a whole area of pharmaco-chaperones, and I think there are

actually a couple companies that have this. I think there are compounds that, so just
to explain for people, there is this idea that when they’re misfolded, they’re stuck in
the ER and there’s a concept called pharmaco-chaperones where typically there are
actually drugs that are technically called inverse agonists. So they strongly stabilize
the antagonist state of the receptor, and for many receptors, vasopressin receptor
for which there are mutations that cause diabetes insipitus, which are due basically
to the receptor being trapped in the ER. So vasopressin receptor inverse agonist
actually then is able to make the receptor go to the cell surface. So, they’'re out
there. And I think, it’s you know, from a big pharma perspective it would probably
be a niche field because they’re generally rare diseases but for those people that
have them they are quite devastating and... So I think it’s moving along. I'm not
aware of any drugs that are approved but I suspect that sometime in the future
they will be out there.
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Ray Stevens: So, along those same lines, Brian happens to sit on the advisory board
for the center that we have, and one of the things that we proposed last year was
we want to start to study these splice variants and disease mutations. The advisory
board discouraged us from doing so because they said that the number was too
small. Do you remember that?

Bryan Roth: T remember that, yes. I think I said that.

Ray Stevens: For the GPCR family, they must mutate, but I think the bottom line
is: it actually is rare. It doesn’t happen nearly as much as you would think. Now
one of the best examples is the smoothened receptor. So Genentech has this great
drug, GDC0449, for basal cell carcinoma. They give it to people, it does a great
job taking care of the cancer, but then months later the cancer comes back with a
vengeance, massive. And, so what’s going on? And Genentech did some beautiful
follow-up experiments. My understanding of the sort of results is that we all have
these variants in us, it’s just that the drug was hitting the wild type sequence, and
those other variants were able to then come out and dominate, and so Lilly now
has a follow-on drug. So I think there are some receptors, but smoothened again is
not your canonical GPCR, it’s involved in embryonic development, which is a little
bit sort of unusual. So there are some examples but it seems to be fewer than I
personally would have thought, I thought it would have been many more.

Marina Rodnina: I have a question about optogenetics. Is it a useful tool for you
in fact? And what are the perspectives of using that in pharmacology?

Ray Stevens: One of my graduate students just did his qualifying exam on opto-
genetics of GPCRs and it was a fantastic, he passed, so I was proud. I think the
answer is: absolutely. One of the things we really want to try to understand is
more about the sort of signaling, the trafficking, how these receptors are moving,
how they are functioning in the cells. I think it’s a fantastic area of discovery.
And it’s just starting to be pursued. I think Dennis was on the committee, any
comments?

Dennis Wolan: Yeah, based on his proposal you mean, it was absolutely sound and
very great potential to do these discoveries with this optogenetics.

Judith Klinman: I have a very naive question. From a mechanistic point of view,
where is the GTP actually hydrolyzed? Is it hydrolyzed? I mean these are G
coupled proteins, there is GTP getting hydrolyzed, no?

Ray Stevens: So G proteins are composed of three subunits, Ga, S and v, and the
enzyme reaction takes place in Ga. You have the receptor in the membrane, and
then you have the Ga8y complex, that is the structure that Jan showed from Brian
Kobilka’s lab, that then forms a complex and then you get hydrolysis.
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Judith Klinman: OK, so for example Kurt in your experiment, where you're looking

at the two conformers, and you’re showing an interconversion between them with

the agonist or the antagonist binding, if you put in a GTP analog that can’t get
hydrolyzed, can you start linking these conformational changes to chemical reaction?

Jan Steyaert: [ think there’s a misunderstanding there. The structure is a

nucleotide-free complex, and that’s exactly what the GPCR does, it just catalyzes,
in enzymatic terms, the release of GDP, and then the complex falls apart. It binds
GTP and the complex falls apart, and the hydrolysis happens in the free Ga later
on, devoid of the G protein.

Judith Klinman: I see, so he can’t even do the experiment. Okay, thank you.

Gebhard Schertler: Yes but GTP~S is routinely used as G protein assay, you know.

Gunnar von Heijne: Other questions at this point? Before we leave the GPCRs, so

maybe we will come back to them, I'm sure, but, you made a remark that was new
to me and that was the suggestion that maybe GPCRs are channels, or transporters,
some of them could be. So could you expand a bit on that?

Ray Stevens: When we started to get these high resolution structures, one of the

discoveries from 2011, was we saw this sodium binding site, and that was quite
novel to us. We really didn’t expect it at all. And from that work then, we started
to do some follow-up experiments, looking at things that would dock in there, and
we discovered amiloride, which is a channel blocker, that can actually bind into
that pocket quite nicely. So that started us thinking, and this is a hypothesis right
now, that there’s enough space where sodium could actually pass through. It’s
probably not enough space with some receptors to be a channel but perhaps as
a transporter, it’s possible. So one of the areas that we are now investigating is
trying to understand that possibility. We’ve also started looking at lithium, one of
my big scientific curiosity is lithium treatment. How does it work? I asked Brian,
he’s the sort of expert in this area, and he says “we really don’t know”. So we
started looking at other ions, is there a possibility that lithium is going in this site,
controlling the receptors? We find rubidium is incredibly stabilizing and we think
that rubidium goes into that pocket. Divalents don’t go in. So we are now starting
the traditional soluble-protein type of studies now with the GPCRs to understand
this pocket and also if there is transporter or channel activity. The last comment
on that is: every receptor is different. We’ve now observed this in the delta opioid
receptor and in the adenosine A2A receptor. We think that this pocket is highly
conserved in a lot of GPCRs. I think it’s now been seen by Gebhard, in the 51
adrenergic receptor. And so we're starting to dig more and more into the exact
role, and what role other ions might play with receptors.

Rudolf Glockshuber: I have a question to Kurt and all of you actually. So could

your NMR experiments indicate that the drug binds according to a mechanism I
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would say conformational selection. So, in the free state it exists in two different
conformations, and one of them is one that binds the drug. So the question is, are
there other examples where one has something like an induced fit mechanism, where
the structure of the drug-receptor complex is different from any of the states that
are populated in the ligand-free state?

Gebhard Schertler: So the data from Kurt would look like that but there is actually

something very curious about the GPCRs. If you put in, one of the very good
synthetic agonist, isoprenaline into the receptor, the receptor does not go into an
active conformation. So you do the structure of that, and this has been tried
by Brian, and also with other agonists, you actually get a very ground-state-like
structure back. So the binding site for that is there but that doesn’t give you an
open G protein binding site. So when you do fluorescence lifetime measurement on
a labeled receptor, again an experiment Brian did a very long time ago, and you
put isoprenaline in, you can see again a few states, I don’t know if this has been
repeated with NMR, but what you see is that the active conformation is actually
only increased in a tiny little amount. So to actually get activation of G protein
and binding of the G protein and an exchange of nucleotide, you do not need all
the receptor in an active conformation. And I don’t think this is a rare thing. So
there I don’t know exactly how this fits with induced fit. It might fit still in the
ligand binding pocket. But it doesn’t give you immediately a complete flip between
two conformations. And that is why Brian has now crystallized with the G protein,
we have sometimes crystallized with the C-terminus of the G protein. There’s only
one structure, and that is opsin — and we have also repeated that one — that
actually is there with a complete conformational change of helix 6 and that is the
opsin structure that was observed at very low pH, in the Berlin group. So there’s
some complexity also there. There is not a direct link between what you put in the
ligand site, and the conformation on the intracellular side of the receptor.

Ray Stevens: Back in 2007 when we published the 52 structure, one of our last sen-

tences was: it’s going to be a long time before we have an agonist-bound structure,
and it’s going to take G proteins. Now it turns out, that’s incorrect. People are
getting agonist-bound structures left and right. And again, I'm not calling it an
active state structure, I'm calling it an agonist-bound structure, but when we com-
pared A2A; with the opsin — rhodopsin system, with the structure with G protein
with 52, what we’re finding is lots of similarities. So, you can have an agonist bind,
and it preloads that binding site so... I'm just curious as to your thoughts.

Gebhard Schertler: No, I already said, you can bind the agonist but you don’t have

fixed movements of helix 6 for example, so there is not a direct linking between
these two sites. It looks more like a release of the helix.

Kurt Wiithrich: Well, a direct answer to Rudi’s question is to say that the “principle

of Le Chatelier” is acting here when we talk about binding of a drug molecule. The
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drug molecule sees both conformations in the apo-protein. It binds to one, and
removes it from the equilibrium, and Le Chatelier then pushes the equilibrium
around. I think that’s the answer to your question as I would see it.

Rudolf Glockshuber: I think that’s quite clear. My question was rather are there

other examples where one has an induced fit like mechanism, that maybe transmits
to the cytoplasmic side.

Gebhard Schertler: So, when we go to larger ligands, there are examples where side

chains are rotated. So for example I think in the muscarinic there’s one tryptophan
that gets put out of the way so that a larger ligand can bind and then actually has
a higher affinity. So when we make our ligands in drug discovery bigger, we go out
of the orthosteric binding site of the natural ligand. Then some rearrangements are
happening, at least of the side chains, and this has been observed in some places and
also we have already seen an example in one structure where you had an allosteric
ligand bound, and we have kind of seen bivalent ligands which can actually reach
both binding sites. So there are interesting detailed things coming about... In
these cases, you have clearly also a change of the binding site, at least where you
have one real rotamer change that’s induced by the ligand.

Tom Muir: So I think, Ray or Gebhard mentioned dimerization of the GPCRs.

And now there’s a lot of back and forth on this. I’d just want to know what the
current thinking was, from all the structures, based on crystal packing, you know,
the Kobilka structure, would there be room for two G proteins within a dimer,
would they occupy the same space. Where are we with that?

Ray Stevens: Bryan Roth helped organize a meeting at the NIH last summer. So

we were just discussing this at the break. What happened in the field was that
a lot of people studied GPCR. dimerization related to GPCR signaling and they
used overexpression systems where they made lots of receptors, and I think the
general attitude is that with many of that, much of that data is artifactual. It’s
overexpression and you force dimerization to occur and you saw what you wanted to
see. Now, that being said, I personally believe that there are some cases where there
are true dimers. I think the class C receptors, the mGLUrs. I think that data is
pretty solid where they are dimers. I think personally something like CXCR4, where
we crystallized it in five different forms, different crystal forms, different ligands,
different variants, and every time, it was always the same dimer. Now chemokines
CXCR4 are chemical gradient systems. Where it’s all about concentration of the
receptor, and concentration of ligand, and you can have a 1:1, 2:1, 1:2 ratio. I think
it’s receptor specific. I was just talking to Bryan Roth at the break where, I still like
to fantasize that you can have some receptors that heterodimerize, and that make
some sense on biology: dopamine with adenosine, but he says that he has data that
says: that’s an artifact. So it’s an open question for the field right now. It’s going
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to be receptor specific. So people have to be very careful. One of the things that
we're learning, and I'm glad that we looked at more than one GPCR for the past 5
years, I'm glad that were going to look at all 826, because if you focus on one, and
you try then to make correlation to other receptors, you get tripped up. And so I
think it’s important to study the whole family.

Bryan Roth: So, let me just expand on this. This is something that my lab spent

a lot of time unsuccessfully trying to replicate, and I won’t state what the papers
are but some of the more high visibility heterodimers papers, we were never able to
replicate the data. Despite, you know, expending vast resources to do so, multiple
knock-out mice. One of these has actually been formally non-replicated by Abbott
labs. This was the 5h'T2A-mGluR2 that was in Cell and Nature. I mean it could
happen but it’s not robust enough to be replicated independently by at least one
group. So it is, I would say sort of a contentious area, that you could sort of populate
this group here with people that believe — I would say believe — in heterodimers
strongly, as well as people that don’t. So I think it’s at that level. It’s still, still a bit
up in the air, and the thing that I always look for are the independent replications.
I think this is the key. One of the nice things about the crystal structures, and I
think the opioid receptors were really, really nice examples of this. All four came
out basically in the same issue by two independent groups, and they were very
similar. And in one case the nociceptin receptor had a different fusion partner, and
a completely different part of the receptor, and intact intracellular loops and, but
the overall packing, and everything was very, very similar. So, this is the sort of
things that you like to see where multiple groups are essentially getting the same
data. You don’t really see this so much in the dimer field. It’s more one-off type
things so I'm still waiting for the really strong signal from multiple independent
labs replicating something. But I think it’s something, certainly something to be
aware of. But my personal success is that we can’t replicate this stuff.

Bernard Henrissat: How much of the incredibly detailed knowledge that you guys

are accumulating can be transmitted to other species? You know, we don’t care
whether some animals get sick, but just out of curiosity: if you go from mammalian
systems to a non-mammalian system, if you go to insects, birds, if you go to plants,
are these drugs working the same?

Gebhard Schertler: I think at the end we don’t know, there are very famous exam-

ples where it doesn’t work, like before I would like to mention the £3 project, which
was done for obesity. It was again done on rodents, and it didn’t work in humans,
so even small differences can make a difference, but if I look just at the sequence
space, and the conserved residues, and the mechanism I tried at least to sketch to
you with a movie, clearly all the residues are there, and the principal activation
mechanisms are the same, but, you know the ligand sites are very finely tuned, and
also the signaling network is very finely tuned, and you very easily get different
outputs from that.
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Dario Neri: The title of this session covers also drug development. There were

some aspects touched, for example by Gebhard where structural knowledge would
facilitate for example fragment-based drug discovery. I would be curious if you
could expand a little bit on where and how structural knowledge helps drug devel-
opment and maybe also limitations, in translating structural information into drug
development. Maybe one needs to close one cycle of. ..

Gebhard Schertler: The first thing I want to say is obviously I was one of the people

making Heptares, I have shares of it. In addition, I'm on the scientific advisory
board; I'm not really allowed to tell you exactly what they do. What they have
done is that they have solved many in-house structures. They really have solved
first structures with no ligands, then with ligands they made and then also with
fragments in about that order. They have now also different classes, and there was
a publication of another class of receptors recently. What is very important is they
are not using only the information from only one receptor. They have assembled a
fantastic modelling team. Every model that they use is derived from more than one
structure, so every time we get a new fragment, a new structure, they will integrate
that in their modelling effort. It is actually a very strongly model-driven company
and they have given quite a lot of talks also about the necessity to either know or
model the waters in the binding sites, and they have for example very much this
idea that there are two classes of waters, some that are in good energetic positions,
and you shouldn’t necessarily replace them by the ligand, others which you could
well replace. A lot of this is really very high end modelling, you could believe it or
not but there have been reasonably successful with this hypothesis. So they have
filled the pipeline, and they have a lot of partnership deals, but I think they also
have very skilled experts doing this, it’s not only the structural information that is
pushing this. They have exceptional chemists, they are very fast, you know, always
doing a series, and not one compound. So drugs and receptor structure is one driver
of drug discovery, it’s not a drug discovery pipeline. I really don’t believe at all.

Ray Stevens: I will make the same disclosure. About the same time Heptares got

started, I started a company called Receptos. Receptos is four years old, and it has
a S1P1 molecule in phase I, and did its IPO last May. Structure was not used —
the molecules came from Hugh Rosen and Ed Roberts with med-chem design. In
this case, structure was helpful in understanding how different molecules bound and
what was unique And most importantly in that case, structure was used there were
763 different ligands to look at. How do you prioritize those that go into clinical
trials? So structure was used as to try to prioritize things, and use that knowledge
combined with med-chem intuition and everything else. So I think, clearly structure
is being very helpful. Now, the other point is the use of virtual ligand screening in
drug discovery to find new molecules. If I look at kinases and enzymes, we have hit
rates of 5%. If you find a hundred different molecules by virtual ligand screening,
you're lucky if five of them then get validated. But with GPCRs it’s very, very
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different. It’s a hit rate of 40, 60, 80%. So the question is: why? We’ve done
this with Dopamine D3, we’ve done it with A2A, Brian Shoichet has done it with
some nice systems. I think the reason is, you have these beautiful three-dimensional
pockets, unlike enzymes. They are actually more rigid than we thought they were
going to be, and because you get these beautiful three-dimensional pockets, to then
do your docking, we're seeing great validation. Brian said it earlier, the best is yet
to come. You're going to see a gold mine in the structures that are just coming out
now. So you'll see a lot of structure-based drugs emerging over the next couple of
years.

Bryan Roth: So, let me expand on this. Let me just say I have nothing to disclose,

because I don’t own a company. But what we’ve done is mainly published in
collaboration with Brian Shoichet, and my own lab. It’s something we use every
day, basically, and if you have a structure, obviously, it makes things way better.
And it greatly accelerates the pace of things. But it’s a tool. That being said, the
last slide I showed was the discovery of this positive allosteric modulator for this
orphan receptor. The thing that may not have been clear from this slide is: that
was discovered in silico, entirely in silico. So this is a receptor for which there is
no structure. It was made completely based on homology modelling, and we did
some mutagenesis with the very low affinity compound, and then based on docking
with the Shoichet group we were able to this extremely potent compound which
is actually effective in vivo. So, it’s possible to go all the way with docking. I
think this is probably going to be a rare case, but it does work. So it certainly is a
fantastic tool that we have now, that we just didn’t have before.

Dennis Wolan: So GPCRs have fantastic ligand efficiency, very well known for that.

So what kind of promiscuity is there across these molecules? I mean you have 826
GPCRs, and you have assays for majority of these?

Bryan Roth: Yes.
Dennis Wolan: So, if you have assays for the majority, are they fairly similar assays?

Bryan Roth: So I didn’t really get into that cause I didn’t want to get into that de-

gree of granularity, but it’s basically an arrestin-based assay, which is cross platform.
So technically it allows us to screen all the “druggable” GPCRs in the genome in a
single 384-well plate. And it had sort of “pennies per well”- it’s highly scalable. So
what we’ve done, I didn’t show these slides, we looked at the world’s most promis-
cuous compound which is clozapine, which before we had this platform we knew to
bind to probably a hundred different molecular targets, and then — I have a slide,
so if anybody is interested I can show it to them — then we screened it against
the entire GPCR~ome, and what we found was that there were no other targets.
Basically it binds to the biogenic amine sort of subfamily of receptors. It hits all of
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those and then hit some other enzymes but outside of that, interestingly enough,
it has no activity. And we screened both highly promiscuous kinase inhibitors and
other promiscuous drugs, and you don’t sort of see “panGPCR” activity like you
would with the kinases, but you do see interesting hot spots. And in many cases
these, we can basically deconstruct the information back to a known side effect of
the drug or a known therapeutic effect of the drug, that was previously uninterrupt-
able. We were basically able to find a molecular target for that, but it’s not, unlike
the kinases, or phosphatases or something like that, where we have an inhibitor of
one, it hits everything. This does not appear to be the case outside the biogenic
amine family.

Ray Stevens: So I showed this phylogenetic tree based on sequence. Brian Shoichet

has this really nice chemical version of that map. And if you look at for example
muscarinic receptors and chemokines, there’s a lot of overlap there. Why that is?
Nobody knows. But it’s one of the areas that’s pretty cool for discovery. We have
a table in the lab, of again a lot of ligands do bind multiple receptors, and there
are a lot of good examples of it. And so it’s another area of investigation.

Kurt Wiithrich: Eventually you want to find correlations between the chemical

structure of the ligand, of the drug, and its consequences for what happens on the
cytoplasmic end of the molecule. Now, if we had induced fit as Rudolf Glockshuber
inquired, then we would have very broad promiscuity. I think that’s perfectly clear.
If we had induced fit, then the whole system would be highly promiscuous. On
the other hand, as far as I can oversee the results of the crystallographic studies,
the changes in the global architecture, induced by agonists and antagonists, are
very limited. When you go through the series of now 25 GPCRs whose structures
are here, the major differences are in the ligand-binding site. And that’s what
I understand, these are the different sizes of your wine glasses, and the different
shapes of your wine glasses in your slides. If we had induced fit, this would all be
essentially of limited use.

Gebhard Schertler: Why do you think then, all these residues are conserved if they

play no role?

Kurt Wiithrich: I don’t understand your comment.

Gebhard Schertler: I showed you, at least three motifs which are dispersed from the

binding site towards the intracellular side, and they are conserved in the family A
receptors and I also showed you that they build two alternating hydrogen networks,
and they are very heavily conserved in the chemokine receptors as in rhodopsin as
in amine receptors. And what you’re saying is, the binding site, they play no role.
I haven’t said that, in principle.
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Kurt Wiithrich: I think this is a misunderstanding. I understand that there are

major variations in the ligand binding site, whereas in the scaffold of the GPCRs
there are only rather small changes.

Gebhard Schertler: I agree on that.

Jan Steyaert: Can I comment on this?

Kurt Wiithrich: So this would indicate that specificity is due to the mean structures

seen in the crystal structure determinations, whereas an induced fit mechanism
would lead to random promiscuity.

Jan Steyaert: Can I comment on that, because if we compare the active structures

against the inactive structures, so that meaning, a site occupied by an antagonist or
an inverse agonist and compared that to the same receptor loaded with an agonist,
you clearly see a compacting, a smaller binding pocket, and you can even observe,
in the absence of the G protein... Well, let’s turn it around: in the presence of
the G protein, the off-rate of ligands really increases dramatically, so the ligand is
really binding that small pocket that it’s made for, only in the presence of the G
protein, and you see factors of 200 even 1000 in terms of slowing down off-rates,
and on-rates also slow down, so there’s an aspect of induced fit in these binding
pockets, upon binding of agonist, natural ligands, and the concomitant binding of
the G protein.

Ray Stevens: Some of this is actually semantics because, again, if you look at

adenosine A2A;| we now have, and I think probably close to twenty co-crystals
structures, different ligands, from everything, part- full agonist, partial antagonist
and so forth. And it’s been remarkable how similar those structures are. One of
the things that’s been nice is: it’s been solved with antibodies, with fusions, with
mutations, and the structures are quite similar. The reason I say semantics is those
binding sites, within each specific receptor, the differences are not as large as I think
a lot of us thought they were going to be. This is all perspective. Myself I was
expecting the agonist structure to be very different from the inverse agonist. And
it’s not nearly as big as I expected. So again; perspective. And if we look at all the
different receptors we’re seeing a sort of similar trends. The off-rate thing I think is
a fascination. I mean, how on earth is it having this effect on off-rates, and changes
are pretty small. In the top half we have ligand recognition — very small changes.
The bottom half is where you're seeing the bigger conformational changes, and how
that’s working, and it’s quite interesting how it can be few residues making that
happen. So I agree with Kurt.

Gebhard Schertler: Can I go in there? I really disagree here, because we have two

structures which have bits of G protein bound, we have Brian’s, and we have the
rhodopsin one, with at least the C-terminal end. And in my lab, we’re also do-
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ing experiments on the complex. So the first thing you observe, if you make the
rhodopsin complex, again with the empty pocket to G protein, that actually the
retinal after hydrolysis cannot leave anymore. Okay, so there is a strong change,
but that’s not on ligand binding, that’s when the G protein has bound. And some
of the structures you're describing are without the G protein but the agonist bound.
They are very similar, and they are all still in a similar conformation as the ground
state structure. They have not made that big transition. But when you do that big
transition there’s no question from the literature that the affinities change dramat-
ically when you add the G protein, and also they change when you add the peptide
on it, the C-terminal peptide of the G protein. At that moment, when you really
bloom out the cytoplasmic side, you have changes it at the extracellular side, and
you're starting to trap the ligand. And if you look carefully at the structures with
the antibody and with the G protein complex, it is very clear that the open cleft
in the 8 receptor has closed up, and actually an agonist now cannot come in and
replace the ligand anymore. These are absolutely clear measurements, there’s no
question about this.

Ray Stevens: I think the difference of opinion is: what defines a big conformational

change? I'm thinking 8 or 10 A in the direct binding pocket.

Gebhard Schertler: T think we are talking about different states in the cycle of

doing this. You're talking about an early one, which I've called at some point an
encounter complex when the agonist is going there, and what we’re here talking
about is the one that has bound the G protein and at that point we’ve actually a
strong enough conformational change that even the extracellular side is starting to
close up. And this you only can see when you have the G protein or a G protein
substitute there.

Ray Stevens: Well let’s see when we get more structures.

Markus Gritter: I would like to switch to the transporters and ask a question

to Kaspar. You have shown in one nice example, the importer, how substrate is
transported into the cell. Now there’s a whole, large number of ABC transporters
that export and that are promiscuous in the way they transport substrates, and
we have seen structures of different conformations but not really a convincing site
where things bind. How do you see the future with respect of seeing how stuff is
transported through this? Apart, I mean, we see the mechanistic movements, but
where are the substrates? Do you see a chance to tackle that experimentally and
how?

Kaspar Locher: Maybe I should explain first for the non-experts that one of the dif-

ficulties of working with ABC exporters is that most of their substrates are so
hydrophobic that they compete very strongly, or that detergent competes very
strongly for the binding pocket. So whenever we purify them, they are devoid
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of any substrate, and the substrate don’t bind well anymore, and we have to put
the transporters back into a lipid bilayers, cholesterol-containing lipid bilayers often,
to see the substrate even binding and then usually with lousy activity of tens of
pmol. So unlike in the GPCR field, there’s a very different mechanism of substrate
recognition. And the current ideas are that somewhere on the molecule, and I don’t
think anybody has a clear idea of where that is, there are multiple residues, could
be hydrophobic, aromatic, that contribute to drug binding. How that works and
how it’s extracting a drug from the favorable interactions that the drug experiences
in the lipid bilayer is unclear. But what is clear is that side openings to the lipid
bilayer play an important role. How large those are again is a matter of debate.
And my personal view is that whenever we take a multidrug or any other ABC ex-
porter out of the membrane, with detergents, it will relax into a non-physiological
conformation that’s the most stable conformation, that’s why we can also crystalize
it. And the openings, and the distances of NBDs are as large or larger than those
where we can prove inactivation of the transporter. So no clear answers in the near
future, there are some systems with good inhibitors and we’re currently working
with chemists to improve those inhibitors and hopefully get to higher affinities that
will allow us to get a structural insight even in detergent solution. Is that the answer
to your question?

Markus Griitter: Yes, and how about assays to tackle these questions?

Kaspar Locher: Right, so we approach the idea of assays as follows: until now, assays

have mostly looked at the stimulation of ATPase activity. So the idea being, we add
a drug into a reconstituted ABC transporter-containing vesicle, it partitions into the
lipid bilayer and it binds to a drug binding pocket which is assumed to be a central
drug binding pocket thereby speeding up ATPase activity. The problem with this
assay is that even DMSO and other solvents will have the same effect. And you can
affect ABC transporters even by adding, by changing the lipid composition. What I
think we will have to do and what we’re working on is to develop very good acceptor
proteins that will prevent partitioning of the substrate into the lipid bilayer, and
really allow the substrates to be kept outside of the lipid bilayer. After all that’s
exactly what Nature does. So if you look at the blood-brain barrier, the reason why
many of the drugs that we would like to give for brain diseases don’t enter the brain
is the blood-brain barrier, and there are multiple multidrug transporters expressed
there and the reason they work is blood flow and albumin. So the drugs would
be transported out of the membrane, they would instantly partition back into the
membrane unless there was blood flow and albumin. And similar things we have to
do in assays.

Markus Griitter: Thank you.

Gebhard Schertler: Maybe one comment to Kaspar. When we look at rhodopsin in

the opsin form, and this is work from Peter Hofmann, he saw really a nice channel
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for the hydrophobic retinal going in sideways into the G protein-coupled receptor
a little bit like you suggest in the transporter. But it’s only in one conformation.
These openings are really closed in the ground state-like structure.

Kaspar Locher: Right and perhaps I would like to, I didn’t get a chance to go to

the channel, the potential channel features of a GPCR. I would assume this would
be measurable, and I can only assume at the moment that these rates are so slow
that they wouldn’t be above leak currents of empty membranes. So I doubt very
much that GPCRs are transporters of any signal cations.

Ray Stevens: Can we bet on that?

Kaspar Locher: T don’t have your purse but I'd be willing to bet (laughs).
Ray Stevens: I'd like to bet beer. But I have sort of insider information so.. .
Bryan Roth: So, I would not take that bet, Ray.

Ray Stevens: I have a question for Gunnar. So we’ve been talking about GPCRs

and transporters. What about, in terms of their insertion into the membrane. I
mean, what is it going to take for us to understand how these receptors, eukaryotic
proteins are inserting and folding/refolding.

Gunnar von Heijne: I don’t think anything is known about it at this point. Obvi-

ously they do get in, that’s about as much as we can say I think. They do get in
co-translationally in, I think that’s clear as well. And they use the SEC translocon
but beyond that I don’t think we can say anything really. I think we have looked
at a few of those just theoretically to look at how hydrophobic these transmem-
brane segments are. And some are not super hydrophobic. So, there’s, you know,
although nobody else looked at it, I think the bet is again — if we should start a
betting club here — that there’s going to be interactions, co-translational interac-
tions between at least some of the helices as they assemble into the membrane. How
much of the final fold that’s going to be co-translational versus post-translational I
don’t think anybody can say. But the first elements, I mean we’ve seen this with
another protein, multi-spanning protein, that there is in fact early co-translational
interactions between some helices or polar residues on some helices that can help
stabilize not so hydrophobic helices across the membrane. But there are very few
assays around to look at it, and you know even with purified reconstituted mem-
brane proteins it’s very difficult to do unfolding-refolding studies. There are two or
three systems where you can do that, basically reversibly and that’s of course a far
cry from co-translational feeding of transmembrane helices into membranes.
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Markus Aebi: Following up on that, nevertheless there’s a quality, or let’s say a

quality control system for proper folding of membrane proteins. And I wonder how

this is recognized by this system.

Gunnar von Heijne: That’s, as far as I know, that’s a post-translational quality

control system. So, I mean, clearly many of these proteins don’t attain their full
three dimensional structure until fairly late. Whether there are chaperones involved,
there are a few cases, where it has been shown that there are intramembranous
chaperones. The cases I know of, they are very specific, so there is like one chaperone
for one protein, but nothing excludes that there could be more general chaperones
for instance that we just haven’t come across yet. And so, you know, exactly what
these states are that are recognized as misfolded we also don’t really know. We
know that they behave as, in some sense where they can be recognized by the cell
as being misfolded, but exactly what they look like is not clear I think.

Kaspar Locher: You have various systems where you can hold the translocation

halfway. And in eukaryotes, we heard about the OST complex and it’s assumed
that there’s a direct association with the secretion machinery. Is there an example
where a halted peptide that’s only semi inserted into the membrane already get
glycosylated?

Gunnar von Heijne: Oh yes, I mean you can make truncated ribosome nascent

chain complexes where, which have been targeted to the translocon and the nascent
peptide is halfway across the membrane and some part is in the lumen, some part
is spanning the translocon and some part is stuck in the ribosome. And those can
be glycosylated on the luminal side. There is a minimal distance away from the
membrane which is basically I think reflecting the distance between the membrane
and the active site of the OST in that case. We’ve been trying to do, to see if we
can do the same in bacteria... You know we just don’t have a great experiment
yet but I think we can see a similar kind of thing, but that’s with the substrate,
that’s not folded, so it’s you know quite unfolded in that case.

Dennis Wolan: So, speaking glycosylation, Ray, with your 1.7 A structure that you

have, are you seeing glycosylation, and is there any biological significance?

Ray Stevens: We give these things haircuts, they are glycosylated when they’re

made, we use PNGase F and we clip off as much as we can, but we see beautiful
sugar stems from them. So that’s the answer to your question. I want to sort
of follow up, with Gunnar, I mean, one of the things we know is: these receptors
are glycosylated. You know that if you knock out the glycosylation you don’t get
expression to the surface. So you know the glycosylation is important. We also know
that we can express different parts. I think Brian Kobilka who did the experiment
years ago where he co-expressed I think it was the first 4 helices and the last 3
helices, maybe it was 5 + 2 of the different helices. With better knowledge and
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questions, we’re now repeating the experiment of 4 4+ 3, where we know, the four
helices, the first four helices form this beautiful four-helix bundle. And we’re trying
to see if we can crystallize just that. It doesn’t have a function, but it’s a curiosity.
And can we start to combine these things together and restore function to try to
get this question of how are these things assembling? So is it partial folding?

Gunnar von Heijne: Yes of course those types of experiments have been done with

many multi-spanning membrane proteins, starting with bacteriorhodopsin, way, way
back. So they can be... Not all combinations work apparently, and I don’t think
anybody has figured out why certain combinations work and others don’t, whether
it has to do with insertion or something else but they do seem to work. In many
cases they can find each other in the membrane somehow.

Kurt Wiithrich: Well, earlier today, there was the question of the lifetime of mem-

brane proteins in living systems, and this of course is connected with folding and
insertion. What is known about the turnover of membrane proteins, of GPCRs, of
channels?

Bryan Roth: Yeah, so, I know this. There’s a system that we developed, may be

or may not be familiar to you, where we use engineered GPCRs to regulate the
signaling called DREADDs, and a colleague of mine at Scripps, Mark Mayford did
the experiment. So they're expressed using a tetracycline inducible promoter, so
he can turn on expression on the brain with TET, and then take it off, and they’re
gone in two days. So the turnover is actually relatively quick, surprisingly, so this
is a basically a muscarinic receptor, sort of prototypical family A GPCR. So at
least for that receptor we know quite well. Whether that will be the same for other
GPCRs — God only knows — but you know it was actually fairly quick, I wouldn’t
have suspected that it would be gone so quickly after basically the transcription
was shut off. And that’s in the absence of ligand. So it’s not being activated by
any endogenous ligand.

Gunnar von Heijne: So maybe one interesting example of differential stability but

within a complex is of course the photosynthetic reaction center, right? You get
photo-damage to the central unit, subunit, and that can be picked out of the com-
plex specifically and replaced with a fresh one, without affecting the other subunits.
So even within one complex, you know, you can have different stabilities.

Kurt Wiithrich: Would that mean that their individual domains fold independently?

And then assemble as a whole domain?

Gunnar von Heijne: Yes, there’s some work done on the assembly of these multi-

component complexes. They do follow not completely defined but partially defined
assembly pathways where, 1 say, subunits A and B have to assemble before subunit
C can come in, but maybe subunit D could come in before and after subunit C so
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it’s not straight linear. But it has certain structure. In the cases that we’ve looked

at — at least these more complex multicomponent membrane proteins systems.

N.B. Some of Professor Stevens’ contributions to this section’s discussion were added

in the proofs.
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Modeled structure of the PASylated Fab fragment of an antibody. See
Figure 2 contributed by Arne Skerra on page 246.
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BIOLOGICALS AND BIOSIMILARS
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Introduction

Biologicals are drugs produced using biotechnology. They may be proteins, includ-
ing antibodies, or nucleic acids including DNA, RNA or antisense oligonucleotides,
that are produced using recombinant technology as opposed to extraction from ex-
isting sources e.g., from human blood. Biotechnology has made a wide range of
new therapies possible by allowing the large scale production of vaccines, therapeu-
tic protein hormones, cytokines, tissue growth factors, monoclonal antibodies and
oligonucleotides for cell or gene therapies. In this discussion we will focus on the
categories of biomolecular drugs (biologicals) that are presently managed by the
FDA Center for Drugs Evaluation and Research (CDER): monoclonal antibodies,
cytokines, tissue growth factors and therapeutic proteins. The first genetically engi-
neered biomolecular drug to receive US approval was human insulin in 1982. Since
then, blood clotting factors, growth hormone, erythropoietin, colony stimulating
factors, interferon and anticoagulant proteins, all natural proteins or ‘first genera-
tion’ recombinant products, have been brought to the market. Likewise monoclonal
antibodies have entered the market. Biologicals today represent a major business
segment in the bio/pharmaceutical industry. Based on worldwide sales, seven out
of the top 15 pharmaceuticals in 2012 were biologicals [1a]. The therapeutic po-
tential of biologicals is evident in the growing number of product approvals by the
FDA and the EMA, 39 in the period 2009-2011 [1b]. Cancer and related conditions
remain the main indication. As the first generation biologicals start losing patent
protection, and biosimilars enter the market, innovation is seen in the design of next
generation drugs as well as in the biomanufacturing process.

First generation biologicals

Two broad categories of protein biologicals are discussed here:

(i) Proteins with an enzymatic or regulatory activity which (a) replace a deficient
protein such as insulin, (b) augment an existing pathway such as erythropoietin
and (c¢) modulate an activity such as botulinum toxin
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(ii) Proteins with a highly specific targeting activity which (a) directly interfere
with an activity such as Trastuzumab (Herceptin) or (b) deliver a therapeutic
compound such as a radioligand (**'I-tositumomab).

Antibody technology

Besides the ongoing search for high affinity full length therapeutic monoclonal an-
tibodies from libraries, the field has matured through the generation of murine
to chimaeric to fully human antibodies. Antibodies in addition are further modi-
fied and engineered for higher affinity and stability. Antibody fragments such as
Fab, scFv and Fc have improved diffusion profiles due to their smaller molecular
weight, thus offering distinct advantages over full length antibodies [2]. Bi-specific
T-cell engaging antibodies, Fc domain libraries, dual affinity re-targetting, are all
engineered antibody fragment technologies now in clinical trials for different indica-
tions. Antibody-drug conjugates (ADC) now offer great potential for development
especially since linker engineering has increased stability in the bloodstream and
efficient payload release at the target site. As of 2013, 30 ADCs are in clinical trials
targeting 24 antigens in oncology indications [3]. Peptibodies are biologically active
peptide-Fc fusions that allow for increased affinity as well as efficient manufacturing
[4].

Oligonucleotide technology

The first systemically delivered antisense drug mipomersen was approved for the
treatment of homozygous familial hypercholesterolemia (hoFH) in 2013. The early
promise of oligonucleotide therapeutics was announced with the approval of the
first drug in 1992 against genital warts. Drug delivery remains a significant hur-
dle. RNA therapeutics are particularly suited to restore gene function in condi-
tions where blocking oligonucleotides do not degrade pre-mRNA [5, 6]. Recent
encouraging results from clinical trials for Duchenne muscular dystrophy and in-
herited neurodegenerative diseases are a further example of its potential. Besides
RNAi and antisense oligonucleotides, splice-switching and translation-suppressing
oligonucleotides as well as siRNA, are being developed for therapeutics.

Biomanufacturing

The manufacturing of biologicals has had to mature as new processes were estab-
lished on an industrial scale. Developments such as protein engineering, synthetic
gene design, recombinant expression technology and large scale fermentation and
extraction have all contributed to the scaling-up process. The criteria for biomanu-
facturing are very different from small molecule manufacturing and new regulatory
guidelines had to be defined to guarantee quality standards. The objectives include
limiting the immunogenicity of the biological and improving its shelf life.
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Research tools have been developed to characterize the biologicals with regard to
their aggregation status, three-dimensional structure and post-translational modi-
fications [7]. The majority of biologicals are glycoproteins, the effect of the glycan
composition and its engineering has implications for product quality [8]. It has been
seen that not only does the quality of the product to be guaranteed but also the
quality of the process, thus Quality by Design is now also applied to biomanufac-
turing.

Biosafety and pharmacovigilance

The safety profile of biologicals is different from small molecule drugs due to their
inherent characteristics conferred by the complex composition. These large, some-
times heterogeneous mixtures of isoforms have a greater potential for immunogenic-
ity. These drugs are often used to treat chronic conditions and thus the risk factor is
increased. The spontaneous reporting of adverse drug reactions is vital to evaluating
the safety of these drugs in the clinic. An example of dramatic and unpredictable
consequences is the cytokine storm that occurred with the anti CD-28 monoclonal
antibody (TeGenero) study, which was not observed in preclinical studies. The
clinical trial design of biologicals has been reviewed after this unfortunate episode.

Biosimzlars

Biosimilars are defined as biotherapeutic products which are similar in terms of
quality, safety and efficacy to already licensed reference biotherapeutic products.
Thus, the biosimilar has the same pharmacological effect without the same chemi-
cal identity as the patented drug. It has been argued that biosimilars of monoclonal
antibodies will be difficult to generate since each one is unique and that the dif-
ferent process will result in a different product. However, biosimilars have been
approved several times both by the FDA and the EMA. The first monoclonal an-
tibody biosimilar was approved in the EU in 2013. The use of biosimilars is set
to dramatically increase as the first generation biologicals lose their exclusivity [9].
The clinical studies carried out so far have been positive. New paradigms for testing
are required for the comparability exercise of complex drugs such as Avastin as it
loses exclusivity in 2017 in the USA. About 20 different biosimilars of Herceptin are
now in development.

Second generation biologicals — novel protein scaffolds

Although monoclonal antibodies are very effective therapeutic agents, certain
inherent characteristics limit their broader use in the clinic. The large size
(150160 kDa), the poor tissue penetration in case of solid tumours and the struc-
ture which does not easily allow binding to enzyme pockets are undesirable features
[10]. The next generation biologicals are selected high-affinity binding proteins from
rationally designed scaffold protein libraries which offer distinct advantages over a
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full length antibody. These binders have already been very useful tools in research,
in the crystallization of membrane proteins for example and as antibodies. Display
technologies have greatly contributed to the generation of these designed libraries.
The first scaffold protein biological to be approved was ecallantide, a designed Ku-
nitz domain inhibitor of human plasma kallikrein.

Nanobodies

Nanobodies are single domain antibodies with a molecular weight of 12-15 kDa [11].
Derived from the variable VHH domain of the llama, they have to be humanized
to reduce the immunogenicity. Several nanobodies are in clinical trials for different
indications such as rheumatoid arthritis and osteoporosis.

Scaffold proteins
DARPins

DARPins are designed ankyrin repeat proteins with a molecular weight of 14 or
18 kDa depending on whether 4 or 5 repeats are present [12a, 12b]. Well expressed
in E. coli DARPins are heat stable and may be highly concentrated. DARPins have
been successfully used to target tumours and in diagnostic applications. Several
DARPins are in clinical trials in ocular indications.

Anticalins

Anticalins are a class of proteins derived from a human lipocalin scaffold with
a molecular weight of about 20 kDa [13]. Lipocalins are abundant in plasma and
tissue fluids and well suited for clinical applications due to their low immunogenicity.
One anticalin is in an early stage clinical trial in an oncology indication.

Affibodies

Affibodies are high affinity antibody mimetics derived from the IgG binding domain
of S. aureus Protein A with a molecular weight of only 6 kDa. The scaffold is
stable at extreme pH and high temperature [14]. Radiolabelled affibody-albumin
conjugates have been used for diagnostic molecular imaging in oncology. Affibodies
are also in clinical trials in an oncology indication.

Monobodies/adnectin

Adnectins are extracellular type 111 domain of human fibronectin derived scaffold
proteins with a molecular weight of about 10 kDa [15]. The domain has a structure
similar to antibody variable domains. An adnectin is in a phase II clinical trial as
an anti-angiogenic inhibitor in an oncology indication.
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Domain antibodies

A domain antibody (dAb) is either the variable domain of an antibody heavy chain
(VH domain) or the variable domain of an antibody light chain (VL domain) [16].
Dual targeting human domain antibodies are now in a Phase II clinical trial in a
neurology indication.

Fynomers, Nanofitins, Knottins, Avimers, Affilins

Fynomers, derived from the novel, fully human protein scaffold Fyn SH3 domain,
have a molecular weight of under 10 kDa [17]. Nanofitins are structurally derived
from the DNA binding protein Sac7d, found in Sulfolobus acidocaldarius, an archae-
bacterium [18]. They are unusually heat resistant scaffolds with a molecular weight
of about 7 kDa. Knottins are engineered cysteine knot peptides for high affinity
molecular recognition against tumor-associated receptors [19]. Avimers are evolved
from human LDL receptor domains by in wvitro exon shuffling and phage display,
generating multidomain proteins with binding and inhibitory properties [20]. Affil-
ins are structurally derived from human v-B crystallin (molecular weight about 20
kDa) or ubiquitin (molecular weight 10 kDa) [21]. All these scaffold proteins are in
the preclinical phase of drug discovery.

Outlook

This brief overview shows the extent to which biologicals have developed in the last 3
decades. Antibody engineering has given rise to a new set of binders with innovative
characteristics such as bi-functionality and conjugation to chemo- or radiotherapic
loads. The future looks bright as the second generation pipeline has an impressive
collection of drugs designed to overcome the hurdles of delivery, stability and access
to the antigen. Biosimilars have entered the market as the first generation biologicals
lose their exclusivity and, having won approval, will be a big player also driving
innovation in biomanufacturing. The long term effects of these drugs have to be
closely monitored, requiring clear regulatory and pharmacovigilance guidelines.
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My view of the present state of research on biologicals and
biosimilars

Peptide-based molecules are appealing scaffolds for the development of novel drugs.
Their high structural diversity, often combined with a large surface area for inter-
action with the target, allows for very high affinity to the target with exceptional
specificity, as evidenced by the success of peptide therapeutics derived from natu-
rally occurring peptide hormones [1-3]. Moreover, even relatively small peptides are
able to bind to target sites that are not the active sites of enzymes and to modulate
protein-protein interactions, characteristics which are not generally exhibited by
traditional small molecule drugs. However, despite these characteristics, peptides
exhibit some features that are undesirable in potential therapeutics. Most notably,
their susceptibility to proteases makes them unstable in vivo, they are not generally
orally available, and they are unable to cross cell membranes making them unsuited
for use against intracellular targets.

Interestingly, a number of relatively small peptides (generally of the order of 15
residues or less) derived from natural sources circumvent these apparent limitations
(Fig. 1). Perhaps the best example of this is the immunosuppressant cyclosporine,
a highly N-methylated, macrocyclic, 11 residue peptide which is orally available,
exhibits acceptable pharmacokinetics and exerts its therapeutic effect by binding to
intracellular target proteins, cyclophilins [4]. Other clinically useful peptide-based
drugs derived from natural sources include the echinocandins (anti-fungal), actino-
mycin D (antibiotic, but used clinically as a chemotherapeutic), and the antibiotics
daptomycin and vancomycin [5]. Taken together, these examples demonstrate that
these relatively small naturally occurring peptides can exhibit “drug-like” proper-
ties, combining the pharmacokinetic qualities of small molecules with the target
binding features of larger peptides.

Notably, almost all naturally occurring peptides with potent bioactivities and fa-
vorable pharmacokinetic properties possess non-canonical structural features. The
most frequently observed of these is some form of macrocyclic motif, which confers
structural rigidity (and thus increased target binding affinity) and resistance to pro-
teases, and also plays an important role in biological membrane permeability [6].
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Fig. 1. Flexizymes. Depending on the substrate kinds, three flexizymes are available.

N-alkylation (commonly N-methylation) of the peptide backbone is also commonly
observed, and has also been shown to be important for membrane permeability
(presumably by reducing the hydrophilicity of the amide backbone) and protease
resistance. Additionally, D-stereochemistry, non-canonical side chain structures,
backbone heterocycles, and other non-standard moieties are frequently observed
in cyclic peptides derived from biological sources, and appear, like macrocycliza-
tion and N-alkylation, to imbue peptides with improved pharmacokinetic profiles
relative to canonical peptides.

The appeal of macrocyclic peptides as drug candidates has lead to significant
research efforts to develop screening methods capable of isolating peptides with high
target binding affinities from complex libraries. Whilst combinatorial chemistry
approaches have shown some promise, several more recently developed techniques
have employed biosynthesis of macrocyclic peptides from libraries of combinatorial
genetic templates. Such strategies allow for the synthesis of very diverse libraries
and the use of iterative selection/amplification-based screening techniques, so that
libraries of macrocyclic peptides greater than 103 species can be rapidly screened
for binding to a target of interest. Furthermore, the application of genetic code
manipulation techniques to these biosynthetic systems and/or post-translational
chemical reactions have greatly expanded the range of chemical moieties that can
be synthesized, allowing for the screening of libraries of artificial macrocycles that
mimic the structural features of naturally occurring bioactive peptides, i.e., artificial
pseudo-natural products.

My research themes focus on the development of novel platform technologies
that enable us to generate genetically encoded artificial libraries of macrocycles and
pseudo-natural products, and the use of selection methods to isolate such molecules
with not only high target affinities but also drug-like properties.
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My recent research contributions to biologicals and biosimilars

Flexizymes and flexible in-vitro translation (FIT) system: Tools
for the genetic code reprogramming

Flexizymes are artificial ribozymes with highly promiscuous aminoacyl-transferase
activity. The discovery of these ribozymes through in vitro selection experiments,
and details of their properties and use has been recently reviewed elsewhere [7]. In
brief, flexizymes are small (45 or 46 nucleotides depending on the kinds, Fig. 1)
artificial RNAs that catalyze the aminoacylation of essentially any tRNA, using
an amino acid substrate that has been chemically activated by a leaving group
attached through an ester linkage [8]. Available three flexizymes are capable of
charging virtually any amino acid (or any other small molecule with a carboxyl
moiety that can be activated) onto diverse tRNAs bearing any anticodon desired.

Importantly, the codon reassignments with non-canonical amino acids using
flexizymes are executed by pre-charged non-canonical aa-tRNAs. Therefore, the
vacant codons for reassignment can be created by omitting not only the relevant
amino acids but also their cognate ARS. Since trace amounts of canonical amino
acids are often carried into the reconstituted translation system with the purified
ribosomes, translation factors and/or tRNAs, the double exclusion of amino acids
and cognate ARSs ensures complete knockdown of any potential competition for
elongation. Moreover, aa-tRNA synthesis using flexizymes is far more facile than
the chemo-enzymatic method, and flexizymes will accept a much wider range of
amino acid substrates than ARSs including N-alkyl-amino acids [9, 10], D-amino
acids [11], N-acylated amino acids [12], and even exotic peptides containing 8- and
~-amino acids [13]. Introduction of the resulting non-canonical aa-tRNAs into the
custom-made translation system in which specific codons have been vacated thus
enables the incorporation of any translatable amino acid(s) into a polypeptide at
any desired position(s). Such a translation system integrated with flexizyme chem-
istry is referred to as a flexible in vitro translation (FIT) reaction. Consequently, it
has been possible to generate extremely diverse chemical structures based loosely
on a peptide backbone. These have included peptoids (N-alkylated polyglycines)
[9], (poly)esters [14] and peptides with diverse patterns of N-methylation and non-
canonical side chains [10].

Furthermore, the diverse chemistries accessible through the FIT system permit
the synthesis of peptides containing reactive moieties that can mediate intramolec-
ular cyclization. This allows for the synthesis of macrocyclic peptides without the
need for intermolecular chemical cross-linking. As a specific example, the FIT
system can be used to synthesize a chloroacetylated N-terminus, which will spon-
taneously react with a downstream cysteine residue to form a macrocycle through
a non-reducible thioether bond [15]. Other examples of macrocyclization through
introduction of reactive moieties by FIT synthesis have included oxidative coupling,
Huisgen 1,3-dipolar cycloaddition, Michael addition, and native chemical ligation
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strategies, and a number of these have been combined to produce bicyclic peptides
with defined structures [15].

RaPID system: A tool for the discovery of non-canonical
macrocyclic peptides

The combination of the FIT system with an mRNA display-based screening method
is known as random non-standard peptides integrated discovery (RaPID, Fig. 2),
and has been used to identify a number of bioactive macrocyclic peptides with high
binding affinities to therapeutic targets of interest. Like the ARS-mediated genet-
ically reprogrammed mRNA display selections described above, RaPID screening
involves translation of a semi-randomized puromycin-linked mRNA library in a
genetically-reprogrammed, fully-reconstituted FIT system, such that the resulting
non-standard peptides are covalently linked to the mRNA that encodes them. Itera-
tive rounds of selection/amplification are then performed against the desired target
immobilized on magnetic beads, with the enriched mRNA libraries translated in
the same FIT system at each step.

In their simplest incarnation, such selections can be performed using a FIT
system that primarily incorporates canonical amino acids, initiated by a non-
canonical D- or L-amino acid bearing a chloroacetyl moiety at the N-terminus and
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Fig. 2. RaPID system (mRNA display coupled with FIT system).
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a downstream cysteine in order to form a macrocycle through a thioether linkage
(as described above). Using such an approach, potent (IC5y ~100 nM) and isoform-
selective cyclic peptide inhibitors of the human AKT?2 serine/threonine kinase have
been reported [16]. A similar approach was used to identify macrocyclic peptide
inhibitors (again, active at nM concentrations) of the bacterial drug-transporter
pfMATE, a finding of particular significance since proteins of this family are re-
sponsible for drug resistance in both bacterial pathogens and malignant cells [17].
It is worth noting that this particular work involving 3-dimensional X-ray structures
of the macrocyclic peptide-pfMATE complexes provided the first example of how
the series of macrocyclic peptides that are obtained by RaPID selection interact
with a target protein.

Selections using libraries including more diverse non-canonical amino acid
residues have also been reported. For example, cyclic peptide inhibitors of the
human Sirtuin2 lysine deacetylase were identified from a library of macrocyclic
peptides engineered to include a trifluoroacetyl-lysine “warhead” that mimics the
acetyl-lysine substrate of the enzyme [18]. The derived Sirtuin2 inhibitors exhibited
high potency (Kp as well as ICsg in the single digit nM range) and a high degree
of isoform selectivity.

RaPID selection using still more complex non-canonical libraries is also possible.
Taking advantage of the capacity of the FIT system to translate N-methylated
amino acids, a library engineered to express N-methylated Phe, Ser, Gly and Ala,
as well as D-Trp (and macrocyclized through an intramolecular reaction between
an N-terminal chloroacetyl group and a downstream cysteine as described above)
was screened for inhibitors of the human oncoprotein E6GAP [19]. The macrocyclic
E6AP inhibitors obtained each included multiple N-methylated residues, and were
arguably more like naturally occurring non-standard macrocyclic peptides than any
other non-natural macrocyclic peptide inhibitor discovered to date. Moreover, they
exhibited extremely high affinity for EGAP, with Kps in the sub-nM to single digit
nM range, and appeared able to disrupt the protein-protein interaction between
E6AP and the P53 tumor suppressor protein.

Outlook to future developments of research on biologicals and
biosimilars

The RaPID system is quite robust for selecting macrocyclic peptides against var-
ious therapeutic targets. However two major issues remain to be solved. First,
despite the fact that selected macrocyclic peptides are generally highly active and
selective against the target proteins, they are not necessarily membrane permeable
and oral available even though N-methylation of backbone is implemented into the
selection scheme. It seems critical to improve the RaPID methodology that involves
membrane permeability selection step. Moreover, peptidic natural products contain
more diverse kinds of non-peptidic structures, such as azolines and azoles, modified
by post-translational modifying enzymes. These non-peptidic modifications into the
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peptide backbone might significantly contribute to the drug-like properties. There-
fore, it is also important for the future methodology development to include such
post-translational modification using appropriate enzymes.
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My view of the present state of research on biologicals
(and biosimilars)

During the past century, since their discovery by Emil von Behring and Paul Ehrlich
[1], antibodies (immunoglobulins) have been considered as ideal tools for molecular
recognition in the life sciences and biomedical research. The invention of methods
for the production of their functional fragments in E. coli [2, 3] has boosted the gen-
eration of recombinant antibodies with modified amino acid sequences and altered
properties.

Since then, human (or humanized) monoclonal antibodies have become a partic-
ularly successful class of biologics during the past decade [4], complementing con-
ventional biopharmaceuticals that, altogether, currently represent approximately
one quarter of newly approved drugs [5]. High target specificity, therapeutic effi-
cacy, safety and, consequently, low failure rate during preclinical and clinical de-
velopment contribute to the medical and commercial success of antibodies. Thus,
immunotherapy has become an established strategy especially for the treatment of
cancer. However, with regard to novel applications in medicine and biotechnology
it appears that immunoglobulins are not always optimally suited, in particular due
to their composition of two different polypeptide chains and to their very large
molecular size.

Members of the lipocalin protein family [6] have shown promise as an alterna-
tive scaffold for the generation of ligand-binding proteins via combinatorial protein
design [7, 8]. Natural lipocalins are compact proteins which serve for the transport
or storage of biomolecular compounds such as vitamins, hormones and secondary
metabolites in many organisms, including humans. Their tertiary structure com-
prises a circularly closed eight-stranded anti-parallel S-sheet. This so-called S-barrel
supports four structurally hypervariable loops at its open end, which form the en-
trance to the ligand pocket. In comparison with recombinant antibodies, lipocalins
provide several advantages as they are composed of a single polypeptide chain, have
a much smaller size, and their set of four loops can be easily manipulated at the
genetic level, allowing the design of alternative binding proteins that have been
dubbed ‘Anticalins’ [7].
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Apart from full size immunoglobulins, most biologics that are successfully used
in human therapy, for example interferon, erythropoietin, hormones, growth factors,
and recombinant antibody fragments, are relatively small proteins. Their