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Abstract

Carbohydrates play vital roles in many disease pathologies, including
inflammatory disease, cancer metastasis, autoimmune diseasand
pathogenic infection. Despite their significance and immense opportunity for
pharmaceutical application, carbohydratederived drugs only constitute a
relatively small portion of therapeutics today. One of the majochallengesin
drug discovery for glyan-binding proteins is their relatively weak binding
affinities for the glycan. The isaue is further aggravated by the structural
complexity of glycars, which often leadsto a bottleneck in generation of
various different analoguesin sufficient quantity for in vitro and in vivo
studies. Fragmentbased lead discoverywas used to design betterlead
compounds for therapeutic targets and demonstrated its potential for
challenging targets such as glycabinding proteins. However, there remains
an unmet need 6r simpler, less expensive, and more efficient routes to

identify superior lead compounds.

This thesisapproachesthese challengesi.e, the need for simpler and
more efficient method to identify lead compounds for glycan-binding
proteins, by combining fragment-based lead discovery with phage display
4EOT OCE OEA T ETEETC 1 &£ AAAE OAEODPI AUAA
libraries are several orders of magnitude (~1@z109°) larger than chemical
libraries, but still can be screened againsh target in a very efficient way.l

pioneered a methodology to selectively and covalently attacha small-
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molecule fragmens to a phagedisplayed peptide libraries (Chapter 2). The
resulting bivalent fragment-peptide library demonstrated its application far
the selection of potent inhbitors for glycan-binding proteins. By using ConA
as a model target of a glycanbinding protein, | discovered novel
monosaccharidepeptide conjugates with Kp and [1Go values 30z50-fold
better than that of the monosaccharideitself (Chapter 3). The conjugates
bound competitively to the desired glycan-binding site and functioned as
potent inhibitors. The most potent hit, ManWYDLF, ha similar affinity and
selectivity asatrimannoside. Interestingly, the peptide boundto a secondry
site different from that bound by the disaccharide portion of the
trimannoside. The selection identified a novelbinding pocket and suggesed
the potentiasl OOA 1T £ OEEO OAAET 11 1. QwthempiiedOET O OPT O
this technology for the selection of mannosebased inhibitors for DC-SIGN,
albeit with partial success (Chapter 4). 1 applied computational solvent
mapping (FTMap) to analyzethe protein surface of DESIGN to identify
putative fragment-binAET ¢ OET O ODPI 06 @dthattAA OEA @OT10BA GBO C ¢
is availableat ~10 A awayfrom the C&* glycan-binding site and could be
accessiblefor library attached to 20H position of mannose or anomeric
position of fucose Future work is required to confirm this hypothesis.
Finally, | demondrated a strategy to createthe first macrocyclic glycopeptide
library displayed on phage (Chapter 5). The disulfidecontaining peptide

library could be alkylated cheme and regio-selectively using a dichloro

oxime derivative to form macrocycles stable toward reduction. These



libraries, both linear and cyclic glycopeptids, show potential for use in
fragmentAAOAA 1T ECAT A AEOAT OAOUh OEIT O ObPi1I 006 |1 AP
ligands for many protein targets.Ligands resulting from the selection will
strongly AT I D1 AT AT O AT A OCOE A& moreddotdnt addh OET T AT A
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Chapter 1: Introduction

1.1 Motivation and objectives

Carbohydrates play vital roles in many disease pathologies, including
inflammatory disease, cancer metastasis, autoimmune disease and
pathogenic infection. For example in the case of inflammatory disease,
aberrant trafficking of immune cells to inflamed tssues has been attributed
to the enhanced expression of Eelectin, which binds to the sialyl LewisX
glycan structurel In another example lectin-1, a N-acetyklactosamine-
binding protein, is overexpressedby breast caner tumors that promote their
metastasisto the lung by creating an immunosuppressive microenvironment
at the site of tumor growth.2 Many pathogens have the capaojtto specifically
recognize theoligosaccharidesexpressed on host tissues and exploit these
interactions for virulent infection.3 Despie their significance and immense
opportunity for pharmaceutical application, carbohydratederived drugs
only constitute a relatively small portion of therapeutics today.# The most
well-known drugs derived from glycars are the viral neuraminidase
inhibitor s? zanamivir (Relenza) and oseltamivir phosphate (Tamiflu) for
the prevention of infection by the influenza virus (Figure 1-1). Other
successful drugs indude a-glucosidase inhibitors? miglitol (Glyset) and
voglibose (Glustatp for the treatment of diabetes and a pentasaccharide
heparinoid? fondaparinux (Arixtra)? for the treatment of thrombosis.

Despite the succes®f these drugs considerable numbers of glycarbinding



proteins still remain untapped as therapeutic targets This deficiency is
mainly due to the challenge in the design of potent inhibitors suitable for
pharmaceutical use. Weak intrinsic affinityof glycanprotein interaction and
poor pharmacokinetic properties of glycars, such adow bioavailability and

short plasma haltlife, are the majorhurdles.

OH
"o oH OH _ OH
2 0. co o "y
AcHN 0 2 N
HN acin Zd Hﬁofég

»=NH HaN © OH
H,N ® HoPO,
zanamivir (Relenza) oseltamivir phosphate (Tamiflu) miglitol (Glyset)
0SO3Na
OH
HO 0 0OSO4Na
HO "OTTN Lo~ 0
HO —= ' o]
HOHSN Na03S ?Gc;?\ O\~ Na0,C 0SONa OSO3Na
a
OH 2~ NaQsS N LHO 7L~ 0
T woss 0"LET s
OH HN
~
voglibose (Glustat) fondaparinux (Arixtra) NaO4S

Figure 1-1. Molecular structure of glycan-derived drugs (trade name).

Analysisof the human genomeestimatesthat there are approximately
wep ODAVAKOAASG CAT AOh | A-bindiBdE Aréteing® w P
Historically, the lack of tools for studying glycan-protein interactions and the
inherent complexity of glycars have beenthe major barriers for scientists to
fully appreciate the importance of glycomics in biologyThe breakthrough in
technologies, especially thanception of the glycan microarray in 2002 by
several independent group$® have contributed significantly to our
understanding of the role of glycomics10.11 Currently, the Qonsortium for
Functional GQycomics (CFG)provides a glycan microarray screening service

2
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The latest microarray contains 609 different mammalian glycars printed
onto N-hydroxysuccinimide-activated glass  microscope slides
(http://www.functionalglycomics.org ). Protein samplessubmitted to CFGor
screening on the glycan microarray allow structural identification of their
binding glycan and provide valuable information about the glycan
specificities in a high-throughput fashion. As a result,the binding ligands of
GBPs thatwere previously unknown, or more potent ligands of GBPsother
than the ones previously known, are revealed rapidly.12 Through these
efforts, novel glycanprotein interactions and their biological roles are being
elucidated at a much fasterpacell-13 New discoveries and promise emerge
rapidly, while at the same timeraising new challenges, particularly in the
OOAT O1 AGET 1-AdEB Atdoéiegkihtad diriichl applications We
now have accumulated significant amourst of knowledge about GBPgheir
various subfamilies and associated bindingligands, yet whatthe field lacks
currently are highly active and selective molecular probes to aid the
investigation of the role of GBPsin vivo. Furthermore, molecular probes
showing promising therapeutic potential need tobe further considered and
developed into drugs for the treatment of GBPsassociated diseaseslo keep
up with the need for new theapeutics, new technologies have to be
developed to increase the efficiency of drug discovery in glyconscesearch.
As a result, gh-throughput and reliable routes to the discovery of

carbohydrate-based inhibitors are highly desirable.


http://www.functionalglycomics.org/

The main objectie of my Ph.D. research wado develop new
technology thathas the potential to accelerate the discovery of potent ligarsd
for inhibiting glycan-protein interactions. | combine the powerof genetically
encoded libraries with fragment-assisted seletion. Cabohydrates, due to
their well-defined binding modes, are excellentstarting points for fragment-
based design In this thesis, | will demonstrate the strategy for attaching
covalently any kind of carbohydrate fragmentto a phageencoded peptide
library with immense diversity (>108unique peptides). The fragment serves
as an Gnchord at carbohydrate-binding site and assists the search of
promising peptide binding to satellite site(s). One screen, in a high
throughput fashion, can potentially identify peptide binding to the target in
synergy with the carbohydrate, resulting in enhanced affinity as well as
selectivity. Toward the end, | hope to optimize the technology to become
more efficient, more practical, and potentidly applicable to a wide range of

targets, thereby removing one of the major roadblocks in lead discovery.

1.2 Glycan-binding proteins (GBPS)

Glycosyation of proteins and lipids is the most abundant and
structurally diverse posttranslational modification found in naturel4 It is
estimated that more than 50% of all eukaryotic proteins deposited in the
SWISSPROT protein sequence data bankre glycosylated!> Although the
human glycome® is built on just nine common monosaccharidegGlc, GIcNAc,

Gal,GalNAc, Man, Fuc, GIcA, XpMeuAc)16.17 the vast possibilities of different



linkages, in term of anomeric and peripheral branchingof hydroxyl groups,
and secondary modificatiors such as sulfationand epimerization, rapidly
increase the diversity of oligosaccharides Interestingly, glycanbinding
proteins (GBPs)AOA AAT A OF AEEAAOEOAIT U AAAT AA
complexity via specific and directbinding. These reognitions play key roles

in crosstalk within the cell, celtto-cell adhesion,immune recognition, and
metastasis of cancer cellsFor example celtto-cell adhesion modulated by
the interaction between selectirs and sialyl Lewist facilitated the rolling and
initial attachment of leukocytes to the site of inflammation(Figure 1-2).18
Cancer cells have been showed to expldite expression of selectin ligands
and use rollinglike responses to facilitate their metastasisto other sites.1?
Generation of new blood vesses by endothelial cells a.k.a angiogenesisis
critical for tumor survival and inhibition of angiogenesis has been a
promising anti-cancer treatment However, &errant remodeling of the
endothelial cell surface glycome was demonsated as the culprit for the
resistanceto anti-angiogenetic treatment?° In anti-VEGFrefractory tumors,
overexpressed galectinl binds to the remodeled complex N-linked glycanon
vascular endothelial growth factor receptor 2 (VEGFR2)ctivates O 6 %' &
| E Esimaling and eventually leads tocompensatory angiogenesig® This
finding provided a model for the tumors to escapeanti-VEGF treatment in

mouse modes$ oflung cancer2°
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Figure 1-2. The roles of glycarGBP interations in human diseases.

Galectin-1

Furthermore, almost all bacterial and viral pathogensexploit glycan
GBP interactionsas a meas for entry into human cels during infection
(Figure 1-2). GBPs expressed on bacteriatell surfaces recognize mostly
fucosylated histoblood groups or sialylated epitopes on human cells. These
key recognitions play vital roles in the first step of bacterial infectionViruses
use GBP for attachment to their host cells through the binding with diverse
carbohydrate conjucates, ranging fom gangliosides and glycolipids to
glycoproteins. The example shown in Figure -R illustrates the binding of
hemagglutinin, capsidprotein of influenza virus, to sialylated glycoproteins
or glycolipids expressed onhuman cell, leading to erdocytosis of the viral

particles.

Although inhibitor s of glycanGBP interactions showed great promise

for therapeutic application, they remain relatively underexplored when



compared to other conventional drug targets. Successful examples of small
molecule drugs capable of inhibiting key glycarGBP interactions are limited
(see Figure 11).421 Most of these drugsare designed totarget enzymes,such
as glycosidases, thatuse carbohydrates or their derivatives as substrates.
Enzymes aregenerally consideredasdruggable targes. Theyrepresent close
to half (47%) of all targets with drugs currently approved on the market.22
The hallmark of a druggable target is the presence ofthe so-called
OEUAOI PEIT A Ebaracterizell EadeDdieep solventaccessible surface
lined with hydrophobic amino acid side chais.23 Another feature is the
presence ofcluster of binding OE T O s6 & haDe the propensity to bind
small-molecule compounds with a variety ofstructures.2* However, GBPs are
generally believed to be undruggable:. Two main factors contribute to this
belief. First, the physiological ligands of GBP,i.e.,glycans, present multiple
challenges that include (i) weak intrinsic affinity to GBPHKp in the range of
100 nMz10 mM);25 (i) high polarity, which leads to poor oral bioavailabilty
and short plasma halflife; (iii ) inefficient hit-to-lead optimization due to the
structural complexity of most glycans; and potentially (iv) significant
challenges and cost of synthesis during scalaip. The second factor is
associated with the proteins themselves The glycanbinding sites of GBPs
often have shallow topologies and are highly solvent-exposed?¢é making it
difficult to target these siteswith drug-like molecules. The shallow binding
landscaperesults in fast off-rates of glycars and eventually constrains the

maximal binding affinity a glycan can attain.# Nature has evolved to



compensatefor low affinity by employing the multivalent presentation of
glycan and clustering of GBR at the cell surface as ameans to maximize
their functional activity in vivo.27.28 For this reason,display of multiple copies
of glycars on a synthetic scaffoldis a common strategy to yieldinhibitor s
with nanomolar potency. This approach has been the subject of many

reviews?29-31 and isbeyond the scope of this chapter

1.2.1 General principles of inhibitor design for GBPs
Over the last two decades, significant advances have been made in the

design of monovalent carbohydrate-based inhibitors for GBPs (see
reviews431), despite the challenges associated with GBPs mentioned thre
previous section Several strategies were deployed tomprove the binding
affinity. For example, one can reducethe entropic cost due to the
immobilization of a ligand upon its binding. A successful example is the
recent advance in paeselectin inhibitor, Rivipansel3233 which has been
licensed to Pfizer and being tested in phase 3 clinical trmifor treatment of
sickle-cell disease.Although the strategy for its successful design has been
reviewed extensvely in literature | briefly overview it here because it helps
to introduce the conceptsof fragment-based designBased on a combination
of rational design and empirical medicinal chemistry, thephysiological
glycans of selectin, sialyl Lewi&, was minimized to a more rigid molecule
with a pre-organized bioactive conformation(Figure 1-3). Specifically, theN-
acetylp-glucosamine moiety in sialyl Lewi¥ (Figure 1-3C) does not

participate in the binding and only functions as a linkr. It canbe replaced
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Figure 1-3. Design principles of Rivipansel.

with a cyclohexane ring(Figure 1-3B). A methyl substituent properly placed
on the ring further restricts the conformational flexibility and allows the
galactose and fucose moietieso be presented in their optimal binding
orientations. Furthermore, only the carboxylate moiety of the N-acetyl
neuraminic acid is critical for recognition by selectirs. It isbed replaced with

(9-cyclohexyl lactic acid.Eventually, these effortseffectively reduced the



entropic cost of ligand binding, thus leading to amore potent inhibitor .
Replacement of sugar moietiegFigure 1-3C) with glycomimetic structures
(Figure 1-3B) also improves the pharmacokinetics, by reducing the polar

surface, leading toa drug with better absorption and cell permeability.

Besides reducingthe entropic penalty, another strategy employed in
the design of Rivipansel waghe increase of enthalpicgain by occupying a
potential secondary site located in regions near the glycanbinding site.
Fragments that bind tothe second site could be linked covalently to a glycan
or glycomimetic compound to generate abivalent molecule (Figure 1-3A).
Such molecué thus binds synergistically to both the glycanbinding site
(primary site) and the secondary site, leading to substantial impreement of
binding affinity. This approacheffectively addresses the weak affinity othe
glycan due to theshallow landscapeof the glycanbinding site. This idea is
not new and has been practiced for decades with the first major advance
stemming from industrial efforts toward inhibiting the FK506-binding
protein.34 The approach is known as fragmenbased lead discovery (FBLD),
which is the central topic for the technology described in the following
chapters. | will first describe this concept in the following section, discuss
why it is well-suited for GBPs, and then review several examplesf its

application for GBPs.
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1.3 Fragment-based lead discovery (FBLD)
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Figure 1-4. Examples of FBLRIlerived drugs.
Vemurafenib as a inhibitor of oncogenic B-Raf kinase (V600E mutant).3>

AT13387 asan inhibitor of heat shock protein 90 (Hsp90)36.37 Venetoclax as
an inhibitor of B-cell ymphoma 2 (BCE2).38.39

Fragmentbased lead discovery (FBLD) has revolutionized the way
drugs are discovered in pharmaceutcal industry. It showed promise to

generate potent inhibitors, even for challenging target such as protein

11



protein interactions, when other approaches have failed® The first drug
derived from FBLD, ZelboraiVemurafenib), received FDA-approval in 2011;
since then, more than 30 potential candidatebave beenevaluated in various
stages of clinical trials* Three examples are show in Figure 1-4. FBLD has
causeda paradigm shift in many dfferent aspects of drug discovery and will

continue to impact the field.

1.3.1 Why FBLD for glycan -binding proteins ?

One of the key aspects of FBLD is that small fragments with low
affinity (Ko > 1 mM), though initially believed to be not very useful, actlly
demonstrate potential to advance into higkaffinity leads (Ko < 100 nM).
Experimental observationg'243 validated that, despite their weak affinity,
fragments form high-quality interacti ons, which could be measured by ligand
efficiency (LE). LE is a useful and popular parameter for the assessme of
the quality of fragments36.4445 |E is defined as the Gibbs free energy of
binding (3G) per heavy atom count LE of 0.3 is usually regarded as the
minimal cut-off of goodquality fragment. For example,LE is eaqal to 0.30
when fragment of 14 norhydrogen atomshas 3G of4.1 kcal mot! (Kp = 1

mM) at 25 °C(see guations below for the calculations).

Equation 1. , % L2 omn

Equation 2: 3 240 8 P& Y%p TT Cwfpuv apm TP

The higher the LE, the better the binding efficiency of a molecule.
However, a practitioner of FBLD should regard this LE cubff as aguideline

12



rather than definite Guled and know when to loosen OE A (b@séd dho
his/her own judgment; for example,low LE values are often expected for
protein-protein interaction s.#° In view of the LE cutoff, monosaccharidesare
in fact excellent candidates for FBLD despite their wealaffinity for GBPs. A
monosaccharide (6H120s) with Kp of 1 mM has LE value of 0.34i.e, 0.41
kcal mot! divided by 12) and thus satisfies the criteria. However more
complex glycars, such asadisaccharidewith the sameKp valuehasLE < 0.17
which is two-fold lower than that of amonosaccharide since théheavy atom
count isdoubled for the disaccharide. Another reasonwhy carbohydrates can
be suitable fragmentsfor FBLDis the availability of distinct binding modes in
glycan-GBPs interactions These well-defined modes and excellent
specificities are due to the formation of specific and directimal hydrogen
bonds betweenthe hydroxyl groups of carbohydratesand their binding sites.
Therefore, the binding modes are maintained at the expected sites during
lead expansion and optimization.This widely observed principle in glycan
protein interaction is a key factor for succes because fragments with

unknown binding mode/site are less useful forFBLD.

1.3.2 Design principles and strateg ies

In practice, to advancea weakly binding fragment into a high-affinity
lead, strategies such as fragment growing and fragment linking are
commonly employed For fragment growing, a library of fragmens is
screenedby common biophysical techniquese.g, NMR,isothermal titration

calorimetry, surface plasmon resonancespectroscopy, thermal shift assag
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and Xray crystallography. Once the hitsare identified and validated, their
precise binding modes areanalyzed with either NMR spectroscopy, or
preferably X-ray crystallography. Under the guidance of structural
information, the selectedfragment is @rowndfrom the original binding site
to enable additional interactions with adjacent sites. This could be done by
increasing the complexity and size of the fragment in ra iterative and
constructive manner (see specific example in Figure -b). These steps
convert the fragment into a lead compound with higher potency.This
strategy works well for targets with concavebinding pockets, which are less

solvent-exposedand have binding hot spots in close proximity

However, for targets such as glycarbinding proteins and protein-
protein interactions that possess shallow binding sites and involva large
surface area when binding to their endogenous ligands, fragment growing
could be quite challenging. In these cases, fragment linkirngn be employed.
The goal is to ideify two fragments that bind simultaneously to two distinct
sites and devise a strategy to link them together to form a larger molecule of
higher potency (see specific example in Figure-&). In contrast to fragment
growing, fragment linking is much more ballenging. Its success depends on
the identification of suitable linker that is able to connect two fragments
without compromising their original binding modes. Limited choices of
linker chemistry could further complicate the design; largeentropic penalties
can arise when a flexible and long linker is used, whereasigid linker might

reduce the degrees of freedom and conformational space accessible by both

14



fragments27.46 Understanding the balance between flexibility and rigidity of
the linker remains a challenge. In the case of GBPs, the primary site.,
glycan-binding site, is usually known and its geometry is wil-understood.

4AEAOAE OAh OEA A£&£E OO OAIT EAO 11 EAAT OEAEUE

binding fragment to occupy this site and the linker joining it.

Figure 1-5. Demonstration of fagment growing.

Abell and ceworkers have employed fragment growing for the discovery of
inhibitors for Mycobacterium tuberculosis pantothenate g/nthetase?’
Screening of fragment libraryidentified indole 1 as the potential hit. Two
additional sites were found, asashown by P1 site bound with glycerol, and
P2 site bound with sulfate. These observationsuggestedpotential sites for
the growing of fragment from the C2 and N1 position of indole 1 as
exemplified by 1a and 1b respectively. A series of synthetic elaboratios led
to compound 4 which exhibited ~730-fold improvement of binding affinity
relative to the starting fragment 1. The figure is reprinted with permission
from the publisher. Copyright © 2009 WILE¥VCH Verlag GmbH & Co. KGaA,
Weinheim.
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Figure 1-6. Demonstration of fragmentlinking.

Abell and coworkers further demonstrated the utility of fragment linking
based onthe same target.Their efforts allow direct comparison of the two
distinct strategies for the first time 47 Fragment 1 and 5 were identified to
occupy two distinct sites simultaneously. Three different likers were tested
and the most rigid linker, acyl sulfonamide, was found to be the best. The
resulting compound 8 (Ko = 1.8 mM) derived from fragment linking has
similar structure and comparable affinity to compound 4 (Kp = 1.5 nM)
derived from fragment growing. The figure is reprinted with permission from
publisher. Copyright © 2009 WILE¥VCH Verlag GmbH & Co. KGaA,
Weinheim.

1.3.3 Examples of application for GBPs

Both fragment growing and linking have been successfully applied to
GBPs to generate glycabased inhibitors or agonists with nanomolar affinity.
The first exampleis Siglec4, also known asmyelin-associated glycoprotein
(MAG), which is one of the protein components that inhibit s the growth of

neural axon after brain injury.#8 Schnaar, Paulson and eworkers showed
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that glycanbased inhibitors could reversethe action of MAG and enhance the
regeneration of axon in cell culture modd of rat cerebellar granule
neurons4® Based onthe concept of fragment linking, Emstd O Chas O D
successfullydesignednovel MAGinhibitor with nanomolar binding affinity .50

They started with glycan mimic1 with low binding affinity (Kpo= 137nM,LE

second-site fragment was
detected by decrease in

(0] NMR intensity caused by
the unpaired electron
spin-label glycan mimic 2
H OHOH COONa  glycan mimic 1 NO,
5 Kp =137 uM 74
0 AcHN 0 OCH; LE=0.17 Second-site
HO ﬁ fragment
Fragment Linking
H  OH NO2
N COONa
OH Inhibitor 3
A o™
HO N =N -

NH
Figure 1-7. Design of MAG inhibitor with fragment linking.

= 0.17) to the glycansite of MAG (Figure 1-7). Next, they identified the
secondsite fragments by spin label enhancedMR sceening®152 using a
glycan mimic, 2, that carried a paramagnetic moiety with an unpaired
electron (Figure 1-7). The secondsite fragment expeiences a paramagnetic

relaxation effectif, and only if, both fragment and glycanmimic 2 are bound

17



simultaneously to thar protein target. An NMR screenof 80 different
fragments led to the identification of 5-nitroindole as the most promising
secondsite fragment. To join glycan mimic 1 and 5-nitroindole together, a
productive linker was identified through in-situ click chemistry,53 using MAG
as the template for catalyzing the click reaction between an alkynyl
derivative of 1 and an azide derivative of 5nitroindole. The resulting
conjugate 3, exhibited potent binding to MAG with a Kp value of 190 nM(LE
= 0.18), which represents ~720-fold increase in affinity relative to glycan

mimic 1 (Kp=137nM, LE = 0.17.

ACHN léﬁg sialyl LewisX 4
HO OH AcHN "OH |c_'_ 1 mm
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OBz \A)Q/ \_\
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FRorey \
OH OH 0
R/ on Compound 6
OH Kp =30 nM

HO LE =0.14

Figure 1-8. Design of Eselectin inhibitor with fragment linking.
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Two different groups showed that blocking E-selectin holds promise
for the treatment of inflammatory-related diseasé3 using Rivipansel or the
inhibition of cancer metastasis using anti-E-selectin antibody>* The
physiological glycanligand for E-selectin, sialyl LewisX(4) is too polar and
not potent enough to be a usefubral drug (ICso ® p , Figure 1-8). The
Ernst group has deployed FBLD to design Eselectin inhibitors with
nanomolar potency55 Sialyl Lewist mimic 5 (Kp = 1.45 nM, LE =0.16) of
similar sizeto 4, was chosenas the starting point(Figure 1-8). Usng an NMR
screen similar to that used in the design of MAG inhibitors the team
identified the sameb5-nitroindole moiety as the optimal seconeksite fragment.
However, attempts to designa suitable linker by in situ click chemistry was
not successfuk> The reasons could be the flabinding site of Eselectin,
which did not drive the alkyne and azidegroups sufficiently into their
optimal orientations for acceleration ofthe click chemistry5> Furthermore,
the issue is aggravated by the low concentration ahe ternary complex,
which must be formed between the low micro- and milli-molar affinities of
both fragments and Eselectin55 Consequently, theyresorted to the synthesis
and activity saeening of a library of 20 compounds containing linkers of
various length. The screen identified compound 6 as the most potent
antagonist for Eselectin with a Kp value of 30 nM (LE = 0.14) This value
represents an ~48-fold improved affinity relative to the starting
glycomimetic fragment 5 (Ko = 1.45 nM, Figure 1-8). The prolonged

association and dissociation phase observed for compound6 using SPR
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spectroscopysuggested that an induced fiand conformational changeof the

protein might occur during the binding event. This successful example of

designing nanomolar inhibtor s for E-selectin demonstrated the potential use

of FBLD for other glycarbinding proteins, although the identification of an

optimal linker is still a challenging process
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Figure 1-9. Design of Sigled inhibitor with in silicofragment growing.

Previously, liposomes decorated with Siglec1-targeting glycan7 (ICso

= 4.8nM, Figure 19) was employed for antigen delivery to macrophage in

vitro 56 However, these liposomes werenot selective enough forin vivo

targeting possibly due to the crossreactivity with Siglec-G which is

expressed on other cellse.g, dendritic cells and B cell$62 AAAT O Uh

group has successfully developed a more paté and selective Sigledl

agonist by adopting the fragmemgrowing approach3’ Based on theco-
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crystal structure of glycan7 and Sigleel, they conducted a virtual screeimg
of alibrary (~8400 compounds) to identify promising fragments that might
bind to the putative hotspot occupied by the biphenyl substituent of7
(Figure 1-9). Ain silico docking experiment identified six compounds. The
synthesis and subsequent validation by a competitive inhibition assay
identified bivalent ligand 8 as the most potent leadwvith an I1Cso value of 380
nM. This value representsa 13-fold increase in potency compared tothe
previous glycan7 (ICso = 4.8M) and an impressive 3,400-fold improvement
relative to the natural trisaccharide glycan (IGo = 1300 M, Figure 1-9). The
result could be explained by the improved shape complemeatity between
the ligand and Sigleel, and additional contacts provided by the newly
identified fragment. Using liposomes decorated with agonist8, the0 AO1 0T 1 8 O
group demonstrated selective targeting anddelivery of antigen to Sigleel*
macrophagesin a mouse model® The liposomestriggered the activation of
invariant natural killer T cells, which recognizedthe antigens presented on

the macrophagess

1.4 High-throughput FBLD

FBLD revolutionized lead discovery and providedan alternative to
conventional high-throughput screening. However,there remainsan unmet
need for simpler, less expensive, andmore efficient routes to identify
superior lead compounds A new method that can overcome thdimitations

of FBLD should include: (i) a sensitive system for the discrimination of
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weakly binding fragmentsfrom false positive due to artifacts;>° (ii) a higher-
throughput method for screening oflarge libraries and the identification of
hits; (iii) aranking systemthat can prioritize the hits and determine a short-
list of hits for downstream validation; and (iv) a powerful screen and a
tailored library for identification of both fragments andits optimal linker in
one screen The last demand is particularly challenging, yet important.
Stivers and ceworkers has showedthat even linkers of similar length can
exhibit differences in conformational strain and flexibility , which can bring
up to 3.2 kcal mot! in entropic penalty during binding. At room temperature,
this energetic penalty corresponds to-2 order s of magnitudeincrease in the

dissociation constant Kp).6°

1.4.1 Chemotype evolution

Several emerging technologies have the potential to addressthe
issues mentioned aboveyet still adhere tothe principles of FBLD.The first
approach is chemotype evolutionpioneered by Erlanson and Hansenat
Carmot Therapeuticst? This technology allows rapid,iterative screeningof a
target-oriented library using amultiwe ll-plate-basedassayto identify more
potent hits. The technology is akin to higkthroughput screening but the
library is generated in a unique way (Figure 1-10). An anchor fragment, or
O A A $eQds as a starting point ands covalently linked to 7500fragments to
generate a twacomponent library. The complete library of 7500 membersis
proprietary but the chemistry to covalently I ET E O Evith frAghAnEi© 6
shown in Figure 1-10. Once the library was assembled, it can be screened

22



directly without any purification .4 E A GtAnkdht@id any known inhibitor ,

substrate, cofactor or peptide binder for the target of interest During the

T A L s oA =

site adjacent to the binding site of theaitd The resulting hits can serve as
new bait for evolution through another round of screening. Up to 14,000
novel compounds containing two different baits, can be generatedn parallel
and screened per target per month.Furthermore, hits emerging from
screening the two-component library in the presence of linker partially
addresA O OEA Ol ET E EFBCD. Thé tkam Had @ubloyedi ths
technology to identify nanomolar inhibitors for kinase and proteinprotein

interactions after minor optimization of the linker.
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Figure 1-10. Chemotype evolution. N
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bridging.
1.4.2 DNA-encoded chemical library
Another innovative technology that could be potentially applied for

FBLDis DNA-encoded chemical librarydevelopedby the research groups of
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Harbury 82 Liu,63 and Neri4 independently in the early 207t 15.0Today, each
technology has been validated in multiple peerreviewed publications;
furthermore, several different variations have emerged from biotech
companies®66 such as Ensembl& herapeutics, Philochem,and Vipergen. For
more comprehensive coverage, | recommend a recent revieW. The
technologies differin library synthesis®” but the subsequentscreenuses the
same approach:affinity -based selectionof DNAtagged ligandsfollowed by
DNA sequencing fotthe identification of the structure of the hits. The major
advantageof this technology is the diversity of the library (>10%), which is
several orders of magnitude larger than conventional fragment library
(~102z104). Another advantageof DNAencoded screeimg is the potential to
identify the hits even fromminute quantities of ligands (e.g, femtomolar of
ead library member) using small amount ofproteins (e.g, few micrograms).
In theory, 50% of library members with Kp = 1 M would be captured bythe
protein present at 1 mM concentration, which translates to 10 ng/mL of
protein with 10 kDa in size.Therefore, the technologyis highly sensitive and
high-throughput. Recent advance in the encoding strategydemonstrated by
Neri and Scheuermannhas allowed fragment pairs to be paired up and

selected for synergistic bindingf® suggestingits potential usein FBLDS?

1.4.3 Fragment-based display technology
In recent years, he union of display technologieswith the conceptsof
FBLD has emerged®-77 Historically, libraries displayed on phage or mRNA

are limited to natural amino acids. Advances in bio-conjugation’® and site-
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specific incorporation of unnatural amino acid$® make it possible to
introduce small molecules or fragments onto these peptide libraries.8081 As a
result, fragment-based display technologiemerge the idea of FBLD with
phage or mRNAdisplayed libraries. For example, he pioneering work of
Roberts ard co-workers in 2003 demonstrated thatmRNAdisplayed peptide
library can becovalently modified with penicillin.”0 Screening of this library
against penicillin-binding protein has identified penicillin -peptide conjugates

with inhibitor y activity ~100 -fold better than that ofthe penicillin itself.”0

Another example isthe selection ofbivalent kinase inhibitors from a
phagedisplayed peptide library displaying a known kinase inhibitor
(staurosporine).’2 Interestingly, even non-covalent tethering mediated by
coiled-coil interaction allowed for the identification of cyclic peptide
fragments that enhanced the binding of staurosporineThe authors observed
that the peptide fragment binds to an unknown second sitelo validate the
hit, the authors designed a 30 A linker to join the cyclic peptide and
staurosporine together. The resulting bivalent inhibitor (ICso = 2.6 nM)
exhibited 90-fold improved affinity relative to staurosporine (IGo = 243 nM)

and at least5-fold selectivity across a panel 080 kinasess?

Peptide-based fragments poseseveral issues such aspoor cell
membrane permeability, limited routes for administration, low enzymatic
stability, and short plasma ralf-life. However, | anticipate that fragment-
based display technologycould be ahighly efficient and empirical tool for

ot spotd mapping. The hits emanating from such screen could be further
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optimized to improve their pharmacokinetic properties. Innovation and new
strategies for improving the pharmacokinetic properties of peptide lead are
emerging continuously83-85 These strategies include stapling of peptides,s6
macrocyclization of peptides8” the use of unnatural amino acid and N-
methylation of amide nitrogens.88-9 For the past three decades, the numbers
of peptide drugs entering clinical studieshave grown exponentially.83 This
trend capitalizes onseveral favorable properties of peptides, such agheir
higher selectivity for the target, predictable metabolism and lower toxicity,
shorter time to market, and much higher succesgates (14%) of transitioning

from clinical stagesto final drugs as opposedo small molecules (7%).84

1.5 Thesis overview

In Chapter 1, | have describedhe motivation of my researchand the
main objectives of the thesis. | discussd the biological significance of
targeting glycanprotein interactions and identified the challenges. Then, |
briefly described the general strategies to tacklethese problems using
fragment-based lead discovery for targets like glycanbinding proteins
(GBPs) The design principles behind andrecent examples of GBPs inhibitas
derived from this approach were discussed Finally, |1 revewed several
emerging technologies that hold promise forimproving the fragment-based

approach, which make it simpler, more efficient and higher-throughput.

In Chapter 2, | present my work that describes a strategy for

conjugation of carbohydrates to linear peptide libraries displayed on M13
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phage. ldescribe the challenges in characterizing the reaction yield of on
phage reaction and demonstratd, for the first time, a quantitative
characterization method. The facile characterization allowedme to optimize
the on-phage reaction and for the first time, generate a library of

glycopeptideswith 108 diversity encoded byphage.

In Chapter 3 | demonstrate the first application of fragment-based
display technology for glycan-binding protein. The library generated in
Chapter 2 made it possible to discover fghly potent and selective hitsfor a
model glycanbinding protein. My coworkers and | validated that the
carbohydrate fragment binds at the expected site.Interestingly, peptide
fragments bind to a previously unknown satellite site and this binding
contributes substantial enthalpic gairs. This observation demonstrates the
potential of OEA OAAET 1 1 OBUO&El OABEEHIDQL the
changes inthe linker connecting the carbohydrate and peptide fragment
after the screen have a pronounced effect on their binding affinity,

confirming a critical role of linker during the selection process

Chapter 4 describes thesecond application of he technology for a
therapeutically relevant target (DGSIGN) Starting from a mannose fragment,
| found inhibitors of moderately better potency than the mannose itself
Although the leads werenot attractive for further development, | proposed
structural reasons for theunsuccessful screerand outlined future directions

for its improvement.
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Chapter 5focuses onthe design of macrocyclic glycopeptide library
displayed onM13 phage The library consists ofmacrocyclic peptideswith a
ketone functionality that can be used taattach any smalkmolecule fragment
through oxime ligation. | will describe the modification on model peptide and
phage libraries. Then, | will present specific examples of makinga
macrocyclic glycopeptide library displayed on phage.Finally, | will describe

an initial screening of these libraries withGBPs

Lastly, in Chapter 6,1 will summarize my works. | will discuss he
major limitations of the technology and outline future directions and

proposals for the improvement of this technology.
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Chapter 2: Quantitative synthesis of genetically
encoded glycopeptide libraries d isplayed on M13
phage

2.1 Introduction

Biological encoding of information allows handling librariesof large
diversity. Unlike chemically synthesized libraries, libraries of peptides
encoded by DNA or RNA can be ampli#d from a single copy and optimized
using directed evolution.Phage display is the most common strategy for the
discovery of functional peptides from genetically encoded librarie$1.92 The
technology has been thesource of numerous FDAapproved drugs and drug
candidates in clinical trials?® Expanding the useof phage to display and
encode molecules other than naturapolypeptides makes it possible to select
and evolve moleculeswith properties not found in peptides.’0.949 Chemical
modification of phagedisplayed peptide libraries is one of thesimplest
approaches to encode nomatural moieties 697 The identity of the products
could be deciphered from phage DNAhat encodes the starting material
(peptide), only if the modification is regioselective and quantitative®?.98 Such
an approach to building diversity is ubiquitous in nature:organisms from all
kingdoms of life use postiranslational modifications to diversify the
structure of genetically encoded polypeptide libraries?® Several recent
reports have highlighted thepower of chemically modified phagedisplayed

libraries.96.97
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The broad utility of this approach, howe\er, is plagued by a lack of
techniques that can be used to characterize chemicahodifications on
mixtures of 10° phagedisplayed peptidest® In this chapter, Ideveloped a
characterization technique thataddresses his deficiency. To demonstrate its
utility, 1 perform quantitative and regioselective modiftation of
commercially available phagedisplay libraries, in as short as 1.5 h, to
generatea library of 23 108 glycosylated peptides; each of them iattached
to an information carrier. Furthermore, chemical modification had minimal
interference on phage infectivity;modified libraries, thus, could be amplikd

and applied toaffinity selection just like any other phagedisplayed library.

For the generation of chemically modified libraries, M13 phage
display has several advantages over the display peptides on yeast cell&0
I O O BNARAALL102 The chemical composition of M13 proteins is
simpler than that of acell surface, and the growth of M13 phage libraries i&.
coli culture is simpler than the generation of DNA/RNAdisplayed libraries.
Additionally, several M13 phagedisplayed libraries are available from
commercial vendors. Previous attempts togenerate chemically modifed
libraries used engineered M13phage that contained unnatural amino acids
(UAA) such as selenocysteiné03.104 and p-azidophenylalaninel0s Thiol
handles were also used to introduce modittation in Cysfree M13 phage?
Unfortunately, neither UAAcontaining libraries nor libraries on Cysfree
M13 are ommercially available. Thesdibraries require significant genetic
engineering of phage, whicltompromises their growth rates; the decrease in
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amplification rate, in turn, can be detrimental for the selection proces¥8 We
bypassed EA Al i DI AGEOU AOOT AMIA fhAgk and BUE
libraries starting from commercially available libraries, such as Ph.B7, a
library of <13 10° random heptapeptides dsplayed on M13KE phage. Our
strategy employs N-terminal Ser and Thr residues, which upon oxidative
cleavage by Nal® yield bio-orthogonal aldehyde handles®” These N-
terminal amino acids are absent from native M13%roteins but can be found

at 20z30% abundance in randonmpeptide libraries.108

2.2 Results and discussion

2.2.1 Challenges for characterization of on -phage reactions

Modification of phagedisplayed peptide libraries is a reaction that is
performed on 1 molecules simultaneously. Because the plll protein is
displayed on phage at a low copy number, each molecule is present in small
amounts. MALDI and other MS techniques, which are often used to
characterize chemicalmodification on viral coat proteins pregnt in high
copy number109 fail to detect plll, which constitutes less than 1% (w/w) of
M13 virion. Heinis and ceworkers used MALDI to monitor reactions on
recombinant purified plll subunit,® but the efficiency of the reaction cannot
be validated in the context of intact M13virion or an entire library of 10°
peptides. To date, the only characterization methods that could assess
reactions on phage, or libraries of phage, was reped in a patent by Winter

and coworkers. The athors used Western blot and florescent
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densitometry analysis of plll, isolated from M13 virion using SDBAGELO |
found this technique difficult to adapt because it consumed over 10
particles of phage, required complete removal of labeling reagents, and in
our hands was not reproducible Appendix A1). Most importantly, neither
MS nor SDSPAGEbased methods can allow determination of yieldwith

sufficient accuracy!10

2.2.2 Method for characterization of on -phage reactions

To quantify reactions on clonal phage and libraries of phage, |
developed a straightforward and sensitive assay, which capitalized on the
ability of individual phage to generate plaques in agar overlayd1112 |
distinguished individually modified and non-modified phage particles using a
capture reagent, here aminooxybiotin (AOB), which underwent covalent
ligation with aldehydes displayed on phage particles. Upon incubation with
streptavidin (SA)-coated magnetic beads, biotiplated clones were captured.
The remaining nonbiotinylated clones were quantified as plaque forming
units (PFUs). The ratio of PFUs before and after capture thus quardii the
yield of the modification (Figure 2-1A). | have validated the assay and
demondrated that non-specific binding of phage to the beads was negligible
(Figure 2-1B). | routinely captured and quantified phage particles present at
105 PFU mI™ (<200 aM). This assay was reliable for detection of phage with

concentration as low as 16 PFU ml* (Figure 2-10).
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Figure 2-1. Biotin-capture assay.

(A) To quantify the biotinylated phage, the titer of clones in the supernatant
was determined before and after capture. The titers were used to derive the
percentage of capture or modificationyield. (B) To validate the pulkdown
assay,a positive control was prepared by reacting SVEK phage with biotin
NHS ester. Capture of the biotinylated phage was quantitative (99.99%) but
the non-biotinylated WT phage, present in the same solution, was not
captured. Blocking of the binding site on streptavidin with excess of biotin (1
mM) inhibited the capture. Both controls demonstrated the specificity of the
capture. The data is an average from three independent experiments. The
error bar is equal to one sandard deviation. (Q The assay allowed capture
and quantification of phage as low as FPFUmL-1 (~2 attomolar).

2.2.3 Selectivity of the reactions and their optimizations

To prove that reactions occurred only at the dsired location on the
phage, Iperformed all reactions in a mixture of two phage clones: (i) phage
displaying a 16residue peptide on plll protein with Ser at its N-terminus
(SVEK phage) and (ii) wildtype phage (WT phage) displaying amN-terminal
Ala on plll that lacks the extra 16éresidue peptide but is otherwise identical
in amino acid composition to SVEK phage. The SVEK phageries alacZ

reporter gene and forms blue plaque in a bacterial lawn on an IPTG/Xgal
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plate, whereas WT phage forms clear plaquender these conditions. A

simple OAT OA T scke&n®Atlfus quantified the regioselectivity of the

reaction.
A z HO\. H H Biotin
o : o : NalO, Biotin-ONH, |
NH, NH, —_— 0 0 —_— 0 \N‘O
5min, 4 °C
o (O A #eaniine AR
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Figure 2-2. Profiling of the optimal conditions for oxidation and oxime
ligation.

(A) Scheme of reactions and quantification of biotinylated phage with
plaque-forming assay. Oxidation was quenched Yo 1 mM N-acetylDL-
methionine. (B, O Effects of Nal@ and AOB concentration, duration of
ligation, pH, and catalyst have on the yields afpture (B) and phage viability
(C). Data is an average of the three biotheapture assays; error bars are one
SD (*cenotes p < 0.05, as determined by twail unequal variance Student

test).
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Reaction of SVEK phage with AOB was undetectable in the absence of
oxidation but occurred after NalQ treatment (Figure 2-2B). When a mixture
of SVEK and WT phage were both exposéal NalQ, and AOB, WT phage was
not modified to any appreciable level (Figures 22B). These results
unambiguously sowed that only phage bearingN-terminal Ser can react
with NalO4 and participate in the two-step reaction. The availabily of rapid
and simple quantification made it possible to screen seven orthogonal
parameters to maximize the yield of the reaction and the viability of phage.
These parameters included the concentration of Nalkland aminooxy-biotin
(AOB), the duration of oxidation and ligatim, and the role of pH, catalyst, and
concentration of phage (Figures 22). The use of aniline as a catalyst.115
and performing the reaction inacidic buffer (pH 4.7) greatly enhanced the
rate of oxime ligation and led to 74% capture in 1 h. In contrast, lesfdn
30% of the phage was modiftd even after 18h of incubation in neutral
buffer (pH 7.4). Increasing the concentration of NalDAAUT T A Mpvastt ¢
detrimental to phage vability (Figure 2-2C). AOB concentration of 1 mM was
optimal; higher concentrations resulted in a marginal increase in reaction
yield and a significant decrease in viability (Figure 22C). The use of an
appropriate quencher was critical to ensure that uneacted NalQ did not
interfere with oxime formation. Thiol-based quenchers improved the capture
by >25% when compared toa sulfide quencher, such asN-acetyl-DL-
methionine (Figure 2-3). In most reactions, lused glutathione (GSH) as the

guencher due to itsminimal interference with phage viability.
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Figure 2-3. Optimization of the conditions for in-situ quenching of the
oxidation reaction.

Following oxidation, quenchand AOB ligation, the number of modified phage
was quantified using biotin-capture assay.The value is an average of at least
two independent experiments performed on different days. Error bag are
equal to one standard deviation. Abbreviation: AcMet =N-acetyl-DL-
methionine; MBT = 4methoxybenzenethiol;, GSH = glutathione; DTT =
dithiothreitol .
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Figure 2-4. Profiling of the kinetics of oxidation.

(A) Oxidation was performed on a mixture of SVEK and WT phage and
guenched bythe addition of 500 "M 4-methoxybenzenethiol (MBT); aa =
anilinium acetate buffer (pH = 4.7). B) The optimal [NalQ] and reaction
time that maximize the yield and viability are 60nmiM and 5 min. C) Varying
phage concentrations did not affect the reaction kinetics. The results asn
average of at least two independent experiments; error bars are or&eD

The vyield of captue increased with increasing concentration of
oxidant or reaction time (Figure 2-4B); however, increasing oth parameters

had a negative efect on phage viability. Taking all the above factors into
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consideration, larrived at an optimal condition that maximzed both capture
and phage viability, and reproducibly yielded modification of 86 = 3% of
phACAd j EQ v | EMNAGaK TGP mid huenghing with
v 1t T™M GSH; followed by (iii) 1 h incubation with 1 mM AOBModifications
of phage with reagents present in large excess compared tohage should
exhibit pseudo-first-order kinetics. The efficiency of such reaction should be
independent of the concentration of phage. Indeed, the optimal condition
gave similar capture across 10ML02 PFU ml" of phage (Figure2-4C). We
note that, at 10 PFU ml*, the concentration of phage is<20 fM and
guantification of reaction efficiency using any other method would be

impossible.

2.2.4 Relationship of capture yield and reaction yield

The reactions on phageD E A O T dyfiles oftie plll protein could
yield phage with 0, 1, 2, 3, 4, or 5 biotins @®Bs). If the reactions on plll are
independent, binomial statistics links reaction yields on individual plll with
Bo (i.e, noncaptured phage with O biotin) (Figure 2-5A) and vyields an
equation that could be used to derivaghe rate constants k) from the biotin-
capture (Figure 2-5B). We observed agreement ofk among reactions
performed on phage (Figure2-5C), on model peptides (Figure2-5D), and on
similar reactants reported in the literature.l1> For example, k of aniline-
catalyzed oxime ligations were 3.3 + 0.5 M s" (phage), 7.8 2.3 M1 g1
(peptide), and 8.6 +2.0 M1 sM (literature), whereas k of non-catalyzed

ligations were 0.018 + 0.005 M1 s™ (phage) and 0.020 +0.001 M1 sM
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(literature). 115 In all studies, the reactions on phage saturated at90%
capture (Bo = 10%). From B, binomial statistics estimdes that the phage
AT T OAET AA p Mo ed peptiied(Bigure 25E)i Theé\ éaldition of
the percentyield of the modified peptides depends on the number of plll
proteins (37% assuming N = 5 and 54% for N = 3). Furthermore, plll-
displayed peptides cold be subjected to proteolysisié Asthe oxidation and
oxime ligations proceed to >90% conversion on SVEKY peptide (Figuge
5D), the low apparent yields on phage could indicate that phage contains

I 1T 1 3repctie sites (peptides).
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Figure 2-5. Reaction on multiple copies of plll protén and the kinetics

(A) Binomial distribution of biotin -free phage (B) and phage that can be
captured (Pcap). (B) Derivation of the rate of formation ofPcap from binomial
distribution and pseudo-first-order kinetics. (Q Fit of equation B to capture
data yielded the rate constants Ki, k2) for oxidation, aniline-catalyzed
ligation (pH 4.7), and noncatalyzed ligation (NaOAc buffer, pH 4.5) on phage
(D) Rate constants of reactions on peptide as monitored by HPLC, were
similar to those in panel C Kinetics contains data from 23 independent
experiments, k are reported as average and 95% confidence range of the fit.
(B) In the population where B = 10%, phage contains 1, 2, or 3 copies of
AOBmodified peptides. The yield of modification could be estimated only if
the maximum number of reactive sites Klmax) is known.

2.2.5 Synthesis of glycopeptide on monoclonal phage
The pull-down assay can quanfy both the appearance of aldehydes

as a result of oxidation and their disappearanceue® to oxime ligation (Figure
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2-6A). We observed that the capture yield did not change when the AOB
labeled phage was incubaté with methoxylamine (Figure 26B). This restit
suggested that the oxime linkage was thermodynamically stable under the
reaction conditions, and a phage reacted with AOB does not react further
with any other aminooxy reagent. This observation was further confirmed by
analogous reactions performed ona tetrapeptide (H:N-SVEKCQH) and
verification of the products by ESIMS (Appendix A2). Building on this
observation, we could quantify modification of phage with any molecule that
carries a functional group that reacts irreversibly with an aldehyde. For
example, if oxidized phage is first exposed to methoxylamine, subsequent
exposure to AOB quantifies the amount of unreacted aldehydes. The ligation
yield of methoxylamine «85%) was calculated as the difference of yields
between reaction 1 and 2 (Figure #B). Similarly, | have quantified the
ligation vyield of oxidized phage with 2(aminooxy)ethyl a-D-
mannopyranoside (AOMan) to be<80% (Figure 2-6B). We note that, because
a single modification with biotin is sufficient for phage capture, the followup
reaction using AOB thus quantified the number of phage that contained no
unreacted aldehyde in any of the five copies of plll. To ensure that phages
were stable for the duraion of the selection process, lemonstrated that the
oxime linkage was stable for aleast six days when phages were stored in

neutral solution at 4 °C Appendix A3).
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Figure 2-6. Quantification of glycopeptideformation on monoclonal phage or
phage library.

(A) Changing the order of addition of reagents quantified the coupling yield
of methoxylamine or AOMan with oxidized phage. (BCoupling yields were
determined by subtracting the yield of reaction 2 or 4 fromthe yield of
reaction 1 or 3. (G A similar strategy was used to quantify the efficiency of
reaction on Ph.D-7 library. In panels B and Cthe value is an average of at
least two independent experiments run on different days; error bars are one
SD.

2.2.6 Synthesis of glycopeptide libraries

The biotin-capture assay allowed, for the fist time, accurate vyield
determination of reactions on 1@ diverse peptides present at subnanomolar
concentration. | observed that 26% of the clones in the phage library (Ph.D.
7) could be oxidized and reacted with AOB (Figer2-6C). The observed value
is similar to the fraction of N-terminal Ser and Thr present in the library as
determined by deep sequencing® Eventually, |demonstrated the synthesis
of a library of glycopeptides with a simple carbohydrate epitope (.g,
mannose, Figure 2-6C). We envision that a phagalisplayed library of

glycopeptides could accelerate the discovery of highffinity ligands for
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carbohydrate-binding proteins (e.g, lectins). These proteins regulate
pathogen invasion, immune response, and cancer development, but potent
inhibitors for lectins are scarce due to the low affiity of | A A éabohitirate
interaction. Hybrid ligands (i.e, glycopeptides) could potentially bind to the
carbohydrate-binding site and adjacent sites in a synergistic fashio¥’.118
We believe that the availability of a large, genetically traceable library of
glycopeptides will aid in the selection of optimal side chains of the secondary

binding ligand as well as the optimal spacing anfilexibility of the linker.

2.3 Conclusion

Characterization of reaction effciencies is a cornerstone of chemical
synthesis. Generation of genetically encoded libraries of pgge derivatives
through modification of phage libraries hinges on quantitative corersion of
all reactive peptides in the library. Although strategies for modifying phage
libraries were proposed many years agé839 lack of simple and quantitative
characterization tools remains one of the roadblocks to the development of
this technology. Reactions applied to an entire phage library have typically
been optimized using one sequence with the assumption that all peptides
with reactive groups react similarly. In practice, variations in structural,
electrostatic, and steric factors in the drerse peptides inevitably infuence
the efficiency of any reaction. For example, generating a library gieptides
with N-terminal Serll® does not guarantee 100%modification because Ser

Pro sequences within this library could undergo rapid cychation after
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oxidation to glyxoylyl-Pro.120 This selfreactivity precludes the ligation with
O-alkyl hydroxylamines. On the other hand, we demonstrated that AOB
tagged a subpopulation of 2.5% 108 reactive peptides within the random
library of 10° peptides (Figure 2-6C). Biotin tagging thus could complement
genetic engineering by marking the reactive clones within libraries. If
necessary, the AOBagged phage clones codlbe isolated and reamplifed to
yield a sublibrary that form an oxime quantitatively. The library of 10
peptides containing an aldehyde functionality, which was produced within
30 min in >90% vyield, could be readily derivatized using any glycan
containing an aminooxy functional groupt?? Moreover, an aldehyde
containing library is a rich starting point for a wide variety of reactions, such
as Wittig reactions, that proceed withhigh efficiency in water and tolerate a
range of functionalities192 As a result, one commercially available phage
library could provide multiple opportunities for the generation of novel
genetically encoded libraries of peptide devatives. We believe that the
methodology described herein will render the synthesiof custom chemically
modified phage libraries accessible to a broad range of chemical biology

researchers in academic and industrial laboratories.
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2.4 Experimental procedures

2.4.1 Materials and general information

The M13KE vector encoding SVEK phage with the sequence of
SVEKNDQKTYH&GGSIII was a generous gift from Beth Paschal at New
England Bolabs (NEB). The vector was transformed into chemically
competent E. colito produce the corresponding phage; for transformation,
amplification, PFU assays and other general phage methods ga®tocols
and manuals at the phage display section atww.neb.com Insert-free WT
phage was isolatedand sub-cloned from clear plaques, which appear in a
Pl DOI AGET T 1 AladZht) librArg) afer sdvEiré Aolndsj of bulk
amplification of phage library. BigDye® DNA sequenco was performed to
confirm that WT phage has an alanine oN-OA O ET1 OO0 1T £ B)-) ) bHOI OAE
7 library (lot # 0061101) was purchased from NEBII other chemicals for
synthesis were purchased from Sigm#&ldrich, TCI, and Acros and used
without purificati on. Fluorescein5-thiosemicarbazide (FTSC) was purchased
from GenoLite Biotek. Aminooxybiotin was purchased from Invitrogen and
Cayman Chemical. PBS contains 10 mM sodium phosphate dibasic, 2 mM
potassium phosphate monobasic, 137 mM sodium chloride and 72.mM

potassium chloride with pH of 7.4 after preparation.

2.4.2 Quantification of on -phage reactions
The following is a representative procedure (other conditions can be

A 0T A ET OEA EZECOOA 1 ACAT AOQs ' [T E@AA O110
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1011 PFU mL.™ in PBS, pH 7.4) was oxidized with Nakd AAA p ., T & ¢ |1 -
ddHy Q@ &£ 0 v [T ET 11 EAA ET OEA AAOE AT A NOAI
of 50 mM in ddHO) for 10 min at room temperature (RT). Treatment with

aminooxy reagent (add 101t , 1T &£ ¢ |- ET OOAOEI A ¢nm 1 - A
pH 4.7) for 1 h at RT yielded the corresponding biotinylated peptide or

glycopeptide. For reaction involved AOB, reaction mixture was diluted by

105-fold with binding buffer (PBS, 0.1% BSA) to quench the reaon and to

ensure that traces of the biotin reagent do not saturate the binding site of SA

AT AOCGAA 1T Aci AOGEA AAAAO8 4EA AEI OOAA PDPEACA
with SAAT AOAA 1T ACcT AGEA AAAAOG ju t,h "ETAITTA

t ™M) for 15 min at RTand captured on a magnetic separator. The phages in

the supernatant were quantified by plaqueforming assay. The yield of

reaction was determined as A MB)/ A 3 100%, where A and B are the titers

of phage before and after capture. Note: Phid.library should be dialyzed

(24 h, 4 °C, 10 K MWCO) against PBS (5 L, changed twice after 4 h interval)

prior to the reaction to remove the glycerol (storage buffer).

2.4.3 Synthesis of 2-(aminooxy)ethyl a-D-mannopyranoside
The aminooxy mannopyranoside5 (AOMan) used to generate the
glycopeptide library was made according toFigure 2-7. Detais of the

procedures aredescribed below
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(Ac)20 OAc AcO—, QAc

HO AcO @SH
HS&%&H _ byidine O ﬂ A(:AO &L\
AcO BF;° OEt, c

OH 0°C toRT, 4h STol

97% yield CH,Cl, 18h
69% yield
HO
\/\Br
NIS, AgOTf
0 CH,Cl, 0°C
20 min
N-OH 75% yield
HO—, ©OH AcO—. OAc ° AcO—. OAc
HO O _ NHaHO 08 0 N O A 0
HO -~ M0 o -~ AcO
HN.__~_.O EtOH, RT, 24h 0 o] NaHCO,, DMF O~
o 53% yield - 65 °C, ovemnight Br
75% vyield
5 4 3

Figure 2-7. Synthesis of 2(aminooxy)ethyl a-D-mannopyranoside

AcO OAc
AcO

OAc
1,2,3,4,6-Penta-O-acetyl-{ / b-D-mannopyranose (1)

Acetic anhydride (7.40 mL, 78.3 mmol) was added to a stirred solution of
mannose (2.00 g, 11.Inmol) in pyridine (20 mL) at 0 C. The mixture was
allowed to warm to room temperature and was stirred for an additional 4 h.
The mixture was then poured into ice water (ca. 100 mL) and extracted with
ethyl acetate (33 80 mL). The combined organic layers were washed with
saturated NaHC®solution (3 3 150 mL), 1 NHCI (33 80 mL), dried over
NaSQ, filtered, and concentratedn vacuoto yield compoundl (4.21 g, 97%
yield) as a mixture of anomers (7:1a/b): IH NMR (500 MHzCDC4) d = 6.08
(d, J= 1.8 Hz, 1 H), 5.35 5.33 (m, 2 H), 5.26 5.25 (m, 1 H), 4.27 (dd,)= 5.0,

12.5 Hz, 1 H), 4.09 (ddj= 2.5, 12.4 Hz, 1 H), 4.06 4.03 (m, 1 H), 2.17 (s, 3
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H), 2.16 (s, 3 H), 2.08 (s, 3 H), 2.04 (s, 3 H), 2.00 (s, 3%} NMR (126 MHz,
CDCY) d=170.7, 170.1, 169.8, 169.6, 168.2, 90.7, 70.7, 68.9, 68.5, 65.7, 62.2,
21.0, 20.9, 20.8, 20.8, 20;84RMS (ESI) calcd for6H22011Na [M+NaJm/z =

413.1054, found 413.1048(see Appendix A4 for NMR spectra)

AcO OAc
AcO -O
AcO
STol

4-Methylphenyl 2,3,4,6 -tetra -O-acetyl-1-thiol -| -D-mannopyranoside (2)

To a cold solution (4 C) of compoundl1l (1.78 g, 4.6 mmol) and 4
methylbenzenethiol (0.68 g, 5.5 mmol) in anhydrous Ci€bk (30 mL),
BR@E®L (0.67 mL, 5.5 mmol) was added dropwise. After stirring at room
temperature for overnight, the mixture was diluted with CHCk (60 mL),
washed with saturated NaHC@solution (2 3 100 mL) and brine (100 mL),
and dried over NaSQ. After removal of drying agent and solvent, the crude
product was further purified on silica gel (120 g) with a gradient of 630%
ethyl acetate in hexane using CombiFlash® Rf. Removal of solvent and drying
in vacuoyielded glycosyl donor2 as white solid (1.43 g, 69% vyield):1H NMR
(500 MHz,CDC}) d = 7.38- 7.35 (m, 2 H), 7.11 (ddJ= 0.6, 8.4 Hz, 2 H), 5.48
(t, J= 2.3 Hz, 1 H), 5.40 (dJ= 1.1 Hz, 1 H), 5.32 5.30 (M, 2 H), 4.56- 4.52
(m, 1 H), 4.28 (dd,J= 5.9, 12.3 Hz, 1 H), 4.09 (dd= 2.4, 2.3 Hz, 1 H), 2.31 (s,

3 H), 2.13 (s, 3 H), 2.06 (s, 3 H), 2.05 (s, 3 H), 2.00 (s, 31*0 NMR (126 MHz,
CDC}) d = 170.6, 170.0, 169.9, 169.8, 138.5, 132.7, 130.0, 128.9, 86.1, 71.0,

69.5, 69.5, 66.5, 62.6, 21.2, 20.9, 20.8, 20.8, 20HRMS (ESI) calcdor
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G1H260sSNa [M+Najm/z = 477.1190, found 477.1180(see Appendix A5

for NMR spectra)

AcO OAc
Aco;§ 'O:
AcO
Ov\Br
2-Bromoethyl 2,3,4,6 -tetra -O-acetyl-J -D-mannopyranoside (3)

To a mixture of glycosyl donor2 (1.29 g, 2.8 mmol) and Zbromoethanol (0.3
mL, 4.3 mmol) inanhydrous CHCk (28 mL) containing 4 A molecular siges,

| addedN-iodosuccinimide (0.83 g, 3.7 mmol) followed by silver triflate (0.07
g, 0.3 mmol). After stirring at 0 C for 20 min, TLC indicated complete
conversion of the reaction. The reaction was genched with a few drops of
triethylamine. The mixture was filtered through Celite and concentrated. The
residue was purified on silica gel (40 g)with a gradient of 0z50% ethyl
acetate in hexane using CombiFlash® Rf. Removal of solvent and drying
vacuo yielded compound 3 as white crystals (0.97 g, 75% yield)IH NMR
(500 MHz, CDG) d = 5.34 (dd,J= 3.5, 10.1 Hz, 1 H), 5.305.26 (m, 2 H), 4.86
(d, J= 1.8 Hz, 1 H), 4.26 (dd)= 5.9, 12.5 Hz, 1 H), 4.144.11 (m, 2 H), 3.97
(td, J= 6.3, 11.2 Hz, 1 H), 3.88 (tdi= 5.7, 11.2 Hz, 1 H), 3.51 (§= 6.1 Hz, 2
H), 2.15 (s, 3 H), 2.10 (s, 3 H), 2.04 (s, 3 H), 1.99 (s, 3B, NMR (126 MHz,
CDC4) d = 170.7, 170.1, 170.0, 169.9, 97.9, 69.6, 69.2, 69.1, 68.6, 66.2, 62.6,
29.7, 21.0, D.9, 20.8, 20.8HRMS (ESI) calcd for6H23BrOoNa [M+Na} m/z

=477.0367, found 477.0358, 479.034(Qsee Appendix A6 for NMR spectra)
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N-2-[2-[(2,3,4,6-tetra -O-acetyl -{ -D-mannopyranosyl)oxy]ethoxy] -

phthalimide (4)

N-Hydroxyphthalimide (0.46 g, 2.8mmol) was deprotonated with NaHC®
(0.31 g, 3.7 mmol) in DMF (10 mL) at 65C for 1 h. Compound (0.85 g, 1.9
mmol) was then added into the mixture. After stirring at 65 C for overnight,
the mixture was diluted with CHCb (70 mL), washed with saturatedNaHCQ
solution (3 3 50 mL) and brine (23 50 mL), and dried over NaSQ. The
mixture was filtered and the filtrate was concentrated. The residue was
purified on silica gel (80 g) with a gradient of 850% ethyl acetate in hexane
using CombiFlash® Rf. Remal of solvent and dryingin vacuo yielded
compound4 as white crystals (0.76 g, 75% yield)*H NMR (500 MHz, CDg)Il
d=7.86- 7.83 (m, 2 H), 7.78 7.73 (m, 2 H), 5.30 5.27 (m, 2 H), 5.22 (dd,)
=1.8,2.9 Hz, 1 H), 4.92 (d= 1.7 Hz, 1 H), 4.41 (1= 4.4 Hz, 2 H), 4.31 (ddl=
5.0, 12.3 Hz, 1 H), 4.19 (tddl= 2.5, 4.7, 7.1 Hz, 1 H), 4.14 (dd 2.1, 12.0 Hz,
1 H), 4.07- 4.03 (m, 1 H), 3.92 3.87 (m, 1 H), 2.15 (s, 3 H), 2.10 (s, 3 H),
2.04 (s, 3 H), 1.95 (s, 3 H}3C NMR (126 MHz, CD§Id = 170.9, 170.1, 169.9,
169.7, 163.5 £2), 134.7 ¢2), 128.9 £2), 123.9 ¢2), 98.3, 77.0, 69.5, 69.1,

68.8, 66.7, 66.2, 62.6, 21.0, 20.9, 20.9, 20.8iIRMS (ESI) calcd for
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G4H27NOwisNa [M+Nalm/z = 560.1375, found 560.1366(see Appendix A7

for NMR spectrg

HO OH
HO% 0
HO
O~ NH:
24 11 ET T 1T @U-ohdiopyranoside (5, AOMan)

To a solution of compound4 (0.25 g, 0.47 mmol) in ethanol (10 mL),
hydrazine hydrate (0.41 mL of 64% solution, 8.4 mmol) was added and
reaction was allowed to stir at room temperature overnight. The miture was
then filtered through Celite, rinsed with cold ethanol, and concentrated. The
residue was purified on silica gel (12 gwith a gradient of 0z25% methanol
in CHCk using CombiFlash® Rf. Removal of solvent and dryinig vacuo
yielded aminooxy-mannose 5 as paleyellow oil (0.06 g, 53% yield):1H NMR
(400 MHz, CROD)d = 4.79 (d,J= 1.8 Hz, 1 H), 3.90 3.84 (m, 2 H), 3.84
3.80 (m, 4 H), 3.73 3.68 (M, 2 H), 3.67 3.62 (m, 1 H), 3.60- 3.58 (M, 2 H)
13C NMR (101MHz, CROD)d = 101.7, 75.7, 74.672.5, 72.1, 68.6, 66.6, 62.9
HRMS (ESI) calcd for §8l1sNO; [M+H]*m/z = 240.1078, found 240.1073(see

Appendix A8 for NMR spectra)

It is important to note that acetone should be avoided during the synthesis
and work-up of AOManbecause the compoundapidly forms an oxime with

acetone.
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2.4.4 Synthesis of HoN-SVEK¥CONH (SVEKY)

LS { L,
< L QL

Rink amide resin (0.30 g, 0.71 mmol/g, 0.21 mmol) was weighed into a
polypropylene column (10 mL) equipped with a frit. The resin was swelled
with CH.Ck (4 mL) for 15 min and subsequently washed with DMF (4 mL).
The resin was deprotected with 20% (v/v) piperidine/DMF (4 mL) for 1 min,
and the deprotecting step was repeated again for 10 min. The resin was
washed with DMF (53 4 mL) to remove excess of reagents. Fmdgr(tBu)-
OH (0.39 g, 0.84 mmol, 4 eq.) and HBTU (0.32 g, 0.84 mmol, 4 eq.) was
dissolved in DMF (3 mL), and subsequently added into the resin. After adding
DIPEA (0.29 mL, 1.68 mmol, 8 eq.), the column was rocked for 30 min. After
removing the excess of reagents, ehresin was washed with DMF (4 4 mL).
The deprotection and coupling cycle were repeated with the procedures just
described above using the following amino acid derivatives: Fmelcys(Boc)
OH (0.39 g), Fmo&lu(GBu)-OH (0.36 g), Fmo¢/al-OH (0.29 g), and-moc
Ser(tBu)-OH (0.32 g). After the last coupling step\-terminal Fmoc-group
was removed by treatment of the resin with 20% (v/v) piperidine/DMF (1
mL) for 1 min, and the deprotecting step was repeated again for 10 min. The
resin was washed with DMF (2 4 mL), followed by CHCL (5 3 4 mL). The

peptide was cleaved by subjecting the resin to TFAAO/TIPS/phenol (4 mL,
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85/5/5/5 (viviviw)) for 2 h. After washing with TFA (1 ml), the combined
TFA solutions were concentrated to 1 mL under a steam of nitrogeand
added dropwise to cold diethyl ether (10 mL). The mixture was incubated on
ice for 30 min, centrifuged (2000 g, 5 min), and washed with cold diethyl
ether (33 10 mL) to yield the resulting peptide as white solid (64 mg, 49%
yield): 1H NMR (400 MHz, BO)d = 7.18 (d,J= 8.5 Hz, 2 H), 6.86 (d]= 8.5 Hz,
2 H), 4.60 (dd,J= 6.0, 9.2 Hz, 1 H), 4.37 (dd= 6.0, 8.6 Hz, 1 H), 4.29 4.18
(m, 3 H), 4.06- 3.93 (m, 2 H), 3.13 (ddJ= 6.0, 14.1 Hz, 1 H), 3.022.90 (m, 3
H), 2.51- 2.33 (m, 2 H), 2.15 2.04 (m, 1 H), 2.04 1.87 (m, 2 H), 1.76 1.59
(m, 4 H), 1.42- 1.22 (m, 2 H), 0.96 (tJ= 6.6 Hz, 6 H)3C NMR (101 MHz,
D0O)d = 176.9, 175.6, 173.1, 172.7, 167.8, 154.4, 130.6, 128.2, 117.8, 115.4,
60.3, 59.6, 54.5, 54.4, 53.5, 52.7, 39.1, 36.2,43(80.1, 29.8, 26.3, 21.9, 18.3,
17.7, HRMS (ESI) calcd for £HaN7Og [M-H]- m/z = 622.3206, found

622.3208.(see Appendix A9 for NMR spectra)
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Chapter 3: Genetically encoded fragment -based
discovery of glycopeptide ligands for carbohydrate -

binding p roteins

3.1 Introduction

Carbohydratezprotein interactions are central to a variety of normal
and pathological processes, including inflammation, cetb-cell adhesion,
metastasis, and recognition of pathogens by the immune system. Although
inhibition of some of these interactions would be therapeutically valuable,
the development of effective inhibitors for lectins is challenging due to the
synthetic complexity and usually low intrinsic affinity of the native
oligosaccharidest?2123  The generally shallow landscape of many
carbohydrate-binding sites and the lack of strong hydrophobic interactions
with the ligand results in fast offrates (ko). The interaction can be
reinforced by using a noncarbohydrate synergistic motif that can fill the
remaining space in the carbohydratebinding site or ocaipy area on the

protein surface adjacent to the principal binding site24-126

3.2 Hypothesis and objective

Partiall24-126 or completel27.128 replacement of glycan with simple
structural blocks has been successful in the discovery of lectin ligands for
therapeutic targets, such as £electn> and MAG° This replacement often

yields ligands with improved metabolic stability and pharmacokinetic
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properties for applications such as probing lectin functiori?® design of
therapeutics#130 and vaccinest30.131 Generally, these ligands are developed
through rational design, requiring multistep synthesis and complex chemical
manipulations.123 Genetic encoding of peptide libraries offers a Fofold
increase in the throughput and selection of active peptides that bind
lectins 132136 However, binding of peptides lacking a carbohydrate fragment
to lectins is often nonspecific, and these peptides often target non
carbohydrate-binding sites137 Selections that usethe peptide solely as a
linker, rather than as a recognition element, can yield peptides as a
multivalent scaffold for Man9 and yield glyceoligomers with avidity in the
sub-nanomolar rangel3® We pursued an approach in which we aim to
identify peptides that can serve as a moiety that synergizes with glycans in
binding to lectins (Figure 3-1), rather than acting as a neutral linker or
standalone recognition element. Indeed, synthetic conjugates of peptides and
carbohydrates are known to yield effective inhibitors of carbohydrate
protein interactions,139.140 but the throughput of synthesis of these ligands is
limited. Here, we employ genetically encoded fragmerttased discovery (GE
FBD) to identify peptide fragments (Figure 3-1) capable of forming a
synergistic interaction together with a glycan moiety by taking advantage of

the immense diversity of a genetically encoded peptide library{g.141
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iiiy H,NOCH,CH,0-Man (1 hr)
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}v m EO\N\J‘ interaction
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BSA ™ interactions
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m . unproductive
ConA interactions
ib.: @ —p

Figure 3-1. lllustration of generation of glycopeptide library and its
selection.

(A) Modification of phagedisplayed peptide library (3) yielded ManX7 (1).
(B) Libraries 1 (Man-X7), 2 (methyl-X7), and 3 (Ser-X7) were panned against
two targets (ConA or BSA) in parallel.

3.3 Results and discussion

3.3.1 Selection of glycopeptide libraries

The GEFBD procedure starts with the synthesis of a glycopeptide
presenting phage library with diversity of <108, via periodate oxidation of a
peptide library with fixed N-terminal serine residues, and subsequent
chemical modification of the resulting bioorthogonal aldehyde functionality
(Figure 3-1A).141 Next, lemployed deepsequencing® and multiple panning
controls to identify functional ligands, even after a single round of panning.
In the proof-of-concept experiment with the model lectin, concaavalin A

(ConA), Ipanned ana-mannopyranoside-oxime-terminated library (Man-Xz,
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1) against ConA and a control target (bovine serum albumin, BSA) (screehs
and B, Figure3-1B). In parallel,| panned control libraries terminated with O-
methyl-oxime (methyl-X7, 2) and an unmodified naive library @) against
ConA (screensCand D, Figure3-1B). The four combinations of the target and
the library? AzD? were incubated, rinsed, and processed on a 98ell plate,
each in &6 replicates. After panning, recovery of phage DNANd ion torrent

sequencing, lacquired <105 sequences per replicate Figure 3-2).

HO
Hi

A HO: H
R .0
N L e, 1. Nalo, (5 min) Oé %
@ o " 2. GSH (10 min) o\/\?
r; J 7 TOH R HooN Modification
4/ 3. H,NO-Man (1 hr) Hf % of library
& : ol ‘
Uif'—-—- (NNK), — Nh/\u o Dialysis
ctll © 7

naive library 3
(complexity: 3 = 10* pfu)

Incubation of modified Washing with plate washer
library with targets (20 times)

Elution and phage amplification Isolation of phage ssDNA

99 .

High-throughput PCR & purification,
o . DNA sequencing emulsion PCR
| -
seezt::ie enncohl?ﬂenl p-value Up to million of
q read sequences per run
SFYSTTSR 2852 0.022

SH 1285 0.
N R ATGCGATTACA.
) 0.007

9 0.002 ATTTGATTACA.

Figure 3-2. Overview of the workflow of phage selection

The entire ligand search could be accomplished within a week(A)
Modification of phage library and subsequent purificatbn by dialysis
required a day. (B Incubation of the modified library with targets on 96-well
plate (yellow, 2 h); washing of plate (red, 0.5 h); elution and phage
amplification (blue, 5 h); isolation of phage ssDNA (grey, 1 h); PCR of library
DNA with 15-barcoded primers, EGel purification and template preparation
T )il /1 A4i OAEA ¢ 3UOOAI j COAATR
0'-A 3UOOAI jiAcAiT 6An TTA AAuQs
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A DOAAt-10h @entified a set of 231 sequences that were
significantly (pS m8 mu q AT -0l8IA thélsBreeA ahair@BonA but not
against BSA (designated as se&/B in Figure 3-3A). In the A/B set, we
EAAT OEEEAA A xAAE OA&-B4).BAaddMQ Gatal frondtBeE6 j & ECOC
control sets A/C and A/D, and calculating the intersection of
(A/B) (A/C) (A/D), we reduced thenumber of hits from 231 to 86 (Figure
3-3B); these 86 hits shared a pronounced consensus motif: Man

[WYF]Y[SDEA] (Figure3-3C).Refer to Appendix Bl for sequences othe 86

hits.

A Definition of the set B Definition of the intersection

Ratio 2 5 & p-value < 0.05

4 | 231 peptides |
. I 100

PE Lo, . T |
2 ey, . s .
£, ’:'.'?5.'::" e - ! 33
% L5 SO SR
e b, e . _ .

1 I 2

5 6
ol !

0 4 16 64 256 1024 4096
<fraction in A>

<fraction in B> [HeleleRield (A/B)N (A/C) N (A/D)

C  Locofor set

Ratio =

Figure 3-3. Postselectionanalysis

(A) A volcano plot defined sequences from librand that were significantly

enriched in the ConA screen more than in the BSA screen. We abbreviate the

set of these sequences &/ B and defined the setsA/ Cand A/ D analogously.

(B) 86 sequences belong to &l OEOAA OAOO | OET OAOOGAAQEI T 6
motifs defined by LOGO in sed/ B and in the intersections with setsA/ Cand

A/ D.
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3.3.2 Validation of selected hits

Several ligands chosen from the pool of 86 hits, based on their
correlation to the consensus mtf (Figure 3-3C) and their rank of abundance
in screen A, were chemically synthesized and their activities evaluated by
several methods. All ligands were able to inhibit the binding of ConA to the
dextran-coated surface in a surface plasmon resonance (SPpectroscopic
assay and exhibited lower 16 values (1Izot t-qQ OEAdbp- | AOEUI
i ATTT DUOATT OEAA | - Aigukd 33). The manosaccharidet - h
was essential to the activity; the corresponding unmodified peptides did not
inhibit the binding of ConA b dextran (Figure 3-5A). Specific peptide
sequences were required for synergistic binding, as the affinities of
glycopeptides with randomly chosen sequences were indistinguishable from

those of MeMan Figure 3-5B).

1004

" ICqy (M)
m Man-FYSTTSR 344

—~ e Man-WYSVLSH 152

£ 604 Man-FYETLSP 14.2

< v Man-WYNSFGT 15.2

= = Man-YYHNPNA 16.1+04

g 407 + Man-FYDTIPD 10.90.2

= ® MeMan 1438+7.3

1E-4 1E-3 0.01 0.1 1 10

Concentration of inhibitor (mM)

Figure 3-4. SPRmhibition profiles of Man-X7 conjugates.

Inhibitions of ConA (200ng/mL) binding to the dextran-coated surface (CM5
chip) were measured with SPRusing 6 Man-X; conjugates orMeMan as the
inhibitor. ICsp values with standard error were measured in three
independent experiments.
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204 20 4
] L}
0+ 04
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1E-3 0.01 0.1 1 10 1E-3 0.01 0.1 1 10
Concentration of inhibitor (mM) Concentration of inhibitor (mM)

Figure 3-5. SPR inhibition profilesof control peptide andconjugates

(A) Inhibitions of ConA (200 ng/mL) binding to the dextran-coated surface
(CM5 chip) were measured withSPRusing ManX; conjugate, SetX; or
MeMan as the inhibitor. 1Goof SWYNSFGT was not determined (n.d.) due to
insignificant inhibition even with inhibitor concentration as high as 1 mM.
(B) Inhibition profile of Man-Xs conjugates and MeMan. These conjugates
have 1Go values similar to that of MeMan suggested that the fibition
mainly stem from the mannopyranosyl moiety and is independent of the
peptide moiety. ICso values with standard error were measured in three
independent experiments.

| validated the SPR findings using isothermal titration calorimetry
(ITC) and fownd that all 10 selected ManXz; conjugates (2zL11), including
the six SPRvalidated hits, could bind to ConA with higher affinity than
MeMan (Table3-1). ITC also confirmed the lack of activity in false positive
hits. For example,L12 ligand present in the A/ B set but not the intersect
(Figure 3-3B) showed no improvement in affinity over MeMan. By including
C and D controls, we eliminate these false positives. The dissociation
constants (Kp) of the corresponding peptides lacking Man fragment were

found to be >1 mM (8.1, L9.1, L9.2, L11.1; Table 3-1 and Appendix B-2).
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Therefore, the synergistic sequences discovered in our screen would not be

identified by screening unmodified peptide libraries.

Table 3-1. Kp values of synthetic ligands with GnA.

Ligand® K, (uM)® Ligand® K, (uM)®
L1 MeMan 1374+ 6.1 L19 Man-WY 12.0
L2 Man-YWEFTSL 552 L20 Man-W¥YD 10.0+0.9
L3 Man-FYSTTSR 42.6 L20.1 SWYD >1000
L4 Man-AWEAYWY 29.2 L20.2 Me-WYD >1000
Ls Man-FYLGSDT 23.9 L21 Man-WYE 9.6
L6 Man-YYHNPNA 20.9 122¢ Man-WYG-OH 98+1.1
L7 Man-FYDTIPD 17.2 123 Man-WYDANHSKPL 6.0
L8 Man-FYETLSP 15.9 124 Man-WYDRQETREFR 4.6
1.8.1 SFEFYETLSP >1000 L25 Man-WYDLHHSRTR 4.5
L9 Man-WYSVLSH 14.1 L26 Man-WYDLYHPVQH 4.3
19.1 SWYSVLSH >1000 L27 Man-WYELLDDDIT 5.3
192 Me-WYSVLSH >1000 L28 Man-WYDQFPPLHQ 5.1
L10¢ Man-YYDLM®QT 12.0 129 Man-WYDNFDTIFA 5.0
L11 Man-YYDLMQT 11.1 L30 Man-WYDLFDNINS 4.3+0.4
L11.1 SYYDLMQT >1000 L31 Man-WYDRFPPHES 3.7
L12 Man-HTHDSVE 151.5 L32 Man-WYDR 7.5
L13 Man-Y¥D 20.1 L33 Man-WYDL 6.1
L14 Man-F¥YD 18.9 L34 Man-WYDFF 5.8
L15Y Man-WY-OH 17.1+04 L35 Man-WYEIF 5.3
L16 Man-WYS 14.3 L36 Man-WYDRF 4.9
L17 Man-WYA 13.5 L37 Man-WYDLF 4.6+04
L18 Man-WYH 12.7 ref. 17 Man3 2.6

aln general, red residues are essential for the strongest enhancement of
affinity, while blue residues provide additional benefit.

bKp was derived from ITC data Appendix B-3). The errors are one standard
deviation of the mean value measured byzb independert experiments.

cMex is methionine sulfoxide.

dwith the exception of L15 and L22, all peptides were @erminal amides
(CONH).

3.3.3 Optimization and affinity maturation

LOGO analysi? suggested that residues #7 contribute minimally to

the binding. | therefore truncated the heptapeptide to a tripeptide and,
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indeed, observed similar Kp values for the corresponding Marpeptides

(compare L7 to L14, L9 to L16, and L11 to L13 in Table 3-1). | then

performed two more rounds of panning using a focused library of Man

WY[D/E]X7 (where X is any 20 amino acid, except Cysand a panning
sequencinganalysis routine as described above. All of the hits bind to ConA
atgngle-AECE O t - L23%LBEHAbE H1) angl showed on average 5

fold lower Kp than ligands from round one (2zL11, Table3-1). Truncation

of the hits revealed that again the residues proximal to the glycan dominate

the interactions. ManrWYDLFDNINS I(30) exhibited 33-fold lower Kp over

-A-A1 j180 00 ptnm t-qh AT A OAOAETAA 1100 1
Man-WYDLF (37). TheKpof L37j 1 8¢ -QqQ xAO AMNOA O OEA
(10 3)-[a-Man-(1° 6)]-a-Man (Man3,Kp E ¢ 8 @3 Tihe ofdgin of enhanced

binding affinities of all Manpeptide conjugates aredriven by enthalpic gain

(see Appendix B4 for thermodynamic data).

3.3.4 Structural analysis of Man -WYDzConA complexes

To determine whether ManWYD is mimicking Man3, we obtained the
crystal structure of its complex with ConA at 1.73 A resolution (Figur8-6A).
The mannopyranosyl moiety of the synthetic ligand occupies the same
binding site as the (+ 6)-linked Man residue of the Man3 (Figure3-6B) and
displays the same Kbonding pattern (Figure 3-6C). However, the peptide
moiety, WYD, does not occupy the same shalloarea as the remaining

disaccharide portion of the Man3 but instead resides in a somewhat deeper
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cavity located next to Tyrl2, which forms a wall between the two cavities on

the protein surface at the tip of each arm of the ConA tetramer.

Ser21g
i

»

Pro13 - Pro13

g 3 His205
i;‘“t

Pro206 ¢

Tyr12 ¢
AIaZOT% R
—

e
Aspzo.;i% ‘._,.5 P
Asnty =GR

o9
Arg228 ® Arg228 @

Figure 3-6. Xray crystal structure of ManWYDzConA complexes.
(A) Structure of ManWYD (green) cecrystallized with ConA (PDB:4CZ$.
(B) Superimposition of ManWYD with the Man3ConA caonplex (cyan, PDB:
1CVN, generated by aligning the protein chain Aackbone atoms (RMSD =
0.32 A).* indicates His205 residue.(C) Contact analysis of ConA bound to
Man-WYD (eft) and to the Man3 (right). The equivalent mannopyranoside
OAOEAOAO AOA 1 AAAT AA xEOE O-068

Bound ManWYD has more extensive van der Waals contact with the
protein (contact area 662 A, Figure 3-6C) when compared to the Man3
(contact area 204 A). Additionally, the complex revealed a ligaridduced fit:

the conformation of the His205 residue has been changed to open a latent

hydrophobic site, which is masked by this residue in both native ConA and
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http://www.rcsb.org/pdb/search/structidSearch.do?structureId=4CZS
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1CVN

Man3-ConA structures (Figure3-6AzB, asterisks). This site is now occupied
by the Tyr side chain of MaAWYD. Hence, our screening identified a novel
class of ligands that would be difficult to discover by structurébased design,

which commonly employs dockirg of proposed ligands into a rigid protein.

Molecular  dynamics  (MD)  simulations  employing the
GLYCAM/AMBER force field4 evaluatedthe stability of the complex (see MD
analysis in Appendix B-5) and permitted estimation of the contributions to
affinity made by each residue in the protein and the ligandRigure 3-7 and
Appendix B5).145 Nearly 60% of the binding free energy is provided by H
bond/electrostatic interactions between the protein and the glyan, while
hydrophobic interactions with the Trp and Tyr residues contribute the
remainder. This observation is consistent with the view that Fbonds to the
sugar provide specificity, whereas hydrophobic interactions enhance

affinity. 146

Man (59%)

Linker (4%) ASP (-5%)

Arg228

Figure 3-7.Binding free energy analysis of Cofh bound to MarWYD.
Strength of interaction energies scaled from red (strongest) to blue
(weakest) in the protein (left) and in the ligand, with percent contribution
shown in parentheses (right)
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3.3.5 Effect of linker s on binding affinity

A linker of some kind is essential in the GEBD approach. Minor
changes, such as replacing the oxime fragment 20 with a hydrolytically
stable linker of similar length (L20.5, Figure3-8), results in only a 3fold loss
in binding affinity, possibly dueto loss of the Hbond between the nitrogen
atom of the oxime and the hydroxyl group of Tyrl2, while shortening of the
linker (L20.3) or incorporation of an allyl group (L20.4) completely
abolishes the synergistic effect and returns the affinities to theel/el of the

monosaccharide itself.

L20 (K, =10+0.9 uM) L20.3 (K, = 185 uM)
HO—, ©OH HO OH
HO 0 HO
O~ N O. WYD
0" 7 SWYD N7
T
L20.5 (K, = 36 uM) L20.4 (K, =137 uM)
HO—, ©OH HO— OH
HO 0 Hoﬁﬂ\
Ho 0 HO h O
O\/\/S\)J\WYD O\/\O’I\P)\WYD
MeMan (K, = 137.4 + 6.1 uM) |
HO OH
HO -0
HO
o}

~

Figure 3-8. Effect oflinker s on binding affinity.

Saturation transfer difference (STD) NMR spectroscopy Figure 3-9)
clearly demonstrated a substantial decrease of the interactions between
WYD fragment and ConA inhe ligand with a shorter linker, L20.3. We
hypothesized that oxime functionality might be involved in molecular

recognition. STBDNMR detected significant contats between ConA and the
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proton of the oxime (ON=), as well as Tyr and Trp of20 and L15. Both
oxime and the aromatic rings play significant roles in the interaction of the
ligand with the protein (Figure 3-6). These same protons in the control
ligand (L20.3) exhibited much weaker signal in the STEINMR, and, thus,
significantly less contact with the protein. The results were in-line with the
ITC measurements andrystallographic data. A shortened linker ablates the

geometry necessary for synergistic binding.

HO

L20 (n=1)
L20.3 (n = 0)

120

B Man-WYD (L20)
@ Man-WY-CO,H (L15)
O Man-NL-WYD (L20.3)

100 A

80

60 1

relative STD effect (%)

40 -

20 A1

"H1 H2 H3 H5
H4

T HS 4 ! T T 4 Tyr

J L .
Man Tp Tyr Asp Asp

H31 He3 H:2Z Hn2 HB2 H31 Hel Hp2 HP3 Hp2 HP3 He
He3 Hp3 Hs2 He2

Oxime

Figure 3-9. STDNMR analysis of the interaction between ConA and
glycopeptides.

To fecilitate the ligand comparison, Man H1 oE20.3 was set as the reference
and normalized to 42% (same forL20 and L15). The relative STD effects for
other protons were then estimated based on this reference proton. The STD
effect of Trp Ha was not determined due to the complete attenuation of its
signals by WATERGATE W5 sequendeefer to Appendix B-6 for raw NMR
spectra.
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3.3.6 Binding selectivity of glycopeptides

Z-score

-1

2 J

Figure 3-10. Lectin microarray analysis.

Z-scores for mannosebinding lectins from a lectin microarray incubated
with 1.85 nM Cy3labeled ManWYK-OH are shown. The p < 0.01 cutoff is
indicated (red dashed line, Z 1.95). Of the 85 lectins tested, only ConA, LcH,
and PSA met this significance teshold, while other mannosebinding
proteins (GNA, GRFT, HHL, NPA, SVN, and VVAAppendix B-6 for details)
did not.

To assess the selectivity of peptide binding to ConA over other lectins,
we used a lectin microarray containing 85 lectins of varied pecificities
(Appendix B-7).147 | synthesized a MarWYK-OH probe (38), which
contained afluorescent probe Cy3attached to the side chain of lysine. Of the
85 lectins, 17 lectins exhibit selectivity for Man, yet only three show
statistically significant bindingtoL.388 3 PAAEZAZEAAI 1 Uh AO
L38 bound strongly to ConA but only weakly to two otherMan-binding
lectins (Figure 3-10), Lens culinaris(LcH) and Pisum sativum(PSA), both of

which have a high degree of sequence similarity in their binding site and a
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folded structure similar to that of ConA (Figure 311). ITC confirmed that the
peptide fragment (WYDLF) provides a mere Zold enhancement of the
binding of monosaccharide moiety to LcH and PSA, but a-83dd benefit for

ConA (Figure3-12, Appendix B8).

Aligned fragment corresponding to positions 123-237 in ConA:

1CVN: IALHEMEN K TEGTDGNEE VSSNGSPQGSS M
1RIN: LTSELET PDOO GYETK-EKET YSSET
1LEM: LTSHSET. PDQQO GYETK-GKHT S TET

1CVN: SS-A SEEA KSBDSH-P I SNIBSSTPSGSTERLEGLEPDAN
1RIN: DRETGN LS NABNSYN I3 PVBTKPQT--GBGY INSAE
1LEM: DRDTGN LS DABSSYN I3 PVBTKPQI--GEGY| INSKE

Where green marks exact match, blue — highly conservative substitution, grey —
conservative substitution.

Figure 3-11. Structural and sequence homology of CogAcH and Con&PSA.

(A) Superimposition of ManrWYD- ConA complex (red, PDB: 4CZS) with the
Glc LcH complex (blue, PDB: 1LEM), generated by aligning the protein
backbone atoms (RMSD = 0.81 A). YBsuperimposition of ManWYDzConA
complex (red, PDB: 4CZS) with the MaPSA complex (ykow, PDB: 1RIN),
generated by aligning the protein lackbone atoms (RMSD = 0.76 A). XC
Multiple sequence alignment of ConA (PDB: 1CVN), PSA (PDB: 1RIN), and
LcH (PDB: 1LEM) using Clustal Omega from EMHEBI.
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MeMan 2000 MeMan
|
[ Man-WYDLF 1000 1000 [ Man-WYDLF
10°4 [ Man3-x 600 700 10°3 [_JMan3-X 700
300 340
190
140 160
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! !
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10’ 10
4 4
2 2
10” = T T T 100' T T
ConA LcH PSA ConA DC-SIGN

Figure 3-12. Binding selectivity ofglycopeptide.

Binding of ManWYDLF is specific to ConA, providing significantly less
affinity for related Man-binding proteins as measured by (A) ITC and (B)
inhibition studies.

We also testedthe binding of the Man-peptides to DCGSIGN, an
immune system Ectin that recognizes the same Man3notif as ConA and
mediates the transmission of HIV during viral infectiort4® An ESIMS
assay4® measured an enhanced affinity for binding of DGIGN toL20 but
not to the control ligand L20.3 (Appendix B-9). The measuredp of L20 (600
M X t-Q AlTOAKU MAGAICA T} MG OB ASIGNIRET AET C
demonstrated that ManWYDLF is able to inhibit the binding of ConA to
Man3-containing glycoprotein (horseradish peroxidase) with 1Go = 1 | -
(Figure 3-12B, Appendix B-10). The inhibitory effect of ManrWYDLF is
comparable to that of Man3X (IGo E ¢ { - hazid®hexi). Affinities
measured by inhibition are consistent with the ITC experiments (Figure-
12A). The binding specificity of MarWYDLF to ConA, LcH, PSA, and-BIGN
closely mimics that of Man3. The affinity increases in the order LcH < PSA <

DGSIGN < ConA (Figur8-12). While the hydrophobic interactions added by
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WYDLF inthe the glycopeptide are structurally distinct from the interactions
provided by the dimannoside unit in Man3, both interactions add shape
complementarity of ligand with the receptor and yield similar affinity and

specificity for Man3 and MarnWYDLF.

3.4 Conclusion

In conclusion, | describe the discovery of ligand for challenging
targets (lectins) from chemically modified phage libraries. This report
expands the use of GEBD, which is known to work effectively with anchor
fragments that have nanomolar affinity’? Here we show that, despite their
weak affinity, glycans can also serve as anchors in fragmelnésed discovery
and yield synthetically accessible and potent glycopeptide ligands. These
ligands bind competitively to the carbohydraterecognition domain (CRD)
with specificity akin to that of complex oligosaccharides and exhibit novel
interactions with the CRD pocket. Therefore, GEFBD may provide an
alternative route to rapid enhancement of specific binding ligands fomany

targets starting from its known ligand or its essential binding fragment.

3.5 Experimental procedures

3.5.1 Materials and general information
PBS contains 10 mM sodium phosphate dibasic, 2 mM potassium
phosphate monobasic, 137 mM sodium chloride and 2.7 mM potassium

chloride with pH of 7.4 after preparation. ConA fromCanavalia ensiformis
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(Jack bean) was purchased from Sigmaldrich. ConA (2.510 mg,
monomeric MW = 26500 Da) was dissolved in HEPES buffer (1.0 mL, 50 mM
HEPES, 150 mM NaCl mM CaG| pH 7.2). Afterincubating for overnight at 4
°C, the ConA mixture was centrifuged for 2 min at 14000 rpm and syringe
AET OAOAA | 18 ¢ cubunitic@h8entratisrAof @BBA sgblutionOvas
determined by UV absorbance at 280 nmAgso = 1.37 x [mg/mL ConA])!51
LcH from Lens culinaris(lentil) and PSA fromPisum sativum(pea) were
purchased from Medicago. The monomeric MW of LcH and PSA are 24500
and 23500 Darespectively152 The final subunit concentrations of LcH or PSA
solution were determined by UV absorbance at 280 nmAgs = 1.26 x
[mg/mL LcH] or Asgo = 1.50 x [mg/mL PSA])52 Horseradish peroxidase
(HRP) was purchased from Sigmdldrich. All solutions used for phage work

are sterilized either by autoclave otby filter sterilization (0.22 mm)

3.5.2 Generation of Man -X7 and Me-X7 libraries

N-SerX phagedisplayed peptide library 3 (complexity: 3 3 108 pfu)
was generated according to the referred protocols3 Prior to the chemical
modification, the phage library was dialyzed extensively (4 C, 10K MWCO)
against two changes of PBS (5 L) to remove the storage bufferhich
contains 50% (v/v) glycerol. The phage library (1 mL, ~4% 1012 PFUmL1)
was oxidized with 0.06 mM sodium periodate (by adding 10w of 6 mM
solution in MQ water) at 4 C for 5 min The oxidation was quenched with 0.5

mM glutathione (by adding 10 nL. of 50 mM solution in MQ water) aRT for
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10 min. To monitor the oxidation, a small portion of the oxidized library was
treated with aminooxy-biotin and captured with biotin-capture assay as
described in a previously published method#! Typically, 60% of the
fractions of phage library were successfully oxidizedThe oxidized library
was distributed into two separate portions of 0.75 mL and 0.25 mL, and they
were treated with 1 mM 2-(aminooxy)ethyl a-bD-mannopyranoside (by
adding 0.75 mL of 2 mM solution in 200 mM anilinium acetate buffer, pH 4.7)
and 1 mM methoxylamine(by adding 0.25 mL of 2 mM solution in 200 mM
anilinium acetate buffer, pH 4.7)respectively. The reaction mixtures wee
incubated for 1 h at RT, after with, the excess of reagents wagmoved by
dialysis (4 C, 10K MWCO) against two changes of PBS (5 L) to yield the Man
Xz library 1 and MeXz library 2. To quantify the reaction efficiency, right
after the oxime ligation, a small portion of the library was treated with
aminooxy-biotin and captured with a biotin-capture assay as described in a
previously published method4! Typically, 55% of the fractions of phage

library were successfully modified with the reagents.

3.5.3 Phage selection

12 wells of a 96well polystyrene plate were coated with a solution of
ConA (100ni, 100 ng/mL) in PBS overnight at 4 C. These wellsplus an
additional three empty wells, were blocked with a solution 0f2% (w/v) BSA
in PBS (300nL) for 1 h at RT. TheMan-X7 library 1 (0.9 mL), Me-X; library 2

(0.3 mL), andN-Ser-X7 library 3 (0.3 mL) were blocked with an equal volume
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of 28 blocking solution (4% (w/v) BSA in PBS) for 1 h at RT. After blocking,
the plate was rinsed with washing solution (3* 300 ni, 0.1% (v/v) Tween
20inPBS)ud ¢ tmuvA 471 OAE - EAOI Pl AGA 7A0EAO
Man-X7 library 1 against ConA(denoted as screenA) was performed in six
replicates. The control selectionsi.e, ManX; against BSA B), Me X7 against
ConA ), and N-SerX7 against ConA D), were performed in triplicate in
parallel with screen A. Specifically, the solutions of libraryl, 2, or 3 were
added into the corresponding wells (200mL/well, ~1 3 1011 pfu/well). After
incubating for 1 h at RT, the unbound phage was rinsed with the washing
solution (20 3 300 ni) using the plate washer. Phage remainingn the well
was eluted for 9 min at RT by adding 200 of glycine elution buffer (02 M
glycine-HCI, H 2.2, 1 mg/mLBSA). The elution buffer was transferred into a
1.5-mL microcentrifuge tube and immediately neutralized with 50nL of 1 M
Tris-HCI(pH 9.1). An additional washing solution (200ni) was added to the
well to recover the remaining phage and sukequently combined with the
eluate. Up to this point, the selections yielded 15 different eluates (0.45 mL

per sample).

3.5.4 Phage amplification and PCR

The eluted phage was amplified separately by adding the eluates (15
0.45 mL) into 3 mL ofER2738 cuture (1:100 dilution of overnight culture).
The phage and bacterial mixtures were incubated for 4.5 h at 37 with

vigorous shaking. The cultures were centrifuged (15 min, 4700 rpm) at 4C
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to pellet the bacterial cells. The supernatants (~3.4 mL) containg the
amplified phage were poured into a fresh tube. The ssDNA of the amplified
phage was extracted using QlAprep spin M13 kit (Qiagen, #27704) according
Ol 1T AT OEAAOOOATO @bw MdltiReRiogO1s Geleirst agcoded
primers were designed with adapters compatible with lon Torrent
sequencing!> The library DNA was subjected to PCRmaplification with the
barcoded primers flanking the variable region. Briefly, the library DNA15
samples, 50 ng each) was amplified in a total volume of 50L with 13
Phusior® buffer, 50 M each dNTPs, 50&M MgCh, 1 nM forward primer, 1
nM reverse barcoded primer, and one unitPhusior® High-Fidelity DNA
Polymerase PCR was performed using the followinthermo cycler program:

a) 98 C30sph)98 C10s,¢c)60C20s,d) 72 C30s, e) epeatb)-d) for 34
cycles (total 35 cycles), f)772 C5 min, g) 4 Chold. The dsDNAfragments
from the PCRwere quantified by running at 2% (w/v) agarose gel in Tris
Borate-EDTAbuffer at 100 volts for ~45 min using a low molecular weight
DNA ladder as a standard(NEB, #N3233S) The dsDNA fragments (15
sanmples, 40 ng per sample) were pooled together and purified ok-Gel®
SizeSelectM 2% agarose @l (Invitrogen, #G6610-02). The desired band

corresponding to 121 bp with reference to the laddexvas collected with

RNAsefree water and the concentration was determined by Qubit®

s~ A o~ N
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3.5.5 lon Torrent sequencing

YyI'T o' -A 4A1 bl AOA Téchnologiesjwas usdfl @
prepare the DNA template for sequencing. Briefly,he pooled and purified
dsDNA fragments werehybridized onto lon Sphere Particles (ISPs) and
amplified by emulsion PCRusing) T T/ 1T A 2 iS@tArk&cording to
i AT O /A Adiocod D foaction of ISPsloaded with the DNA template
was determined with Qubit® Fluorimeter (Invitrogen) according to the
enriched and deposited in lon 316™ chip. The DNA sequencing was
performedon) T 1T 0' - AusBd)GGAI0" - A 3ANOAT AET C
FASTQ file generated from the sequencing data was processed byhouse
MATLAB script that identified the barcodes and constant flanking regions,

and extracted the reads of the correct length (24p only) corresponding to

the TCT(NNKY} structure.

3.5.6 Analysis by volcano plot and generation of LOGO

This plot identified sequences isolated fromthe screen A that
increased significantly in abundance against sequences isolated from the
control selection. The copy number of each sequence is normalizday
dividing the copy number by the total number of reads in each replicate.
Sequences not observed in a spedfreplicate were assigned a copy number
of zero. For volcano analysis, the ratio of each sequence was calculabsd
dividing the mean fraction of the particular sequence irthe screenA by that

in the control screen (e.g.B, C, or D). Becausethe denominaor must not be a
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zero when taking the ratio, sequences with zero copy number found in all
three replicates are assigned with 0.3 copy number before taking the
normalization. The dggnificance of the ratio was assessed using oftailed,
unequal variance Stdent t-test. The ratio is considered to be statistically
significant if the calculatedp-value ¢ 0.05. Only sequences with rati@ 5 and
p-value ¢ 0.05 were included in the setA/ B, A/ C, andA/ D. The volcano plot
was generated using irhouse MATLAB scriptSequence LOGO was generated
using the MATLAB function seglogo with StartatValue set as 2 and
EndatValueset as 8(define the range of position to be considered in the

sequence)

3.5.7 Surface plasmon resonance spectroscopy

The huffer was sterile-filtered before use. All ligands were pre
dissolved in a 5% volume of DMF followed by the addition of HEPES buffer
(50 mM HEPES, 150 mM NaCl, 1 mM Ca@H 7.2).A solution of ConA
tetramer (0.4 mg/mL) was prepared using the same buffer. The
measurements were recoded on a BlIAcore 2000 instrument usinga CM5
chip (carboxylated dextran) as the binding target for ConA. To perform the
competitive inhibition, ConA (0.4 mg/mL) was mixed with an equal volume
of inhibitor and this mixture (50 niL) was injected (10 niL/min). Inhibitor
concentrations of 0, 0.0001, 0.0003, 0.001, 0.003, 0.01, 0.03, 0.1, 0.3, and 1
mM were tested. Two more data points (3 and 10 mM) were included for
inhibition with MeMan. The solution of inhibitor in the absence of ConA was

injected each time béore the injection of the ConA/inhibitor mixture of the
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same concentration. The response values were used for subtraction to
account for the bulk effect caused by the inhibitor itself. The chip was
regenerated after each injection with the regeneration budér (6 M
guanidinium chloride). Bound ConA response values were assessed during
the equilibrium binding portion of the curve (280 s after injection). The
corrected response value (Rax) of bound ConA in the absence of inhibitor
was set as 0% inhibition. Tle degree of inhibition by the inhibitor was
calculated with the equation Rwax Rnh/Rmax, Where Rnn is the corrected
response value given by the bound ConA in the presence of certain

concentration of inhibitor.

3.5.8 Isothermal titration calorimetry

ITC experiments were performed using a Microcal VATC instrument.
Ligands were predissolved in a small amount of DMF followed by the
addition of HEPES buffer (50 mM HEPES, 150 mM NacCl, 1 mM £aE 7.2).
The final solvent was HEPES buffer contang 2% (v/v) DMF. In the cases
where ligands have poor solubility in the prepared buffer, up to 5% (v/v)
DMF was used. The ConA solution was prepared with the same buffer as the
ligand. All solutions were degassed with MicroCal ThermoVac unit prior to
use. All titrations were carried out at 30°C. An initial injection of 2nL
followed by a total of 41 injections of ligand solution (7nL) were added at
intervals of 4min into the solution of ConA (cell volume = 1.44 mL) while
stirring at 300 rpm. Typically, the initial concentrations of ConA and ligands
x AOA m8snuMn8om |- AT A ¢ i- OAOPAAOEOAI U
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quantity ¢ = KaM, where M is the initial macromolecule concentration, is of

importance in ITC. All experiments were performed withc values in the

range of 1 <c < 100, except for the ligands withKs ¢ 1000 M1, where

preparation of ConA with concentration > 1 mM is difficult due to solubility

issue. In the casewhere heat of dilution is significant, titration data obtained

by making an identical injection of ligand into the buffer without ConA was

subtracted from the titration data obtained in the presence of ConA. The data

point produced by the first injection was discarded prior to curve fitting to

account for the diffusion effect during the eqtibration process. The

experimental data were fitted to a noninteracting one-site binding model

OOET ¢ / OEGET Ol £O0x AOA @& (bimaipEchange) ) - EAOIT AAI
(association constant) andn (number of binding sites per monomer) as

adjustable pammeters. The OAA AT AOCU G AadbdA ler@rdpy § 3
contributions (T3Sq xAOA AAOQOAOI ET AA MEOI I GOEA OOAT A
3H- T3S=-RT InK,, where T is the absolute temperature and R = 1.987 cal

mol-1 K-1. For ITC measurements of ligand binding to LcH or PSéxactly the

same protocol was used.

3.5.9 1D STD-NMR experiment s

The experiments were conducted on Agilent/Varian VNMRG600 MHz
spectrometer at a probe temperature of 300K. The NMR samples were
prepared by pre-dissolving the ligand in a small amount of DMS@s (14 i),

followed by the addition of ConA in @uterated PBS686 ni). Deuterated PBS
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was prepared from 13 PBS(pH 7.4) by two cycles of lyophilization and
redissolution in D;O. The final samples contained ligand/ConA in a ratio of
40:1 (2 mM ligand, 0.05 mM ConA). The NMR experiments involved the
selective saturation of proteinresonances at 0.2 ppm (30 ppm for reference
spectra) using a cascade 020 Gaussiarshaped puses(50-ms duration, 1-ms
delay between each pulseresulting in atotal saturation time of 1.02 s. The
WATERGATBN5 sequencés> was used to suppress the residual HDO signal.
A 30-ms Ty, filter was applied to suppressthe protein background. STDBNMR
spectra were obtained by subtracting the saturated spectra from the
reference spectravia phase cycling The integral regions of the reference
spectra were copied to the STEINMR spectra to guarantee identical
boundaries and unbiased ratio of the particular integrals. Relative STD
effects were calculated according to the equatioBstp= (o Z I'sa)/ lo=1s10 |0
by comparing the intensity of the signals in the STINMR spectrum (st
with intensity of the signals in a reference spectrum [o). A control STD
experiment using the free ligand (MarWYD)was performed under the same
experimental conditions to verify true ligand binding. No signal was present
in the STDNMR spectra, indicating that the effects observed in the presence
of the protein were due to true saturation transferwith negligible artifacts.
The reference spectra and STINMR specta of ManWYD and MarNL-WYD

are shown in Appendix B-6.
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3.5.10 Competitive binding assay

The tetrameric extracellular domain of dendritic celtspecific
intercellular adhesion molecule3-grabbing norrintegrin (DC-SIGN) was a
gift from Professor Kurt Drickamer (Imperial College, London). The
competitive binding assay involves the binding of immobilized lectins, i.e.,
ConA or DEGSIGN, to horseradish peroxidase (HRP), a glycoprotein
containing trimannoside epitope, unde the competition of the studied
inhibitors, i.e., MeMan, MafWYDLF, or Man3X. The huffer used in the
experiment was a solution of 50 mM MOPS, 150 mM NacCl, and 2mM gacCl
(pH 7.4). A solution of ConA or DSIGN (10ng/mL) dissolved in the buffer
was used b coat a polystyrene plate (Costar #3369) to have a final volume of
50 ni/well. The plate was sealed with a membrane and kept ithe fridge
overnight. In a separate norbinding surface plate (Corning #3641), a dold
serial dilution was performed for the lutions of the inhibitor dissolved in
the buffer. The diluted solutions were then nxed with an equal volume of a
solution of HRP (2ng/mL) dissolved in the same buffer. The coating solution
I £ 1 AAOET xAO AOPEOAOAA OOET C ek and A
subsequently washed with the washing solution (10® 300 ni, the same
buffer containing 0.1% (v/v) Tween-20). The mixture of the inhibitor and
HRP probe was transferred accordingly onto the plate coated with the lectin
to have a final volume of 50hiL/well. The plate was incubated at RT for 1 h.
Then, the plate was washed with the washing solution (18 300 ni) and the
TMB substrate (50nl) was added to each well. After 5 min incubation for
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ConAcoated well or 10 min incubation for DGCSIGNcoated well 1 M
phosphoric acid (50 L) was added to quench the colorimetric assay. The
color developed was read at 450 nm witha 96-well plate reader. The data
was fitted with alogistic function using Origin software to determine the half

maximal inhibitory concentration (IGso) of the studied inhibitor.

3.5.11 Examples for the synthesis of Man -peptide conjugates

Man-WYD (L20)

HO—, OH NH HO
HO -0 — o
HO o} W
O\/\O, NQJ\N N\)LN NH,
H § 2 H [

OH

SYWD (5.7 mg, 1@mol, 1 eq.) was dissolved in DMF (0.25 mL) followed by
the addition of 200 mM MOPS (0.25 mL, pH 7.0). The solutisras added to a
1.5-mL microcentrifuge tube containing sodium periodate (2.6 mg, 12Zmol,
1.2 eq.). The reaction mixture was incubated for 10 min at RT. To quench the
oxidation, the solution was added to glutathione (37 mg, 12@mol, 12 eq.)
and mixed rapidy to ensure the dissolution of glutathione. After incubation
forI0minatRT, 2} Al ET 1 1T @Ww@anbdpywanosige (2.6 mg, 1immol,
1.1 eq.) dissolved in 200 mM anilinium acetate (0.25 mL, pH 4.7) was added
to the quenched solution. The oxime ligatiorwas carried out for 30 min at
RT. The reaction mixture waspurified on a semipreparative RRHPLC
system. A gradient of solvent A (MQ water, 0.1% (v/v) TFA) and solvent B

(MeCN, 0.1% (v/v) TFA) was run at a flow rate of 12 mL mihto yield the
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product as a white fluffy powder (5.0 mg, 6684 isolated yield) after
lyophilization. The purity of the product was determined with an analytical
RP-HPLC system (flow rate: 1 mlmin-1) using a gradient of solvent Aand
solvent B.1H NMR (600MHz ,deuterated PBS + 0.1% (v/v) DMS@e) d =
7.61 (d,J= 7.9 Hz, 1 H), 7.56 (s, 1 H), 7.50 (@ 7.9 Hz, 1 H), 7.24 ()= 7.9
Hz, 1 H), 7.20 7.13 (m, 2 H), 6.96 (dJ= 8.1 Hz, 2 H), 6.74 (dI= 8.1 Hz, 2 H),
4.88 (br. d, 1 H), 4.69 (t)= 6.9 Hz, 1H), 4.50- 4.42 (m, 2 H), 4.4+ 4.33 (m, 2
H), 3.98- 3.91 (m, 2 H), 3.83 3.75 (m, 3 H), 3.75 3.70 (m, 1 H), 3.66 (tJ=
9.6 Hz, 1 H), 3.62 3.56 (m, 1 H), 3.29 3.17 (m, 2 H), 2.92 (ddJ= 7.4, 13.9
Hz, 1 H), 2.79 (ddJ= 7.4, 13.9 Hz, 1 H), 266(dd, J= 6.7, 16.0 Hz, 1 H), 2.50
(dd, J= 6.7, 16.0 Hz, 1 H)HRMS (ESI) calcd for £H41NsOw4 [M- H]- m/z =

757.2686, found 757.2691(see Appendix B11 for NMR spectrum)

Man-NL-WYD (L20.3)
HOo Q = o
. e} O
“‘% N A K L?Nm
H
(0]

The synthesis and purification are identical to that of Maspeptides, other
than the use of Oa-D-mannopyranosyl oxyamine instead of 2
i AT ET T 1T @Uumgatnepyranosige during the oxime ligation. The
product was obtained as a white fluffy powder (4.3 mg60% isolated vyield):
1H NMR (500MHz, DO + 0.1% (v/v) DMSGds) d = 7.65 (s, 1 H), 7.60 (d)=

7.9 Hz, 1 H), 7.49 (dJ)= 7.9 Hz, 1 H), 7.24 (]= 7.9 Hz, 1 H), 7.21 (s, 1 H), 7.16
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(t, J= 7.9 Hz, 1 H), 6.93 (d]= 8.4 Hz, 2 H), 6.74 (d]= 8.4 Hz, 2 H), 5.53 (br. d,
1 H), 4.68 (t,J= 7.1 Hz, 1 H), 4.50 ()= 7.2 Hz, 1 H), 4.42 ()= 7.2 Hz, 1 H),
4.14 (dd,J= 1.9, 3.2 Hz, 1 H), 3.903.72 (m, 4 H), 3.68 3.60 (m, 1 H), 3.29
3.17 (m, 2 H), 2.86 2.72 (m, 3 H), 2.61 (ddJ= 7.2,17.0 Hz, 1 H) HRMS (ESI)
calcd for GoHz7NsOwiz [M-H]” m/z = 713.2424, found 713.2430.(see

Appendix B-12 for NMR spectrum)

Man-allyl -WYD (L20.4)

HO—, OH NH HO
HO -0 — o
HO o) 0
0 N H\)L NH
~ 0" H - H 2
o X o

OH

To a mixture of allyl bromide (12ni, 132mmol, 20 eq.) and indium (3 mg, 26
nmmol, 4 eq.), a solution of Ma®WwYDL20 (5 mg, 6.6mmol, 1 eq.) dissolved in
DMF/H20/MeOH (200, 1:1:2) was added. The mixture was agitated for 2 h
at RT, after which, the solid was filtered. The filtrate was injected into a semi
preparative RRHPLC systemThe reaction mixture waspurified on a semt
preparative RRHPLC systemA gradient of solvent A (MQ water, 0.1% (v/v)
TFA) and solvent B (MeCN, 0.1% (v/v) TFA) was run at a flow rate of 12 mL
min-1 to yield the product as a white fluffy powder(2 mg, 38% isolated
yield): IH NMR (500MHz, DO + 0.1% (v/v) DMS@d6) d= 7.62 (d, J = 7.7 Hz,
1 H), 748 (d, J = 8.3 Hz, 1 H), 7.267.20 (m, 2 H), 7.15 (t, J = 7.7 Hz, 1 H), 7.01
(d, J = 8.4 Hz, 2 H), 6.79 (d, J = 8.4 Hz, 2 H), 5.4937 (m, 1 H), 5.03 4.92

(M, 2 H), 4.77 (br. d, 1 H), 4.74 4.65 (m, 1 H), 4.56 (t, J = 6.4 Hz, 1 H), 4.46 (t,
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J=7.2Hz, 1 H), 3.89 3.79 (m, 2 H), 3.75 3.69 (m, 2 H), 3.69 3.51 (m, 6 H),
3.51- 3.44 (m, 1 H), 3.24 (dd, J = 7.2, 14.9 Hz, 1 H), 3.13 (dd, J = 7.2, 14.9 Hz,
1 H), 2.93- 2.77 (m, 3 H), 2.7 2.65 (m, 1 H), 2.12 (t, J = 6.9 Hz, 2 H); HRMS
(ESI) calcd 6r Gs7Ha7NeO1s [M- Na]- m/z = 799.3156, found 799.3163.(see

Appendix B-13 for NMR spectrum)
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Chapter 4. Phage =lection of DG-SIGN nhibitors

4.1 Introduction

Dendritic cells (DCs) play a major role in both innate and adaptive
immune responses. DCsefficiently capture and process antiges. Upon
maturation and migration to lymph nodes, they present lte antigen
fragments to naive Tcells, leading to their clonal selection and
differentiation. The induced cytotoxic Fcell can recognize and eliminate
cancer cells carrying the antigen. Owing to these properties, DCs are the first
in-class natural targets for antigen deliveryt>6.157 Studies have shownthat
presentation of antigers by DC increases substantially, by at least 1€@0ld,
when a specific receptor is engaged, as opposed to ntargeted delivery158-
160 Upon binding to the antigen, the uptake receptors on DC internalize and
translocate the antigen tothe endosome for downstream processing and
presentation. Most of these uptake e@ceptors recognize carbohydratebased

ligands.

Among them, dendritic celtspecific ICAM3 grabbing norintegrin (DC-
SIGN) is exceptional, because it is predominantly expressed on D&sand
involved in antigen uptakels2 DGSIGN recognizes both higimannose
oligosaccharides on viruses and Lewiscontaining self glycans. It belongs to
a superfamily of Ctype lectins that require calcium ion for binding to
glycansi63 Delivery of antigers to DCsvia an endocytic pathway mediated by

DGSIGN represents a promising strategy for immunotherapyMultiple
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studies have shown that antigens modified with a DGSIGNbinding
glycant64.165 or antigens encapsulated in Lewimodified liposomes'é¢ |ead
to efficient antigen uptake and increased Xell responses. However, these
glycans sharea common notif recognizable across variousglycan-binding
receptors, which might pose a seledivity issue. On the other hand HIV
viruses have been shown to exploit the binding to DSIGN to promote
efficient infection of T-cells167 Blocking the interaction between DESIGN and
high-mannose oligosaccharides decoratingon the capsid proteins of HIV
viruses could be considered as a novel antviral strategy. For example,
Penades and cavorkers have shown that oligomannosidefunctionalized
gold nanoparticlesare able to inhibit the trans-infection of T-cells by HIV at
nanomolar concentrations!68 The Bernardi group demamstrated that
dendrimers decorated with trimannoside mimics can inhibit the same

process, albeit aimicromolar concentrations.169

4.2 Previous works on DC -SIGN inhibitors

Enormous efforts have been made in the past decade to design potent
and selective DESIGN agonists/antagonists. Novel design based on
multivalent scaffolding has successfully achieved BD8GN antagonists with
activity at nanomolar concentratiors (see reviews1.170), However, the design
of monovalentligands for DGSIGN hadeen extremely challenging. None of
the monovalent ligands discovered so far have dissociation constan{Kp) or

half-maximal inhibitory concentrations (ICso) crossing the nanomolar barrier
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(i.e, less thanl1l nM). Most d these compounds only exhibitemoderate
enhancement of affinity relative to themonosaccharidel24171-176 The most
potent monovalent inhibitors, to our knowledge are quinoxalinone-based
small molecules discovered bythe Kiessling lab using highthroughput
screening28177 These compounds do not bear any carbohydrate
functionality, yet they exhibit >1000-fold enhancement of inhibitory activity
relative to N-acetylmannosamine. However, the mechanism of their
inhibition remains unclear. In my recent personal communication with Laura
Kiessling, she suggested that these inhibitorbind to an allosteric site and
on-going investigations are in progressin her lab to elucidate the binding
site. Binding to non-glycans binding site is a common outcome for screeng

of GBPs with nonglycan ligandst3?

The design of more potent monw@alent ligand that target glycan
binding sites is important. Every increment of affinity ina monovalentligand
has a measurable impact on the affinity oh multivalent ligand,178 and might
permit the use of constructs with lower valency. Most importantly,
monovalentligands of higher affinity could impart greater selectivity toward
the targetl’8 Here, | sought to discover monovalent glycopeptide-based
inhibitor s for DGSIGN because peptides can be easilgxpressed and

incorporated into protein antigensto target them to DC.
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4.3 Results and discussion

Previously, we have developed genetically encoded fragmehtsed
discovery (GEFBD) for the identification of low micromolar inhibitors for a
model target (ConA) usingglycopeptide libraries displayed on M13 phage
(Chapter 3). The library contains a monosaccharide fragmenthat serves as
an anchor ata glycan-binding site and assists the searcHor synergistic
peptide sequences binding to previously unknown secondary si{e). The GE
FBD demonstrated the potential use of the technology fO | ADPPET ¢ 1T £ OEI
spots0 OE A O tiaeAidrtylohthemlycan site. In thischapter, | describe
application of this technology to DGSIGN. laimed to select for inhibitors of
higher potency than the monosaccharide liganglof DGSIGN and identify
whether there are any potential secondary sites located nearhys mannose

binding site.

4.3.1 Selection of glycopeptide libraries

GEFBD begins with the synthesis o phagedisplayed glycopeptide
library. First, a serine-terminated naive library (SX, where X = any 20
natural amino acid) with a diversity of ~108 was oxidized with sodium
periodate as previously described?1179 The resulting aldehyde provides a
unigue handle to which a fragment, such as mannoge/droxylamine
derivative (Man) or aminooxy-biotin (AOB), could be ligated (Fgure 4-1A).
The latter fragment is used to monitor the efficiency of théigation in aphage

library (~40 z60% of the library is chemically modifiedy’ and serves as a
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control in the selection. Biopannning of modified librariesor enrichment of a
specific binder, involved parallel incubation of ManX; or AOB X7 libraries
with plate-immobilized DGSIGN, ora blank well, all in triplicate (Figure 4-

1B). The last two experiments serve as negative controls.

Ho—, OH
NH, i) NalO, (5 min) HHOO—E%
i) GSH (10 min) S
OH i
iii) H,NO-Man (1 hr) _N
{ (NNK), 55% modification NT o
’ insert H

@ . ;
Ser-X,
(diversity: 3 x 102 pfu) Man-X;, n’

!$ synergistic
Man-X, n, I m ' (—V— interaction

DC-SIGN

m » unproductive
_— interaction
roBx, @B

T~~~ Blank

B

—— target-unrelated interaction

Figure 4-1. lllustration of generation of glycopeptide library and its
selection.

(A) Modification of serine-terminated peptide library displayed on M13
phage yield glycopeptide library (ManX7). (B) Biopanning of ManX; or AOB
X7 on plate-immobilized DGSIGN, and AOB7 on blank well were performed
in parallel during each round of selection.

| was able to recover about 56fold more phage titers from DCSIGN
coated wells than from the blank wells (Figure €A). The result implied
significant binding of phage libraries to the target and yet background
binding to the polystyrene surface is negligible. The intrinsic binding of the
peptide libraries to DGSIGNregardless of the fragment attached to theN-

terminus of the peptides indicated that p@tides could bind to DCSIGN at
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multiple sites. This finding can be explained by a tetrameric structure dhe
extracellular domain (ECD) containing a repeating hydrophobic neck region.
Such binding of peptides outside of the carbohydrateecognition domain
(CRD) have plagued many previous genetically encoded selections leading to

identification of peptides that bind outside of CR[:32.133,136,137

A 107 B 0015 :
10M Recovery = = . Man-X,
=) i output/input S ' 0 AOB-X
& 100] (0] T | 7
o & 0.010 :
& 100 a [ ]
3 10° - > |
m 1
£ o g 0.005 |
b I
106 - fid !
10° , 0.000 ==
Input Output 1R DC-SIGN No target
C o7
< 06
=
© 05¢ = Man-X,
(o)]
_‘C:- 0.4} «-D AOB-X,
5 009 | T+ Galx,
S Man-X_ +
[ 006 3 an- 7
§ 0.03 “ MeMan
3 003}
o =
0o M= M-

1R 2R 3R 3R* 3R**

Round of selection

Figure 4-2. The recovery of phage from biopanning.

(A) Recovery of phage is the mean of eluted phage titers divided by the mean
of input phage titers forbiopanning ran in triplicate. Error bars represent the
propagation of error for calculating the recovery. (B) Recovery of phage after
the first round of biopanning. (§J Recovery of phage after three rounds of
biopanning on DGSIGN. Atthe third round of selection (3R), a library
modified with Man (Man-X7) was significantly enriched, vhereas the same
library modified with biotin or Gal was not. Panning of MarX; in the
presence of soluble MeMan also abrogated the enrichment. 3R, 3R* and 3R**
are independent biopanning performed on separate days.
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To deplete the peptides that have the pantial to bind outside of CRD
| incubated the naive library with the target prior to the first round of
selection. The unbound phage library remainingin the supernatant was then
modified with the Man fragment to enrich CREbinding glycopeptides
through subsequent rounds of selection. Indeed, athe third round of
selection (see 3R in Figure 4B), | observed significant amounts of phage
recovered from the mannosemodified library as opposed tothe biotin-
modified library. The percentage of recovery increased by ~5@old from
0.011 + 0.001 % (AOBX7) to 0.53 + 0.06 % (MarX7). Such enrichment was
reproducible, at least three times, when the biopanning was repeated on
separate dayssee 3R* and 3R** in Figurel-2B). | further demonstrated that
the enrichment was the result of the specific interaction of mannose with DC
SIGN. For example, modification of the enriched library with an irrelevant
glycan, e.g, galactosehydroxylamine derivative (Gal) and its selection
exhibited a factor of 5Gfold decrease in recovery. Although MaiX; and Gal
Xz differ by their anomeric positions and C2C4 epimeric positions, mannose
is essential for the recognition. Furthermore, the enrichment for Maix; at
3R** was completely abrogated in the presence of 500 mM methwy-
mannopyrannoside (MeMan) added during the biopanning (Figurel-2B).
These results suggested that the observed enrichment tife phage library is
achievable if, and only if, the library is modified with an appropriate
fragment anchor,i.e, mannose, and thebinding of this library to DGSIGN

could be interrupted by inhibition. Next, | recovered phage clones from all
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three rounds of biopanning, including the controls, and subjected the phage
to amplification, DNA extraction, and PCR of DNA with barcoded primers as
described insection 4.5.5.Pooled amplicons were sequenced using Illlumina
NextSq platform and analyzed using thesolcano plot analysis employed in

section 3.5.6to identify the potential hits.

4.3.2 Validation of selected hits

To validate the inhibitory activity of the potential hits, | randomly
selected six glycopeptides from the lisof potential hits, synthesized them,
and tested for their ability to compete with trimannoside-containing
horseradish peroxidase (Sigma #77332) for binding to the platémmobilized
DGSIGN ECD (Figurel-3A). All synthetic glycopeptides have relative 163
(rICs0) in the range of 0.2%0.48 when compared to that of MeMan (rlé = 1,
Figure 4-3B). In other words, their 1Go values are 2 to 4-fold lower than that
of MeMan (IGo = 0.7 ° 0.1 mM). Some of these synthetic inhibitors have
comparable activity to 6 azidohexyla-Man-(1° 3)-[a-Man-(1° 6)]-a-Man
(Man3-X, rlGo = 0.31). To this end, the phage selection has resulted in a new
class of inhibitors with comparable potency to Man3 derivative but only with
moderate enhancement relative to MeMan(2z4 fold). These results are
similar to the experience of other groups working on DGSIGN}24.171-176
where the efforts to design highly potentmonovalentglycan-based inhibitors

for DGSIGN were met with some challenges.
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Figure 4-3. Inhibition assay andvalidation of hits.

(A) Scheme of the assay that measures the ability of soluble inhibitors to
disrupt the binding of trimannoside-decorated HRP to plate immobilized DC
SIGN ECD. (B) Summarized data of relatives¢QrICso) for glycopeptides
(Man-X7) or 6 azidohexyl a-Man-(1° 3)-[a-Man-(1° 6)]-a-Man (Man3-X). In
each assay, methyh-mannopyrannoside (MeMan) was used as an internal
control. rICso was calculated as the ratio of 15 of test compound to the G
of MeMan measured on the same plate. (C) Strucas of glycopeptide and
Man3-X. (D) Raw data of the inhibition profiles. The absorbance at 450 nm
(OD = optical density) is an average of three independent wells. Errors are
one standard deviation. The data was fitted with logistic function using
Origin software.
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4.3.3 Validation of the reported DC -SIGN inhibitor

A B 25+ Man3-X (IC50 = 0.16 + 0.01 mM)
’ Anderluh's Inhibitor
MeMan (IC50 = 0.92 + 0.05 mM)

]
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Anderluh’s inhibitor LA R
Concentration of inhibitors (mM)

Figure 4-4. Validation ofthe inhibitor reported in the literature.

(A) Chemical structure of the inhibitor with 1Go value 40 M reported in by
the Anderluh groupl€ (B) In our assay, | didnot observe any inhibitory
effect of the compound at concentratiors up to 80 nmiM. Positive controls,
Man3-X and MeMan, studied along with the inhibitoexhibited reproducible
results.

To compare ourinhibitors to other reported DGSIGN inhibitors, |
synthesized a mannoséased inhibitor designed by Anderluh and co
workers using the computational dockingtool FlexX(Figure 4-4).180 |n their
report, the inhibitor was shown to block the binding of HIV gpl120 to
immobilized DGSIGN ECD withan ICso value of 40 miM.180 As a result,this
inhibitor exhibited 75 -fold better potency thantL-fucose (IGo = 3 mM on the
same assay and the authors claimed that it is the most potent mannose
based monovalent inhibitor availabk to date However, in our hand, we
could not reproduce the activity of the inhibitor (Figure 44). The inhibitor
has poor solubility in aqueous buffer. No inlbitory effect was observed for

concentrations tested up to 80 nM (attempts to dissolve more compound wa
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unsuccessful even in the presence of 2% DMPOhis discrepancy with the
reported results could be due to artifact ofinsoluble aggregatesor the useof
different assay. To confirm our assay is validnd suitable for the studies we
will be collaborating with groups of JohnKlassen(Alberta) and/or Christoph
Rademacher(Max Planck Institute Postdan) to evaluate these inhibitors
using orthogonal assayssuch asan ESFMSbinding assay49.181 or a cell-based

inhibition assay. Furthermore, | will be contacting Kiessling to regest her

non-carbohydrate inhibitors of DGSIGN to complement our study and serve

as apositive control.

4.3.4 Validation of FTMap for glycan -binding proteins

Target Hot spots Druggability

-

W / 4

Figure 4-5. Computational solvent mapping (FTMap).
The figurels? is reprinted with permission from the publisher. Copyright ©
2015, American Chemical Society.

We hypothesized thatthe unsuccessful selectiorcould originate from

z A

the lack f EOOE O A£OT OET O ODPI 6006 Elite. itebtdi8 DO TEI E (

hypothesis, Iemployed FTMap, a validated computationasolvent mapping

server developed by Kozakovet. al,182-184 to identify binding energy hot

spots of DGSIGN. FTMap has previously been used to identify regions of

proteins, scA AT I AA OAT 1T OAT 600 OEOAO6h OEBAO AET A
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silico. These consensus sites have been showto correlate with regions of

known sites for binding of smaltmolecule fragments(Figure 4-5) 182,183

glycan §%

Figure 4-6. Mapping of the locations ofpotential binding fragments near the
glycan-binding site of ConA using FTMap

Probe clusters binding at consensus sites identified by FTMap are shown as
thin sticks. Oxygen and nitrogen atoms are in red and blueespectively. (A)
Mapping of apo ConA (PDBLNLS). (B) Mapping of ConA ecorystallized with
Man-WYD (green, PDB: 4CZS-TMap accurately identifiedthe glycan site
and subsitesfor both ligand-free and ligandbound ConA (C) Mannose and
Tyr side chain of MarWYD inhibitor previously identified by GEFBD
overlap well with 16 yellow and 16 salmon probesdentified by FTMap.

As FTMap has not been validated for glycabinding proteins, | first
used ConA and galecti#3 to determine the effectiveness of FTMap fothe
identification of hot spots in GBPs In ConA, the approach ecurately
identified the glycanbinding site as themain hot spot. It also identified a
secondary hot spot located in close vicinity to the glycan site Kigure 4-6A).
We have previously validated this hot spot by carystallization of ConA with

Man-WYDr? a low micromolar inhibitor discovered with GEFBD approach.
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FTMap correctly predicted the overlap of probe clusters with Tyr side chain
of the inhibitor (Figure 4-6BzC). In galectin3, FTMap successfully outlined
the glycanbinding site with high-ranking probe clusters and revealed several
subsites as potential hot spots (Figuret-7). This prediction coincides with

the location of the binding sites for several known gaictin-3 inhibitors. 185

Figure 4-7. Mapping of the locations of potential binding fragment neathe
glycan-binding site of galectin3 using FTMap

Probe clusters binding at consensus sites identified by FTMap are shown as
thin sticks. Oxygen and nitrogen atoms are in red and blueespectively. (A)
Mapping of apo galectir3 (PDB: 3ZSL). (B) Mapping of Ladzgalectin-3
complexes (PDB: 1KJL). FTMap successfully identifidte glycan-binding site
and subsitesin both ligand-free and ligandbound galectin-3. (C) Mapping of
galectin-3 co-crystallized with a LacNAebased inhibitor (PDB: 1KJR). Though
the glycansite was accurately pinpointed, a new subsite was revealed due to
a significant conformational change of Argl44. The change was induced by
the favorable cationn ET OAOAAOQEI T AAOxAAT OEA COAT EAI
and the aromatic group of inhibitor. These I esults suggest that a
conformational change might expose new hot spetbut this hot spot is
missed by FTMap when mapping an apo protein. (D) The galactose of LacNAc
shown in panel B overla well with 15 cluster probes in salmon color.
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4.3.5 FTMap analysis of DG-SIGN

Figure 4-8. Mapping of the locations of potential binding fragment near
glycan-binding site of DGSIGN using FTMap.

(A) Mapping around the Man4bound structure (PDB: 1SL4). (B) Mapping
around the pseudel,2-mannobioside-bound structure (PDB: 2XR5). (C)
Mapping around the Man2bound structure (PDB: 2IT6). (D) Mapping
around the Lewis< derivative-bound structure (PDB: 1SL5). In (AD) the
glycan site of DESIGN contains the mannose @) or fucose (D) residue
(yellow stick) chelating the calciumion. Probe clusters binding at consensus
sites identified by FTMap are shown as thin sticks. The solid arrows illustrate
the direction into which the peptide aglycones can be pointing in MaX;
conjugates with a-anomeric linkage between Man andN-terminus of the
peptide. Dashed arrows represent potential attachment points for the access
of library to the groove identified with FTMap. Oxygen and nitrogen atoms
are in red and blue respectively.

After the validation of FTMap, lused it to analyze several knan DG
SIGN structures cecrystallized with four different ligands? a-Man-(1° 3)-
[a-Man-(1° 6)]-a-Man-(1°© 6)-a-Man (Man4),186  pseudo-1,2-mannobio-
side 187 a-Man-(1° 2)-a-Man (Man2)188 and a Lewis* derivative 86 (Figure 4-

8). The calcium ion, which is essential forchelating the vicinal diol of
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mannose or fucose, was removed by the server before the mapping
(retention of the ion was tried, but an error emergedluring the mapping). It

is possible that removal of calcium was the reason whyo probe clusterwas
found at the glycan site. found that the top-ranking consensus sites were
>15 A away from the glycarbinding site, and thus are not useful for the
design of inhibitors of areasonable size. Large entropic penalties might arise
due to the long linker necessary to bridge the sites. The landscape around the
glycan-binding site of DGSIGN in the putative glycopeptidebinding region is
topologically flat and featureless. This analysis could explain the modest
affinities of these ligands (.e, Ko or 1Csp values of >100nM). However, a
groove surrounded by Phe313, Leu371, and Phe374 was identified by FTMap
in three out of four structures as a prospective hot spot (Figuret-8AzC),
although the ranking d this site was relatively low compared to other
OAT 1T OAT OO0 O-SIGEideAGed bylFAMa. £oincidentally, part of this
groove has been previously identified bythe Bernardi lab using the GRID
program18 and used in the design of fucosetlased inhibitors124 FTMap
analysis suggested that the mannose fragment used in this work might not be
an optimal anchor for GEFBD. Structural déa showed that mannose has two
different modes for binding to DGSIGN (compare Figure 8A and 48B). One
of the binding modes which is also the major binding mode of single
mannosel8’ clearly steers the aglycone away from the groove in the opposite
direction (see solid arrow in Figure 48B). Mannose in the other

configuration (Figure 4-8A) has better chance to position the peptide
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fragment toward the groove but a steric clash with the bulky sie chain of
Phe313 is inevitable (see solid arrow in Figure 48A). | believe that peptide
fragments attached to thea-anomeric position of fucose (see dashed arrow
in Figure 4-8D) or the 2-OH group of mannose (see dashed arrow in Figure 4

8B) might have a letter chance ofreaching and engagingwith the groove.

4.4 Conclusion

In summary, through the use of GHEBD technology from 108
mannosepeptide conjugates we have discovered a novel class of inhibitors
for DGSIGN, albeit with moderate enhancement in activity relative to a
monosaccharide.The modest affinity correlates well with reports of other
groupst71.174.176 in the design of mannosebased inhibitors for DGSIGN and
suggests that mannose might not be an optimal fragment for FBD. Given the
108 heptapeptide fragments, the screen can find only modest combinations of
mannose and heptapeptids. Computational mapping with FTMap paralleled
the results of our GEFBD screenand suggested that secondary hot spots in
close proximity to the glycan-binding site are simply not available. The only
potential hot spot identified by FTMap within 10 A of glycan bindinegite
might be accessed by peptide fragments originating from aa-anomeric
position of fucose. We do not see these observations adimitation of GE-
FBD technology. Instead, we suggest th#te observed synergy between GE

FBD andFTMapcan be used for productive design of fragments and libraries
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for GEFBD ard similar approaches. This workoffers valuable insights forthe

future design of DESIGN inhibitors.

4.5 Experimental procedures

4.5.1 Materials and general information

MOPS buffer contains 50 mM MOPS, 150 mM NacCl, 2 mM Saiti
pH of 7.4 after preparation. TetramericDGSIGN ECD was expressed and
puriied by 0 OT £88 $ OEAEAI A0O6O 1 AA8 (1 OOAOAAEOE
purchased from SigmaAldrich (Sigma #77332). Allsolutions used for phage
work were sterilized by filtration through 0.22 mm filters. O-a-D-
mannopyranosyl oxyamine was synthesizedusing a method adapted from
the literature.14l Man3-X was synthesizedby C.C. Ling and cworkers
according tothe literature.”” Aminooxy-biotin (#10009350) was purchased
from Cayman ChemicalThe mannosepeptide conjugates were synthesized
according to the methods describedn section 3.5.10 and were characterized
by UPLCMS (see Appendix C for the spectra)lhe inhibitor reported by
Anderluh was synthesized according to published method® (see Appendix
C forthe 1H and 13C NMR spectra HRMS (ESI) spectra were recorded on
Agilent 6220 0aTOF mass spectrometer using either posrg or negative

ionization mode.

4.5.2 Generation of Man -X7 and AOB-X; libraries
An N-SerX phagedisplayed peptide library (complexity: 33 108 pfu)
was generated according to thereported protocol.153.179 Prior to chemical
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modification, the phage library was dialyzed extensivelygainst5 L PBS (4
“C, pH 7.4, two buffer changes over 24 h, 10K MWCO) to remove the storage
buffer, which contains 50% (v/v) glycerol. For chemical modification, the
phage library (100, ~2 3 1012 pfu/mL) was oxidized with 0.06 nM sodium
periodate (by adding 1ni of 6 mM solution in MQ water) at RT for 5 min. The
oxidation was quenchedby the addition of 0.5 mM glutathione (by adding 1
nL of 50 mM solution in MQ water) at RT for 10 min. The oxidized library
was distributed into two separate portions. One wadreated with an equal
volume of G-a-D-mannopyranosyl oxyamine (2 mM MarONH in 200 mM
anilinium acetate buffer, pH 4.7) The other was treated withaminooxy-
biotin (2 mM AOB in 200 mM anilinium acetate buffer, pH 4.7). The reaction
mixtures were incubated for 1h at RT, after whichthe modified libraries
were diluted 10 times with MOPS buffer for panning experiments. To
monitor the oxidation, a small portion of the AOBX7 library was diluted and
captured with the biotin-capture assaypreviously described in Chapter 2
(section 2.4.2) Typically, 60% of the fractions ofthe phage library were
successfully oxidized. To quantify the modification with MarONH, a small
portion of the Man-X7 library was treated with AOB and captured withthe
biotin-capture assay previously described in Chapter 2 (section 2.4.2)
Typically, 40z60% of the fractions of phage library were successfully

modified with the Man-ONH.
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4.5.3 Pre-selection of phage libraries
A 96-well polystyrene plate (Corning #3369) was coated with a
solution of DGSIGN ECD (100rL, 10 ng/mL) in MOPS bufferovernight at 4
~C. After coating, the plate was rinsed with washing solution (18 300 ni,
0.1% (viv) Tweencmt ET -/03 AOAZEAOQq OOET C tnuA 41 OA
(BioTek). Preselection was performed by incubating the dialyzed SerX
library (100 ni, ~23 1022 pfu/mL) with a single DGSIGNcoated well for 1 h
at RT. The library was then transferred into a fresh microcentrifuge tube and
modified with Man-ONH: or AOB as described in seain 4.5.2 The modified

libraries were diluted 10 times with MOPS buffer.

4.5.4 Three rounds of phage selection

The selection of MarX; library against DGSIGN was performed in
three separate wells in parallel with the control selections,i.e, AOBXs
against DGSIGN, AOBX; against blank wells. Specifically, the modified
libraries were added into the corresponding wells (100ni/well, ~1 3 1010
pfu/well). After incubating for 1 h at RT, the unbound phage was rinsed with
the washing solution (53 300 i) using the plate washer. Phage reaining
on the well were eluted by adding 100niL of glycine elution buffer (0.2 M
glycine-HCI, pH 2.2, 1 mg/ml BSA). After 9 mimf incubation at RT, the
elution buffer was transferred into a 1.5mL microcentrifuge tube ontaining
the neutralization buffer of 1 M TrisHCI (25 nL, pH 9.1). The recovered

phage libraries, 9 samples in total, were processed further agescribed in
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section 4.5.5 After phage amplification the amplified phage recovered from
the selection of ManrX7 library against DGSIGNwere modified with Man-
ONH or AOB as described insection 4.5.2 The modified phage then
underwent a second round of selection using the same procedure as
described above. Similarly,a third round of selection followed the same
procedure of modification and panning, exget for the following
modifications: (i) a lower concentration of DESIGN ECD (irg/mL) was used
during the plate coating; (ii) the input for panning was lowered to ~13 10°
pfu/well; and (iii) the stringency of washing was increased by washing 10

times.

4.5.5 Phage amplification and PCR

The eluted phage was amplified separately by adding the eluates (125
nL) into 3 mL of ER2738 culture (1:100 dilution of overnight culture). The
phage and bacterial mixtures were incubated for 4.5 h at 37TC with vigorous
shaking. The cultures were centrifuged (15 min, 4700 rpm) at 4C to pellet
the bacterial cells. Half (~15 mL) of the amplified phage fronthe selection of
the Man-Xz library against DGSIGN was transferred to a fresh centrifuge tube
and precipitated with PEG/NaCl. The precipitated library will serve as the
input for a subsequent round of selection. The remaing supernatants
containing the amplified phage were transferred into fresh tubes and the
phage ssDNA was isolated using QIlAprep spin M13 kit (Qiagen, #27704)

s o~ A o~ N s A N A~ o~ A s o oA

AAAT OAET ¢ O1 1T AT OEAAAOOOAOBO ET OOOOAOQEIT O8
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lllumina-compatible dsDNA amplicon by PCRBriefly, the ssDNA (~5&100
ng) was combined with B Phusior® buffer, 200 M dNTPs (each), 0.5mM
forward and reverse primers, and one unit Phusiof High-Fidelity DNA
Polymerase in a total volume of 50rL. Forward (F) and reverse (R)primer

OANOAT AAOGL uvbd

LU €AAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTC

TTCCGATCXXXXCCTTTCTATTCTCACTECT 0
R:

LU AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

GATCTKXXXACAGTTTCGGCC@AD

The XXXXin the primer sequence denoteshe four-nucleotide-long barcodes
used to trace multiple samples in one lllumina sequencing experiment. The
temperature cycling protocol for PCR was as follows: 95 °C for 30 s, followed
by 25 cycles of 95 °C for 10 s, 60.5 °C for 15 s and 72 °C for 3(hd,then a
final extension at 72 °C for 5 min before holding at £C. The resulting
amplicons were pooled(20 ng per sample) together and purified on Esel®
SizeSelect™ 2% agarose gel (Invitrogen, #G661@2). Sequencing was

performed using the lllumina NexSeq platform (The Donnelly Sequencing
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Centre at The Donnelley Centre for Cellular and Biomolecular Research,

University of Toronto) and analyzed as described isection 3.5.6.

4.5.6 Validation of hits by an inhibition assay

The competitive binding assayinvolves the binding of immobilized
DGSIGN ECDwo horseradish peroxidase (HRP), anaturally glycosylated
protein that displays a trimannoside epitope. Inhibitors, i.e, MeMan, Man3X,
or Man-peptide conjugates were tested for their ability to compete wih HRP
for binding to DGSIGN A solution of DESIGN ECD (10rg/mL) in MOPS
buffer was used to coat a polystyrene plate (Costar #3369) to have a final
volume of 50ni/well. The plate was sealed with a membrane and kept ithe
fridge overnight. On a separatenon-binding surface plate (Corning #3641), a
3-fold serial dilution was performed for the solutions of the inhibitor
dissolved in MOPS buffer. The diluted solutions were then mixed with an
equal volume of the solution of HRP (2g/mL) in MOPS buffer. Thecoating
solutions of DGSIGNwere then discarded andthe wells were subsequently
washed with the washing solution (32 200 ni.,, MOPS buffer containing 0.1%
(v/iv) Tween-20). The mixture of the inhibitor and HRP probe was
transferred accordingly to the plate coated with protein to obtain a final
volume of 50 ni/well. The plate was incubated at RT for 1 h, then, washed
with the washing solution (33 200 niL). TMB substrate (50m.) was added to
each well. After 10 min incubation, 1 M phosphoric acid (501) was alded to

guench the colorimetric assay. The color developed was read at 450 nm with
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a 96-well plate reader. The data was fitted with logistic function using Origin
software to determine the half maximal inhibitory concentration (IGo) of the

studied inhibitor.

4.5.7 FTMap analysis

The jobs of computational solvent mappingwas submitted to FTMap

server (http:/ftmap.bu.edu/login.php ).184 The required input variable is the

PDB ID, which corresponds to the structure of intexst available on protein

data bank (PDB,http://www.rcsb.org/pdb/home/home.do ). When more

than one subunit is available for a single structure, chain A was chosen for
analysis during the job submission.The results and the structural figures

were analyzedand renderedby PyMOL
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Chapter 5: Phage-displayed macrocyclic glycopeptide

libraries

5.1 Introduction

Synthetic macrocycles hold great promise for the development of
drugs targeting proteins that are hard to target by conventional smalt
molecule drugs!®.191  The pharmacodynamic and pharmacokinetic
properties of the macrocyclic peptides are generally more favorable as
compared to their linear analogueg?®219 One reason isthe increased
proteolytic stability. The flexibility in linear peptides allows different shapes
to be adopted, thus increases their susceptibility to enzymatic degdation.
In contrast, restricting the conformation of peptides by macrocyclization has
been shownto improve their proteolytic stability. 194-19 Macrocyclization o
peptides can also increasetheir binding affinity by preorganizing the ligand
into a biologically active conformation and minimizing the contribution of
unproductive conformations.197-200  This preorganization allows the
macrocycle tointeract with a larger surface areeof the target protein while
maintaining productive conformation. Although linear peptide ligands of
similar size can span similar ares, maintenance of one productive
conformation and elimination of all other conformations results in large

entropic pendty and often decreases the binding affinity.

In addition, some studieshave suggested that cyclization ofa peptide

could have a favorable impact on its pharmacokinetic properties by
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improving oral absorption. A notable example is cglosporine A, an oral
macrocyclic peptidedrug that achieves its unexpected high bioavailability by
shielding its four amide hydrogen bond donors while passively diffusing
through cell membrane?01 Lokey and coeworkers hypothesized that the
formation of intramolecular hydrogen bondswithin the macrocyclic peptide
could enhance cell membrane permeability by reducing the energetic cost of
desolvating hydrogen bond donorsduring membrane penetration202.203
They further designed a cyclic hexapeptide with threéN-methyl groups that
showed 28% bioavailability in rats8® Due to the potentially favorable
pharmacodynamic/kinetic properties of macrocylic peptides thereis a need
for continuous development of approaches that permitthe synthesis of
macrocycleg% or macrocyclic peptides in a simple, robust and

straightforward fashion .87.96.205,206

The dscovery and development of new macrocyclic ligands for
proteins usually mandatesthe synthesis of libraries of macrocycles. Amongst
many library syntheses available,the technologies that permit genetic
encoding of macrocyclicibraries are the most attractive because they allow
identification of the target-binding compounds from a mixture of 1671015
derivatives present in the same solution. This selection approach is
technologically simpler than the screening on multiwell-plate and higher
throughput than one-bead-one-compound?®” approaches. Although several
synthetic approaches are available for constructing genetically encoded

libraries, we envision that the simplest approach is constraining existing,
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biologically produced, and genetically encodedinear libraries by chemical
crosslinkers. Suchan approach bypassesthe need for complex multistep
synthesis of DNAconjugated molecules$?.64 proximity -driven ligations,83.208
and bottom-up synthesis of peptide oligomers assisted by genetically

encoded reaction routing®2

Since its inception in 198509 phage display has been one of the
dominant technology for the discovery of drugsAntibodies and peptides
derived from this technology have been one of the fastest growing
contributors to FDA-approved drugs. In Chapter 3,| described a novel
APDDPOI AAEh OAOI AA OCAT AABAAI AECEBHRADLNA
for the identification of potent ligands for glycanbinding proteins from the
linear glycopeptide libraries displayed on M13 phage. The chemistry we used
to generate these libraries N-terminal serine-mediated oxime ligation? is
suitable for the production oflinear glycopeptide libraries (see Chapter 2) In
this chapter, | aim to generatecyclic glycopeptide libraries displayed on a
M13 phage using only onestep and rapid chemical modification of readily

available phagedisplayed libraries.

5.2 Previous synthese s of macrocyclic glycopeptides

Previously, several synthetic approaches for makingthe cyclic
glycopeptides have been reported. For example, dadto-tail
macrocyclization ofa glycosylated peptide thioester by thioesterase has been

demonstrated by Wong and Wish to afford cyclic glycopeptides.210
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Alternatively, Wu and Guo achieved macrocyclization through amide
coupling between the N- and Gtermini after the cleavage ofa linear
glycopeptide from beads?!! Although these methods could be usef for the
generation of a cyclic glycopeptide library, it is not suitable for the
modification of a phage library because the peptides are attached on phage
coat protein, and thus lack the Gterminus required for cyclization using
these methods. Recently, Mihara and coworkers reported pseudo-cyclic
glycopeptide libraries on phage based on &-loop stabilized by the non-
covalent interactions between antiparallel b-strands.”® The authors
decorated the library with mannosevia a disulfide bond with a constant Cys
in the peptide library. Such disulfide linkage, however, is susceptible to
reduction and disulfide exchange. Furthermorethe expression of peptides
with single or odd number of Cyson phageis known to be challenging!2-214
due to (i) trapping of phage inthe periplasm of E. colj (ii) mis-folding of plll
proteins by forming disulfides with the structural Cys in the plll and (iii)
enforced enrichment of library clones with even number of cysteia?1®> The
authors bypassed the problem (ii) by expressingtte library in a phage with
Cysfree plll protein, but the drawback of this variant is >1006fold
diminished infectivity of phage?1® Multiple strategies for cyclization of
peptides on phage have been reported by our grodpy and others?6.218 but

introducing a carbohydrate fragment using these approachds not obvious.
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5.3 Results and discussion

5.3.1 Our approach to create macrocyclic glycopeptide libraries

Figure 5-1. Macrocyclization of peptides and genetically encoded peptide
libraries with dichloro -oxime derivatives.
(A) Approach reported by Dawson and cevorkers. DCA = 13
dichloroacetone. (B) We propose to use dichloreoxime derivatives (DCO)
xEEAE xAOAin sEHiGOT BIA  AO1T A O EdishldyedE pedtide B E A C A
libraries in one step.

| was inspired by a recent stratgyy reported by Dawson and ce
workers,219 in which dithiol -containing peptides could be cyclized using
commercially available 1,3dichloroacetone (DCA). The macrocyclization
introduces a 3-carbon bridge that can stabilize the a-helices of linear
peptides flanked by two homaysteines placed atthe i and i + 4 positions,
resulting in an increase of helicity from 22% (Inear peptide) to 53% (DCA

constrained peptide)219 The most attractive aspect of this chemistry is that

the ketone handle embedded in the 3carbon bridge can be further
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