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Abstract

Abstract

This thesis first describes methods for the synthesis of bionic glycoproteingutigntial activity
against UropthogenicEscherichia colWork to achieve this goal initially focused on the synthesis of
constructsOF LI 6f S 2F o0AYRAY3 (2 (KSmahhopyranodidOS B 2 NJI |
h-D-mannopyranoside (1 A 4) 3azidopropyl -D-glucopyranoside) and two small manndsased
molecules. While the monosaccharide building blocks required for the triasdehsynthesis were
successfully synthesised, the small Fibikling mannoséased species proved more suitable for the
generation of bionic glycoproteins. One of the small manAsssed molecules was used in
conjunction with onresin coppetcatalysed ctik ligation to synthesize three mannebased probes
capable of bieconjugation to either colicin la or Bp@oteinsvia organocatalysinediated protein aldol
ligation (OPAL). Subsequently, in the first ever example of OPAL being used to cogiycmisio
proteins, these probes were used to synthesize a library of Fiméing mannosegresenting colicin

conjugates.

A selection of auteaaggregation and microscopy assays were conducted to determine whether
the FimHbinding mannosegresenting colicin conjugas could induce aggregation of samples non
pathogenicE. colistrains. Unfortunately, the results of these experiments were inconclusive and
further work is required to fully establish the biological activity of the manrdmssed colicin
conjugates.

This i KSaAa Ffaz2 RSaZONAOSa STFF2NIa (2081 NRa
mannopyranosidg€l A 3) -"-D-mannopyranoside (1 A 4) 3Azidopropy -D-glucopyranoside)
Although completion of this synthesis was not achieved due to the timescale of this peijmificant
progress was made. Reported herein is the work performed thus far including a reliable method for
0 KS T2 NX¥raanbgdié boads (ainotoriously difficult feat). In addition to investigating chemical
Y S i K 2 R-nanfogideJformation, enzyatic synthetic methods using the phosphorylaselB33
were also developed. To the best of our knowledge we present the first investigation into the
substrate promiscuity of BTI033 towards unnatural glucosamine analogues and mandese

phosphates.
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Chapter lintroduction

1.1 Section A

1.1.1 Structure of the urinary tract, urothelium and uroplakins
The primary function of the urinary tract is to collect, transport, store and remove urine from the

body, eliminating toxic waste products and metabolites generated by the kidh&ye urinary tract
can be anatomically categorized into two ss#ctions: the upper urinary tract (e.g. the kidneys and
the ureters¥ and the lower urinary tract (e.g. the bladder and the urethi@iy(rel-1).2 The surface
of the urinary tract is lined with a specialized epithen known as urothelium.The biochemical and

morphological features of the urothelium vary depending on its location within the urinary‘tract.

Ureter

Lower Urinary Tract Bladder

Urethra

Figurel-1. Structure of the urinary tract consistitog the upper urinary tract e.g. the kidneys and ureters and the lower
urinary tract e.g. the bladder and the urethra

Generally, the urothelium is composed of three different layers; a basal cell layer attached to
the basement membrane, an intermediate émyand an apical layer consisting of large hexagonal cells
known as umbrella cell§Figure1-2a).2 Umbrella cells are multinucleated, highly differentiated and
accumulate darge amount of uroplakin proteins on their surface. This accumulation leads to the
forming of a twedimensional plaqué,* Swhich acts as a barrier to water and other toxic materials in
the urine® In humans there are four different urofms (UP) proteins: UPIa, UPIb, UPII and UPIIL.
These units come together to form a heterodiméiigure 1-2b) with six of these heterodimers
combining to form the uroplakiplague Figure1-2c).> UPla and UPIb belong to the tetraspanin
family? consisting structurally of four retke transmembrane domins. The first and second
transmembrane domains areonnected through a small extracellular loop, with a second large
extracellular loop connecting the third and fourth transmembrane domains. The main difference
between the two uroplakins is UPla contaiashigh mannose glycan attached to the second
extracellular domain at residue Asnl@9ddurel-2d). In comparison, UPIb contains a tetraantennary
fucosylated complex glycan attached to the second extracellular doatdhe Asn131 residu&igure

1-2e).2 UPII and UPIlla are each structurally composed of a single transmembrane domain.
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Figurel-2. a) Structure éthe urothelium with basal cells attached to a basement membrane, an intermediate layer and a
layer of umbrella celld) Structure of the uroplakin plaque consisting of six heterodimeric units with each unit composed of
two dimers UPIa/ll and UPIb/Illg). Structure of the heterodimer units where the green ellipse represents a high mannose
containing Nglycan and the grey ellipses represent complgtyldansd) Structure of uroplakin la arej structure of
uroplakin Ib. Both structures consist of folartsmembrane domains and have an approximate molecular weight of 30
kDa8 9The green ellipses represent mannose residues, the blue squares represent glucosamine residues and the yellow
ellipses represent galactose residues

1.1.2 Urinarytract infections
Urinary tract infections (UTISs) is the third most common type of infection experienced by humans after

respiratory and gastrantestinal infections® Most UTI cases affect the lower urinary traand can
be either symptomatic or asymptomatiéwith symptoms including imeased urination frequency,
pain during urination and blood in the uridélf left untreated UTIs can result in kidney damage,
allowing bacteria to enter the blood stream resulting in urosepsis. Urosepsis acdouris% of

severe sepsis cases reported, with a mortality rate of between 25% and*60%.
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Women are significantly more likely to experience a UTI than'téwme to the female
urethrae being significantly shorter than a males (4 cm vs 20%Approximately 4660% of women
will experience a symptomatic UTI within their lifetimeith over half of these women suffering a
relapse within six month¥. Age is another wellecognized risk factor, with UTIs being the second
most common form of infection in the nainstitutionalized elderly poplation, accounting for 25% of
infection cases$® Due to their weakened immune systems approximately 10% of males and 20% of
females over the age of 80 suffilom an asymptomatic UT.Other risk factors for UTIs include

urinary catheterization and diabeté$.

UTls are caused by invasion of foreign pathogens, withropathogenic Escherichia coli
(UPEC)Higurel1-3) being responsible for 80% of cas&saphylococcus saprophytiascounts for a
further 10-15%, and the remaining cases aresed byKlebsiella, EnterobacteandProteusspecies?®
UTIs can be classed as uncomplicated or complicated. For a UTI to be classed as complicated the
patient must also suffer from either an underlying illness such as diabetes, a structural malformation
of the uinary tract, or an obstruction of urine flow.Complicated UTIs are generally more difficult to
treat,?° meaning the infectionsre often chronic with several different Grapositive and Gram

negative bacteria present.

Figurel-3. Electron microscopy images of UPEC adhered to the urinary epithelial cell stjiers.= 3IM (A) and 0.uM
(B

Currently UTIs are treated with a course of antibiotic such as Nitrofurantoin or
Trimethoprim!® However, an increasing problem observed in the treatment of UTIs is antibiotic
resistance- studies demonstrate UPEC strains contain over 30 different resistance genes to
trimethoprim, with clinical resistance occurring in 16.7% of ca$N#rofurantoin is still active against
E. coli with fewer cases of resistance being reported than with Trimethoprim. However,
Nitrofurantoin has a higher incidence of siizant side effects like pulmonary fibrogfsand it is
predicted that resistance to both antibiotics will incema The enduring challenge of antibiotic
resistance means that researching new effective treatments for bURi€ed UTIs is a clinical

priority.?
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1.1.3 Uropathogenic Escherichia quithogenesis pathway
UPEC is responsible for the majority of reported uncomplicated UTI tathes identfying new

targets within UPEC could serve as the basis for developing new treatmerntotforacute and
recurrent UTIs.

The six stages of UPEC pathogenesis are summariZédure1-4.2° The bacteria initially
colonize the periurethral areas and the urethra, travelling up the urethra while growing as plantktonic
cells in the urine. While in the urinary tract, UPEC interacts with and adhere to the urothelium. Once
adhered, WPEC grows on the surface of the umbrella cells of the urothelium forming a biofilm,
facilitating invasion of the epithelial cells. Once within the umbrella cells UPEC can begin replicating,
forming an intracellular bacterial population (IBC); this alloarsfdirther formation of a quiescent
intracellular reservoir (QIR§.UPEC can then invade the intermediate layers of the urothelium and lay
dormant. These bacteria are protected from antibiotic treatment, makiregrtrextremely difficult to
eliminate and thus the source of many recurrent infectiéh#. untreated, UPEC will continue to
colonize up the urinary tract, progressing to the kidn&yghis colonization can result in kidney tissue

damage and provides UPEC access to the blood stream, resulting in urosepsis.

Urethral lumen

PR
oz ., 8%

Stage 2 Stage3  Stage4 Stage 5 Stage 6

Figurel-4. The pathogenesis cycle for UPEC consists of five sti@gs:1) colonization of the periurethral areas and the
urethra, stage 2) movement of UPEC up the urethra, stage 3) UPEC adherence, stage 4) biofilm formation, stage 5)
epithelial cell invasion and formation of intracellular bacterial population, and $ixagelonization of the urinary tract and
kidneys by UPEC followed by entry into the blood stream

Invasion of the urothelium by UPEC occurs via a membrane zippering meckastsrhis
mechanism is stimulated BYPEC binding to the urothelium, which activates a compigralling
cascade, resulting in localized rearrangement of the urothelium actin cytoskefttte. cytoskeleton
rearrangement leads to the envelopment aidernalization of the bound UPEEidurel1-5). This
complexsignallingcascade has been shown to be reliant on many factors, such as focal adhesions; e.g.
Src phosphoirsitide 3kinase?? RhoF | YAt & D¢t I aSAT | OGAYy odzyRf Ay 3
actinin and vinculirt® 3! lipid raft components, e.g. caveoli®? and microtubules. Treatment of a
host cell with a microtubuledisrupting agent, such as nocodazole or vinblastine, has been shown to

inhibit host cell invasion by UPEC.
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mannose
N-glycan

Stage 1) UPEC binding Stage 2) Localized Stage 3) Envelopment
to the urothelium rearrangement and internalization of
of the urothelium the bound UPEC

actin cytoskeleton

Figurel-5. Schematic diagramshowing the threestage membrane zippering mechanism thought to be used by UPEC
during the invasion of the urotheliurstage 1)binding of UPEC to the urotheliustage 2)localized rearrangement of the
urothelium actin cytoskeletorstage 3)envelopment ad internalization of the bound UPEC

Adhesion of UPEC to the urothelium is mediated by UPEC binding to tepmniaanose units
on UPla. Without adhesion to the sugar UPEC would remain free in the urine and be removed from
the bladder during urination, preenting the initial UPEC infection from progressing into a
symptomatic UTI. To bind to terminal mannose units UPEC expresses muttijdeo8 long rodike
structures on their surface known as type 1 diglire1-6).3 The type 1 pilus consists of multiple
different subunits, including repeating units of the FimA protein, which form a-thick righthanded
helical rod. This rod is joined to a 3 #hick distal tip fibrillum, which itself is composed of three

further subunits: two adapter proteins; FimF and FimG; and an adhesion protein>imH.

~—__ mannose

FimH binding pocket

Figurel-6. Structural organisation of the type 1 pilus which includes the following subunits: FimA (blue), FimC (gray), FimD

(green rectangle), FimFymle), FimG (green oval), and FimH (red). The position of-teemihal domain (N, orange) and

two Gterminal domains (C1, pink circle; C2, gray circle) relative to the transmembrane pore (green rectangle) in FimD are
also indicated
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The exact process lwhich the type 1 pilus adheres to the urinary tract was unknown for a
long time. One of the original theories proposed was that adhesion was mediated by the repeating
FimA units which comprised most of the type one pifuldowever, it is now recognized that the role
of the repeating FimA units is to provide a structural scaffoil wealth of research conducted in the
late 1980s discovered that the minor subunits, FimF, FimG and FimH, were involved in adlision.
Christiansen and eworkers found that recombinant bacteria lacking either all three subunits or just
FimH displayed no ability to bind to erythrocytes, indicating that FimH plays a critical role in
adhesion®® Klemm and cavorkers®© confirmed this observation, providing direct evidence that FimH

is responsible for mannosmediated adhesiorf?

1.1.4 FimH structure and catch bond mechanism

FimH is comprised of two domairfsigurel-7). The first is &terminal pilin domain (Fim#d), which

attaches FimH to the pilus réicthrough the neighbouring subunit FimG. This attachment occurs by

donor strand complementatiof? and is an effective way of providing strong inteolecular linkages
0KNRdZAK (GKS RAYING ¥Ry FTNR Y2 2§ Si & dzo dzgakdivichcoStle @ CA Y
neighbouringsubunit (e.g. Fimpl.*3* The second FimH domain is tReerminal lectin domain (Fimid),

which contains a mannodainding pocket which can bind to mannose sugars on the urothelium,

mediating adhesion of UPEC to the urinary trict.

Heptyl Mannose

Figurel-7. Crystal structure of FimH (red) with a heptylmannoside (green) ligand boundNr¢neinal lectin domain

(FimHp) (PDB ID 4LO¥AResidues with side chains shown as sticks (blue) are involved-aovalent interactions with

heptylmannoside, sodium ions (purple spheres) or water molecetksgheres). The dashed lines (purple) denote short
range, noncovalent interactions

32



Introduction

The twodomain structure of FimH allows the tydepilus to form a catclvond when bound?

A catchbond is a type of nowovdent interaction in which the dissociation lifetime of the bond
increases when force is appli€dFigurel1-8). Wirtz and ceworkers provided the first unequivocal
evidencefor the existence of catchonds?® Prior to this, catckbonds were treated as one potential
explanation for why the adhesion affinity of some bacteria (e.g. UPEC) increases in moderate shear
flow. An alternative theory was the transport limiting binding model. This model, which has fallen out
of favour, suggests that increased shear flow causes an inchedseth dissociation and association
rates, thus an enhancement in bacterial adhesion would have to be caused by an increase in bacterial

association not a decrease in bacterial dissociatiofs.

The catcHbondin FimH is biphasic, meaning under moderate force (such as that experienced by
the sides of the urinary tract during urination) FimH binds to ligands with higher affinity, whereas
exposure to higher shear flow leads to a decrease in binding affinity dwn timcrease in the
dissociation rate for the Fimtband interactiorf®> Moderate mechanical force induces the separation
of the Fimhlband FimH subunits Figurel-8). Thisseparation switches the lectin domain from a low
affinity state to a high affinity stafé *°reducing the rate of spontaneous ligand release, resulting in a
1000fold higher affinity of Fimifor mannose sugarsngler moderate flow conditions compared with
static conditions’? The relatively weaker affinity of FimH under static conditions favours invasion of
UPEC along the urinary tract during static conditions, while gk &ffinity of FimH under moderate
flow conditions enables UPEC to be retained in the urinary tract during urination. Glockshuber and co
workers*” investigated how the different flow conformation states affect thieding of FimH td\-
3f &0l yad | YA Hidkdd\hd®noand dimannosidésSniere @sedrto represent the natural
0 S NJY Ap/mafinositle moieties present on FimH targeted glycoproteins in the bladdésing
these ligands, kirtee and structural characterization of the binding properties of FimH under both
static and flow conditions could be investigated. It was demonstrated that the increased affinity of
FimH under flow conditions compared to static conditions was ligand intép.*2 Glockshuber and
coworkers further found that dimannosides bound with higher affinity compared to
monosaccharides, with the difference in affinity determined by the rate of spontaneous ligand
dissociatior?! Y RSNJ &Gl GAO O2yRAUAZ2Y A Chnvahnosida sfricturesi 2 | f
with medium affinity, while under flow conditions FimH binds totathannosides at a 206fld
higher affinity with a 70,00@0ld decrease in ligand dissociation rate and &@@ increase in ligand
association raté? Glockshuber and eworkers additionally found that even though FimH favours
monovalentN-glycan binding whehl-glycans ee in short supply, eacR-glycan can bind up to three

FimH units at oncé?
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Figurel-8. Catch bond mechanism for FimH binding to mannose in urethral lumen @)magshear flow conditions where
unbound and bound forms exist at equilibrium, and b) moderate shear flowtiomsdivhere the bound state favoured.
Under moderate shear flow conditions, the hydrodynamic drag on the msized UPEC bacterium (notsizale) results in
a physical force on the tether which activates the catch bond mechanism in FimH. The higher affinity binding to mannose
under these conditions prevents the UPEC bacterium from being flushed out of the urinary tract during urination

1.1.5FimH binding pocket

The FimH lectin domain contains 157 amino acids, which assemble to formaaud ) y-dau$eR |
structure’*9 y O 2 Y LJ & & S R -basrél 8tiactuye isiafp@ar binding pockefresidues Asn46,
Asp4d7, Asp54, GIn133, Asn135 and Asp140) to which terminal mannose units can engage in a complex
network of hydrogen bonding and electrostatic interacti¢dh$he polar inding pocket is surrounded

by a hydrophobic region, (residues Phel, lle13 and Ph&wiich contains a tyrosine gate (residues
Tyr48, 1le52, Thr51 and Tyrl37¥)This region provides support for the binding site through
electrostatic interactions with the tyrosine gate, which is shown to be influential in the ability of
ligands to enter the binding sifé.Further interactive featres of the FimH lectin domain are a small
hydrophobic pockéf adjacent to the sugar binding pocket (residues 1le52, Tyr137 and Asti88),
salt bridge (residues Argd850) which facilitates further hydrogen bondiffgand the Tyr48 and
Tyr137 residues, which partake in hydrophobic and ring stacking interattidtas well as forming
direct and watermediated hydrogen bonds to liganefsA summary of the main interactions that
occur between the FimH lectin domain and mannbssed pentasaccharidelis presented irFigure

1-9.
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Figurel-9. A depiction of the majority of interactions that occur between mannose based pentasacdhhedd the
extended FimH binding si*¢Red indicates interactions mediated by Van der Waals, aromatic staahkéhydrophobic
interactions, blue indicates interactions mediated by hydrogen bonding

As depicted inFigure1-9, the binding of a manrse-based ligand to the extended FimH
binding site is the result of a complex network of interactions and hydrogen bonding. As such, small
changes to the structure of the ligand can disrupt this binding network, resulting in either a decrease
or complete Iss of ligand affinity. Epimers of mannose (e.g. glucose and galactose) exhibit no
inhibitory effects on Fim#,; >4 °°due to the lack of an axi@2 hydroxyl group preventing them from
partaking in critical inteactions with the polar binding pocket. The fimeembered sugar fructose,
which like mannose contains an axi2 hydroxyl group, has been shown to have weak activity for
FimH3* 4% 55 A further stereochemical requirememxhibited by the FimH lectin domain is that the
terminal mannose unit must be in the alpha orientatint S NJY A-yidnriosides can engage in
water-mediated hydrogen bonding within the FimH lectin domé&ithese interactions would not be

LI2548A0fS AT G(KS -oonfigupaoa A RS 613 Ay G(GKS i

A further characteristic of the extended FimH binding site that facilitates critical interactions
with ligands are its hydrophobic s&lues. These residues surround the mannose binding pocket and
consists of the hydrophobic support and tyrosine gate residues as well as residue Thr51, which extends
out of the hydrophobic ridge along a hydrophobic groévélnlike the polar binding pocket, the
GaNRPAAYS 3138 a0NHOGdNNB Aa Ft S Bthokifglrkl vah ged\Bans O A y 3
interactions* The flexibility of the tyrosine gate is the resulttioé Tyr48 residue being able to rotate,
allowing for three different tyrosine gate conformations; open, closed and half éfderits unbound

resting state FimH adopts an open conformation; here the side chénedfyr48 residue is positioned
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inwards facing residues Asp47 and ArgRigrel-10a).%’ In the closed gate conformation the Tyr48
residue shifts alignment towards the Bir residue Figure1-10b).% If the side chain of the Tyr48
residue is aligned somewhere between the open and closed position, then the gate is classified as half
open>” When bound to a ligand the tyrosine gate can either remain in its open conformation or shift
to the half open or closed conformatidhA conformational change often accompesi ligand binding

in order to minimize Gibbs free energy, thus different ligands will bind to different conformational
states®” %8 When a ligand is flexible and can extend out of the binding site like some
oligomannosideg! the open conformation is adopted as this allows the second mannose residue in
the oligosaccharide to interact with the Tyr48 residue of the binding$iféhen a ligand contains a
sterically rigid aglycone group (e.g. -hidryl group) the tyrosine gate will shift to the closed
conformation, positioning the aglycone residue outside of the tyrosine gate. This conformational shift
is favoured by the formation @&f (i NRsyagking interactions between the aglycon and the outer side

of the aromatic ring on the Tyr48 resideére®®

Figurel-10.a) Structure of FimH lectin dam when the tyrosine gate as open PDB £AkWpStructure of the FimH lectin
domain when the tyrosine gate is closed PDB #ANbte the movement of the Tyr48 residueid)lfrom facing the Asp47
residue (yellow) in the open conformer to facing the Thr51 residue (pink) in the closed conformer. The Arg98 residue (green)
plays a role in stabilizing the surface loop conformation on which the Thr51 residue is located
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1.1.6 Vaccines against targeting UTIs
Due to the prevalence of UTI cases and increasing resistance rates to current treatments, a wealth of

research has been performed into both preventative and curative strategies to treat UTIs.

Preventative treatments ha focused on the development of a vaccine. However, the
development of a UTI targeting vaccine poses many challenges and many factors have to be taken into
consideration. One major consideration is the high natural UTI recurrence rate, which suggests the
immune systems of many patients are unable to mount an effective enough immune response to
prevent secondary infections. The lack of a strong immune response could be the result of
uropathogens being able to mask themselves and suppress the immune systéis. raises the
argument to whether a vaccine would be able to activate the immune system to the extent needed to
elicit immunity. A further consideration is that the process by which protective immunity octtrs i
urinary tract is not well understood; as such designing a vaccine that targets this process is difficult. In
addition, UPEC populations display high levels of diversity, making deciding on a target antigen

challenging?

Vaccines can generally be grouped into two broad categories: whole agent / whole cell
vaccines and specifamtigen vaccines. Whole cell vaccines use either the whole microorganism in a
weakened or inactive form or use a lysate of the micgamism, whereas specifantigen vaccines
include one or more antigen subunit. The majority of current vaccines licenced in the US target viruses
(16 virus targeting vaccines vs 8 bacteria targeting vacéhaih most using whole cell targeting.
Many vaccines which bacteria opt for a speedfitigen approach due to safety considerations. There
are currently three bacterial vaccines on the market that use whole agent targeting; e.g. tuberculosis,
anthrax and typbid fever®® A limitation of specifi@ntigen vaccines is that single antigens do not
induce the same immune response as whole cells. Therefore, single antigen based vaccines are often
less immunogenic and do notqvide the same robust and lodgsting immune response as whole
cell vaccine$® To increase the immunogenicity of a single antigen, vaccine formulations often include
an adjuvant (e.g. aluminium salts, the segred-based MF59, the LRf&rived monophosphoryl lipid A
(MPL) and liposome$§ywhich serve to amplify the adaptive immune response in order to generate

an effective immunological memofy.

Despite whole cell targeting being of limited use in the development of bacterial based
vaccines, StroVacS{rathmann AG, Hamburg, Germang), human targeting UTI vaccine, was
developed using this proce&sStroVac and SolcoUrovac (Solco Basel AG, Birsfelden, Switzerland and
Protein Express, Cincinnati, OH, USA) are intramuscular polyvalent whole cell vaccines, both

containing different compositions of ten strains of hddted uropathogens; sik. colistrains and
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single strains oKlebsiella pneumoniae, Proteus mirabilis, Morganella morganil Enterococcus
faecalis® Though the first clinical trials using SolcoUrovac showed the vaccine to be pretagtinst
recurrent UTI$2 undesirable reactions were seen at the injection §#€he vaccine formulation was
altered for pessary application and The Protein Expresstompany in Ohio, USA obtained a licence
from Solco to produce Urov&éPhase Il and extended phase Il clinical trials of the pessary formulation
of UroVac found women #¢ated with six doses at week 0, 1, 2, 6 , 10 and 14 gained-t&nort
protection from infections. However, by the end of the-signth study it was established that UroVac
did not provide significant lorterm protection from UTIs and did not induce armrigase in UPEC

specific serum, urinary or vaginal antibodfés.

OM-89 / UroVaxom (OM Pharma, Myerlin, Switzerland) is another UTI vaccine sold in almost
40 countries* Uro-Vaxom is administered as a daily oral capsule, and is composed of a mix of
lyophilized membrane proteins from 18 UPEC stréfirSeveral double blind studies have been
performed to assess Usfdaxom safety andfficacy® ®Uro-Vaxom was found to significantly reduce
UTI recurrence rates with only limited toxicity issues seen. The requirement for daily administration

may limit UreVaxom applications, due to issues withtient complianceé?5¢

Two further wholecell targeting UTI vaccines are Urvakol (Institute of Microbiology, Prague,
Czech Republic) and Urostim (National Center of Infectious and Parasitic Diseases, Safia).Bulg
These vaccines are administered by an oral daily dose and are composed of a mixture of inactivated
uropathogens containing strains &f coli, P. mirabilis and E. faecalisth Urvakol also containing a
strain of Pseudomonas aeruginosand Urostimcontaining a strain oK. pneumonialnitial patient
and animal studies of Urvakol and Urostim appear promising, but the ability of either vaccine to
prevent recurrent UTIs has not been confirmed as sselctured clinical trials have not yet been

completed.®

The development of a specific antigen vaccine which targets UTIs has been investigated.
Adhesins such as FimH make attractive antigen candidates, as antibodies raised against them should
block adhesiofhos cell receptor binding and thus bacterial colonisatidfig(ire 1-11).6” FimH is
critical to UPECs pathogenesis but is not highly abundant on UPECs surface; FimH ig theyabor

adhesion for vaccine developmefft.
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Figurel-11. Cartoon depiction of proposed mechanism of action for a typicabdhtsion FimHbased vaccine. With
antibodies binding to FimH thereby blocking UPEC adhering to mannose saturghgthNs (green squares) located on the
urothelium surface

Langermann and eworkers have performed research into FimH targeting vacdh@s.
Antibodies were raised in mice to two different purified FimH protein complexes; the first complex
contained the periplasmic chaperone FIimC bound to the full length FimH protein-thiradd the
second complex contained a naturally occurring maedsisding FimH truncate (FimHt)
corresponding to the Merminal two thirds of the FimH protein. Antibodies were further raised against
the whole type 1 pili purified from ORN103/pS#Initial results showed thaboth FimHt and FimC
H induced a strong, loAlgsting immune response, which could be further increased by booster
immunizations® Using the flow cytometric method originally developed to evaluate rickettela
attachment,” the in vitro ability of FimHt and FimB antibodiesto prevent bacterial adhesion to
urothelium cells was investigated. The results showed both FimHt and-Hiar@ibodies had the

ability to preventE. coliNU14 from binding to the urothelium celf§.

Further work by Langermann and-emrkers used mice models to investigate whether FimH
vaccines could protect mice from developing UTIs. Mice were immunized with v&imtksvaccines
then infected withE. coliNU14, nine weeks after primary immunisation. Vaccinated mice showed a
100 to 1006fold reduction in the number of organisms recovered from the bladder compared to
control mice (mice treated with only adjuvant or Fammunized control mice% Similar results were
observed for mice vaccinated with the FirkiGraccine, and mice vaccinated with the FimHt vaccine
showed UTI protection lasting up to 29 weeks post immunis&fiorthermore, Langermann and-co
workers®used a murine cystitis model to demonstrate that immunisation with Fin&hd MF59.C1

reducedin vivocolonization of the bladder mucosa by UPEC by >89%.
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Murine models are seful tools in establishing the initial activity of a FimH vaccine. However,
before starting human trials this activity should be verified using a nonhuman primate UTI model.
Langermann and eworkers usedCynomolgus monkeys further evaluate the activit of the FimeH
vaccine®® Four monkeys were vaccinated with FilHGOn MF59 adjuvant and their systemic 1gG
antibody levels were monitored over tinf&.Three of the four mokeys immunized showed an
increase in production of Fimsépecific IgG antibodies and displayed protection from tygalidted

NU14 bacterial infection®.

The UPEC type 1 fimbria subunit vaccine, FImCH was bougittase 1l clinical trials by
Medimmune, Inc (MA, USA) in 1999. However, the vaccine was discontinued in 2003 as clinical trials
failed to demonstrate sufficient clinical efficacy to warrant phase IlI clinical tfiSiace then Sequoia
science have licenced the FimCH vaccine, changed the adjdaadtentered it into clinical trials with

the FDA granting the FimCH Watcine fast track designatidh.

EXPECA4YV is a further Wailgeting vaccia consisting of a tetravalefd. colbio-conjugate. This
vaccine was worked on by GlycoVaxyn and JarRsarmaceuticalEXPEC4V has undergone phase Ib
clinical trials and was shown to be well tolerated and reduce the numbEr oblinduced UTI cases

in the vaccinated group, warranting further phase Il clinical tffals.

1.1.7 Oligosaccharide based FimH inhibitors
FimH primarily targets large branched mannasgped oligosaccharides found dhglycosylated

proteins which line the urinary trattsuch as UPI& The preference of FimH for mannesapped

2f A32aF OOKI NARSa OlFy 0SS aSo8nanndsetapedidigoshdehariddsT A y A G &
displaying 1061 nn GAYS&a 3INBLF G S NI-D:nfEridsy han@merd Zhidlin@daselin (G K Iy
affinity is due to mannosbased oligosaccharides being able to interact with the extended FimH

binding site.

Due to their role as natural FimH ligands and their ability to act as FimH inhibitors, much
research has been performed into using mannoapped oligosaccharides as a curative treatment for
UPE@nduced UTls. Sharon and-sorkers® "“investigated the ability of a large range of mannose
glycosides and mannosmpped oligosaccharides to inhilit colinduced yeast aggregatiofy '’ The
three most potent infibitors were oligosaccharidek 2, 1.3 and trisaccharidel.4 (Figure1-12),’® 77
with research suggesting that trisaccharitld is the optimal size for binding to the exiged FimH
binding site’® " Further investigation found that the high binding affinity displayed by trisaccharide
1.4was due to a few key structural components. Firstly, trisacchdrideontains a Maft M3Man
linkage at the nofreducing terminus; this linkage has been shown to be highly preferential in FimH

binding’® A second beneficial structural feature is the presence Nfacetyl glucosaime sugar, as
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neither mannotriosel.5 nor mannopentaosel.6 (Figure1-12) exhibited significantly higher FimH
binding affinity than Mad M3ZMan 1.7 (Figure1-12).”® Furthermore, docking studies suggest that
the structure of trisaccharidé.4allows both the central mannose unit and the GIcNAc unit to interact

with the tyrosine gate, accounting for the high affinity displayed by ¢dbaridel.4.7

Figurel-12. Compares the structures of potent oligosaccharide based FimH inhibitors (oligosaccharitl&s and
trisaccharidel 4) to weak oligosaccharide based FimH inhibitors (mannotfidgsenannopentaosd .6l y R all;3ldn
1.7)

A further oligosaccharide with high affinity to FimH is oligosaccharitig-igurel-13, ky= 20
nM)®), displaying a 1old increase in affinity compared to Mdn Mm3Man®" "®Oligosaccharidé.1
contains a terminal chitobiose unit; these units are ubiquitousature, providing a bridge between
mannosides and asparagine residues in the-X%&er/Thr motif found inN-linked glycoproteins?
Chitobiose units have been shown to interact with the extended FimH bindengAstrystal structure
of oligomannosidel.1 bound to the extended FimH receptor binding domain identified some of the
key binding interaction&! Firstly, Man4 at the nomeducing end was shown to be anchorecbirhe

polar binding pocket. Further interactions were mediated through the tyrosine gate interacting with
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the Manh m-Mand m-Dfi Ob! O o6l 01 062YyS @Al G(KS "mZo |yR (KS
second mannose unit at the needucing end, Man5, wasot directly recognized by FimH due to the

unit partially extending out of the binding site. GIcNAc1 was also shown to partially exit the binding

site, folding over residue Thr51. Man5 and GIcNAc1 displayed the most flexibility of all the saccharide
units,®! likely due to being the least closely bound to the extended FimH binding site. This crystal
structure provides further evidence that trisaccharitig may construct the optimal motif for FimH

binding, containig the critical Mar® m-Man- m-EIeNAc backbone needed for interactions with the

extended FimH binding site.

HO\ OH
HO O
HO
HO OH 5
HO 0
Ho o 05 OH oH
HO 0
4 0 o) o)
HO ¥ OH
3 NHAcHO
2 NHAC
1.1 1

Figurel-13. Structure of the potent FiH inhibitor oligomannoside 1.1

The oligomannosig structures discussed here were obtained by a number of different
methods including chemical synthesis, isolation from yeast extract and isolation from the urine of

patients suffering from mannosidosis and GM1 gangliosid§sis’®

Chemical synthesis is one of the most common methods used to obtain manapped
oligosaccharides. As is common in carbohydrate synthesis, the synthesis of these oligosaccharides
relies on a complex scheme of protection, glycosgtatnd deprotection steps. To further add to this
complexity, potent FimH inhibitors such as trisacchafidieand oligosaccharidé.1 contain a critical
IYI' yY2aARA0 02YyR 0S0G86SSy (GKS OS y-NaNdodidic Wdnds iakei S dzy A
long been recognized as the most difficult linkages to construct for carbohydrate chéh@stsr the
last 25 years muk Lt S 3INR dzLJa KIF @S O2yRdzOGSR | ¢gSIF{0GK 27
YI'Yyy2aARAO 02yRaI RS@St 2 LIA-giahnosidesyin & Bgh ¥i€diny &d K2 R &
selective mannef®®* Despite this researchhe requirement for preactivation and need for specific
mannoside donor protection groups (e@4,6 benzylidene protectiof} & (i A f f -mérnndsified |
synthesis challenging, and consequently many opt to prépara A Y-miiniside tounterparts. A
further factor resisting the use of mannose capped oligosaccharides as therapeutics is their size which
makes them unlikely to be orally absorbed. Lack of oral absorption coupled with synthetic complexity,
has therefoe restricted the application of mannosmpped oligosaccharides, and as such many
NBEASINDODK 3INRdzLIA Kl ¢S OK2aSy (i 2pnBndpymnoskle/baseék S Y2 N
inhibitors as FimH antagonists.
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1.1.8 h-configuredb-Mannopyranoside based irtitors
One of the first classes ofmannopyranoside based FimH inhibitors were alkyl mannosigigsife

1-14, Tablel, Entry 1, page 58. These were discovered serendipishpuwhen De Greve and-@gorkers

found butyth-D-mannoside occupied the mannose binding $iténvestigations found butyl-D-

mannoside (K= 151 nM) to bindto FimHwithisn G A YSa 3I NS | -bifaNbse KFAY A G & (K
UM).8” Further investigation into the binding affinity of alkyl mannosides found that in general binding

affinity increases as alkyl chain length increases, with the binding affinity peaking foiD-hept
mannoside (K= 5 nM)8” One theory explaining this trend is that increasing the chain length increases

the van der Waals interactions with the hydrophobic groove and tyrosine gate, but once the alkyl chain

is longer than a heptyl chain it extends beyond the hydrophobic region into sekxgmised area$’

increasing the free binding energy and thus lowering binding affinity.

Figurel-14. Structure of the alkyl mannoside scaffold. Where A7= 0

The alkyl mannosides used by De Greve andaiers’ were synthesized using a procedure
reported by Tidérand coworkers® for the synthesis of octyl and tetradecyl mannosidelere alkyl
alcohols underwent silver triflatpromoted glycosylations to 2,3,4;&tra-O-benzoyi -D-
mannopyranosyl bromideSchemel-1), followed by Zemplén deacylation to afford the deprotected

alkyl mannoside ligand.

AgOTf

BzO BzO OBz
BzO . Toluene Bz(z) o)
BzO HO n OC -rt. BzO
o
n

Schemel-1. Reaction scheme for the synthesis of alkyl mannosides, by glycosylation with aliphatic alcohols proceeding
using a AgOTTf activation system

Sharon and covorkers® NS LJ2 NI S R -rhahdsifies{ablél, Entry 2, page 58 to be
powerful inhibitors of the adherence of type 1 fimbriated colio both yeast and intestinal epithelial
cells. Withp-nitrophenyth -mannosidel.8 (Figure1-15) shown to be approximately 70 times more
STTSOGA GBS -makiroside fordatiKirhibiting yeast agglutination Bycol025 and inhibiting
the adherence oE. coli0128 to guinea pig ileal epithalicells’®®¢ KS (g2 Yz2ad LR ISy
mannoside inhibitors reported by Sharon and-workers® 8 were p-nitro-O-chlorophenyih -

mannoside No/ f t h all9 ¢nd 4methylumbelliferyfh-Y'I yy 2 A RS 0 al30(Mgufea | y 0
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1-15). These analogs were shown to increase the inhibition of yeast agglutinatiBndmti025 by a

factor of 717 pNo/ £ t h 4.9y | YR cnn dAGcowladh NB R G 2mamhbsidK A h
significant increase in inhibition &. coli0128 adherence to guinea pig ileal epithelial cells was also
observed [470 times fopNo/ £ t h 490y I YR wmnanmp (A YSRIQWRBhNGspea®! Yobh al
Y S Kanannoside]. Tl Ay ONBIaS Ay | FFAYAGE Rraanodidess SR 0@
02 YLJ NBR ¢ amafhosMeisi likely fdue 'to the aromatic side chain being able to establish
favourable -~ a Gl O1Ay3 AYGSNIO*A2ya gAGK GKS G8NBaAyYS

1.8 O 19 O
NO, NO,

HO\ OH
HO
HO
110 O
\
0
0

Figurel-15. Structure of mitrophenyth -mannosidel.8, p-Nitro-O-chlorophenyh-Y I yy 2 aA RS o6 L®agd4f t h al y U
methylumbelliferyh-YI yy2&3A RS 64d8%0 Yohal yo

Building upon the high potency displayed fyitrophenyth -mannoside, Lindhorst and €o
workers synthesized a series para-d dzo & ( A (i dzingafosided.Bwith ohe analog achieving
significantly higher potency thgmnitrophenyth -mannoside [relativénhibitory potential (RIP) of 1.6
vs 1P CdzNIIKSNJ ¢2N)] Ayid2 GKS Rba@bddide bas&lyinhibita Wasl y | N
performed by Han and eworkers® Here they sgthesized a series of arjil dzo & G A-O-dzG SR b
phenylmannosides, evaluating their biological activity using a guinea pig red blood cell based
hemagglutination (HA) assay. This assay measures the concentration of inhibitor needed for >90% HA
inhibition, and ths concentration is known as the hemagglutination inhibition (HAI) titre. The HAI titre
of new compounds can be compared to that of other compounds in order to assess the potency of

new compounds.

Han and caworkers synthesized an extensive series ofargkd a ( Anipteinydhannbsides
functionalized with a variety of groups (Cl, NON, OMe, C®e, NHAc, Cfl, CONE CHCQMe) at
either the ortho, meta or para position® Generally, it was noted that phenylmansides
functionalized at theortho and meta positions gave better potency than phenylmannosides

functionalized at theparaposition. The most potent phenylmannoside contained a methyl ester group
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at both metapositions, being three times more potent tharetiphenylmannoside containing a single

metamethyl esters?

Another wellinvestigated group of Fimkargeting analogs are biphenyl mannosidgalflel,
Entry 3, page 585 % 92 93Han and ceworkers hypothesized that the potency of aryl mannosides
could be increased by the addition of a second aryl ring. This hypothesis was explored using analogs
containing an additional aryl rinsystem in conjugation with the parent ring of the aryl mannoside.
The most potent analog was biphenyl mannosidil (HAI = 1 uM, Kg= 0.94 uM)? which contained
a methyl ester at thaneta position of the secod ring systemKigurel-16). A high resolution xay
crystal structure of biphenyl mannosidell, showed that both aromatic rings were able to partake
AY K@RNRLK2@&XNO OR ¥R I~ Ay i SNI 64BkeBigld, with zhé iethyil Ksfer Of 2 &4 S
further able to hydrogen bond with the salt bridge (residues-28gand Gleb0) 2

OH
HO o

111 O O CO,Me

Figurel-16. Structure of biphenyl mannosidel1

Further SAR evaluation of the terminal biphenyl mannoside aryl ring identified two potent
biphenyl mannosides: biphenyl mannositld2 (HAI = 0.15 uM) and biphenyl mannosidé&3 (HAI =
0.37 UM, 16 = 0.74 pM¥? (Figurel-17).52 Biphenyl mannosidé.12displayed good potency in the HAI
assay, yet due to its insolubility could not be used in dilbicassay’® However, biphenyl mannoside
1.13was used in a biofilm assay and showed impressive activity, witkgaof 0C74 uM* Initial dosing
in mice established bigenyl mannosidd..13to be orally bioavailable and stable to metabolism, and
the only metabolic degradation pathway detected was hydrolysis of the glycosidic bond. Metabolic
degradation of biphenyl mannoside.13 should be minimal as >95% was excretedlip tirine
unchanged. Moreover, no apparent toxicity was observed up to a dose of 200 mg/kg, using
physiological changes and survival as assessment parameters. Further investigation using an adapted
preclinical murine model suggested that biphenyl mannosidé3 was effective at preventing

infections, treating established UTIs and increasing the activity of antibiotic treatrffents.
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HO\ OH HO\ OH
HO H
% :

112 O O CO,Me 1130 O CONHMe

CO,Me CONHMe

Figurel-17. Structure of biphenyl mannosidel2and biphenyl mannoside 13

Hanandces 2 NJ SNAE LINB ZhipBedgimann@siids shawed that substitution at the
ortho position with chloro and cyano groups could significantly increase poféridging widely
available biphenyl mannosidellas a scaffoldHigurel-18), Han and cavorkers also synthesized a
number of biphenyl mannosides substituted at tbetho position of the top ring, and observed the
general potency trend GB Cl = Me > OMe B2 One explanation for the increase in potency upon
ortho substitution is that the presence oftho substituents increases the hydrophobic contact with
the tyrosine gate at residues 1le52 or Ile13. This explands supported by the potency trend seen
above, as addition of a €group would result in the largest increase in hydrophobic contact and thus
the largest increase in potency. Further investigation was performed using biphenyl manhdside
(1Go= 1.3 uM)*?as a scaffold, with a similar potency trend observed=>Q%e > Ct? Two final analogs
were synthesized; biphenyl mannosidel5 (HAI = 0.01 puM, kK= 0.043 uM¥ and biphenyl
mannoside1.16 (HAlI = 0.02 uM, k= 0.073 uMY¥? with both displaying increased potency to
biphenyl mannosidé.13(HAI = 0.37 uM¥

R R

11 OCOQMe 114 OCONHMe
OCONHMe OCONHMe

CONHMe CONHMe

Figurel-18. Structure of biphenyl mannosidell, biphenyl mannosidé.14, biphenyl mannosid&.15and biphenyl
mannosidel.16
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Biphenyl mannoside$.15 and 1.16 displayed good potency, but their low log(p) values of
6.27 and-8.46 respectively, suggest they would have poor oral absortiBiphenyl mannosid#.17
(Figure 1-19) had a significantly higher log(p) €3.89, and therefore should have better oral
absorption®? Pharmacokinetic studies in mice showed biphenyl mannokitié(IGo= 0.16 puMj?to
be a promising lead candidate, maintaining a concentration in the urine and plasma well above the
predicted minimum effective concentration for over 6 h. Furthrevivotests used a chronic infection
mouse model; this model uses C3H/Hedite with chronic cystitis at twaveeks postinfection. The
efficacy of compounds can be monitored by the number of colony forming units (CFU) present at
selective time periods after compound administrati&iMice treated with biphenyl mannoside.17
showed a significant reduction of chronic cystitis six hours-frestment; however, by 24 hours past
treatment the number of CFU had started to increase, but remained lower than in controfilis.
CFU increase was shown to be prevented by administering three doses of biphenyl mardnbgide
every eight hours. Thesi vivo experiments suggest that biphenyl mannosiflel7 provided a

promising lead compound which could bsed in preclinical trial¥

Ho\ %8
HHO&H Me
nY
1.17 O

Figurel-19. Structure of biphenyl mannosidel7

CONHMe

A limitation of the antagonistic studies performed previously designed biphenylmannosides
I YR 2 éon8nNdpyranoside based inhibitors are the methods used; e.g. a fluorescence
polarization assay, an isothermal titration calorimetry (ITC) based assay, and a surface plasmon
resonance (SPRpsed assaylhese methods rely on the use of Firg# which is locked in the high
affinity FimH conformatiori* As discussed previously, the FimH lectin can adopt three conformétiona
states; an unbound lovaffinity conformation, a bound mediuaffinity conformation which occurs
under static conditions, and a bound higffinity conformation which occurs under shear fofée.
Therefore, only masuring an antagonist affinity against one FimH conformation could limit the
accuracy of the results. Antagonistic studies performed using most taaged assays and cell based
assays (e.g. hemagglutinin assays or a flow cytometry based assay) ardecteédaby these
inaccuracies, as they uge. colicells producing Fimdd which can adopt all three conforme?$.
Monomeric Fimid is inherently unstabR > and thus a ative model must be used instead. This
model is composed of FimH expressed as a biomolecular complex, where the incomplete fold of

FimHp is complemented by a synthetic donstrand peptide. Subsequently, comparison of the
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binding affinities of a series biphenyl analogs showed an approximate X6l decrease in affinity
from FimHpto FimH. Recent investigations into biphenyl mannoside affinity for kisahd Fimi.
has led to the design of some promising substituted biphenyl mannoside an&liggsel-20).%* %
These analogs display nanomolar potency against fgmd subnanomolar potencies against FimH

alongside promising pharmacokinetic properti¢<®

HO\ ©H HO\ ©H
HO O HO O
HO HO
Y Y
0
CN
FimHg Kp (nM) = 98.6 FimHg, Kp (nM) = 83.8

FimH,p Kp (nM) = 0.3 + 0.1 FimH,p Kp ("M) = 0.5 + 0.1
PAMPA LogP, [cm/s] = -5.2 + 0.0

HO\ OH HO\ ©H
HO O HO O
HO HO
O O~

FimHg_ Kp (nM) = 85.9 FimHg_ Kp (nM) = 39.1
FimH p Kp (nM)=0.3+0.1 FimH, p Kp (nM)=0.1+£0.0
PAMPA LogP, [cm/s] =-5.1 £ 0.0 PAMPA LogP, [cm/s]=-4.9 £ 0.1
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FimHg Kp (nM) = 22 (15-32) FimHg_ Kp (nM) = 23 (17-30)
FimH, p Kp (nM) = 0.35 (0.24-0.51) FimH, p Kp (nM) = 0.58 (0.45-0.75)
PAMPA LogP, [cm/s] =-4.8 £ 0.1 PAMPA LogP, [cm/s] =-5.0 £ 0.1

Figurel-20. Structure of some substituted biphenyl mannoside analogs with promising FimH activity and pharmacokinetic
properties?* %such as dissociation constantg)énd logRvalues assessed using a parallel artificial membrane
permeability (PAMP) assay

Theortho-substituted biphenyl mannosides were synthesized via two rousehémel-2).
Most analogs were synthesized using Pathway A. The first step of this pathway is Lewis acid mediated
glycosylation of mannose pentaacetate with @ubstituted 4bromophenol analog (step a). This is
followed by a Suxi crosscoupling with a commercially availablesBbstituted phenylboronic acid
derivative to give a protectedrtho-a dzo a G A-Giptsh{ Rannoside (step b). The final step is a

Zemplén deacetylation, affording the deprotectettho-a dzo & (i A-Giphehy iRanmoside (step c).
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Synthesis of the diamide analogs was performed using Pathway B, following the same initial and final
steps as Pathway A (step a and d), but using ai3{8-methylaminocarbonytphenylboronic acid

pinacol ester synthesized-lmouse (Pathway C) in the Suzuki crosspling reaction (step d¥.

Pathway A)

ACO AcO
AcO _a o AcO
AcO AcO
Me, CF5, OMe J ):/ Br
b

HO—\ OH AcO\ OAc
o) AcO 0
HSO&H R E\C&H
C
o} O COXMe =<~—— o) O COXMe

Pathway B)

AA80 C j\(\)

C

AcO . B CONHX
b

R =Me, CFy B CONHX

HO Og AcO Oéc
HO R AcO
HO AcO
o O CONHX <% o O CONHX

CONHX CONHX
Pathway C
N =g
Br CONHX _B CONHX
d e 0)
— ——
CONHX CONHX

Schemel-2. Synthesisf ortho-substituted biphenyl mannosidesd&yents and conditions: Pathway+ B a) BE-EtO,
CHCY, reflux, 45 h, (255%); b) Substituted phenylboronic acid derivatives, cat. Pd§RPGsCQ, dioxane/water (5/1),
80 °C, 1 h; c) cat. MeONa, MeOH, rt, 12 h, (b8498): Pathway; d) MeNH/EtOH, rt, e) bis(pinacolato)diboron, cat.
Pd(dppf)Gl KOAc, DMSO, 80 °C
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Lindhorst and cavorkers used computebased docking methods to predict the binding
affinities of a number of FimH inhibitors; e.g. methyl manngsljtro-phenyth-mannoside and two
squarate mannosides (squarate mannositld8 and squarate mannosidé&.19, Figure1-21). An
enzymelinked immunosorbent assay (ELISA) was performed to test the inhibitors abilityibot
type 1 fimbriaemediated bacterial adhesion, with methyl mannose used as a standard (RIP = 1).
Squarate mannosidek.18and 1.19were shown to be the most potent inhibitors in the ELISA, with
RIPs of 1600 and 6900, respectiV&lior the inhibitorsanalysedhe expected inverse trend between
docking score and RIP was observed. One notable exception was squarate mahri@idbich had
a predicted FimH affinity higher than that of squarate mannodid®. However, the ELISA showed

squarate mannosidé.19to be 4 times more potent that squarate mannositid 8

HO OH HO OH
HO 0 HO 0
HO HO cl
1.18 O\©\ Oj iO 1.19 o@ Oj io
o N o ™

Figurel-21. Structureof squarate mannosidé.18and squarate mannoside 19

Following the discovery of squarate mannosides as potent FimH inhfSitdrsvas
hypothesied that the high potency observed with these ligands could berdsailt of covalent bond
formation between squarate mannoside18 and the FimH binding sites¢hemel-3 depicts the
proposed conjugation osquarate mannosidé.18to a free amine on Fimtsuch as that on th#&l-
terminug). To see if this type of reaction was possible, squarate mannasi@svas reacted with a-
phenylalanine ester under physiological conditiqfXB8S buffer, pH 7.2) Conversionof squarate
mannosidel.18to the diamide wa®bservedby mass spectrometry’

physiological
conditions

R

H-N

O
(@)
\

Schemed-3. Reaction scheme for covalent bond formation betwsgnarate mannosidé.18and the Nterminus of the
FimH lectin (residue Phel)

50



Introduction

Further investigations were performedotsee if crosdéinking could occur within the
carbohydrate recognition domain of FimiFbr these investigatiordiamide squarate mannoside20
(Figure 1-22) was synthesizedas its structure pevents covalent crosdinking to Fint.?” Diamide
squarate mannosidéd.20 was showrto be a more potent inhibitor thasquarate mannosidd.18
(diamide squarate mamosidel.201Go = 6.38 UM + 3.¥ssquarate mannosidé.181Gy=17.3uM =
6.5).°" Thisprovidesstrong evidence against thg/pothesis that covalent crosiking wagesponsible
for the high potencypreviouslyobservedwith squarate mannosidenalogues’ Docking studies
provided further opposingevidence asfor covalent crosdinkingto the carbohydraterecognition
domainto occur amannosidemustbed 2 dzy R A y -R2y¥ Yy dzlaaapaS8otsupported by
the performed docking studie¥.Finally, samples dfpe 1-fimbriated E. coliwere preincubated with
different ligand prior to adhesionjf covalent crosdinkingto the carbohydrate recognition domain
of FimHwas to occur then no bacterial adhesion would be possible after preincubtibhe
observationof concentrationdependent inhibitiorprovided further opposition tdhe covalent cross

linking hypothesis’

Figurel-22. Structure of Diamide squarate mannosid20

The general pathway for squarate mannoside synthesis is summaris8dhemel-4. It
proceeds by initial hydrogenation ofpay” A (i NP Ld&rGayinddyrarioside derivative to affordm
aminophenyd" -b-mannopyranoside derivative (step a). This amilesivative is further reacted with
diethylsquarate (step bf° Extraction ofa diamide squeate mannoside requires a further reaction;
ethylamine addition mediated by &t(step c)?” Synthesis of squarate mannosidemde simplified
by usingp-aminophenyi" -b-mannopyranoside derivatives as starting materials, excluding the need

for a hydrogenatiorf?

51



Introduction

o) o)
NO, NH,
R =H, CI
bj
HO OH HO OH
HO O HO O
HO R c HO R
0 o o) ) 0 1 o] O
Nj iN/\ Nﬁo/\
- H H

Schemel-4. Synthetic pathway for the preparation of squarate mannosides. Reagents and reaction conditions; a),Pd/C, H
DMF rt, 1 h; b) diethylsquarate, DMF, rt-12 h (a+b 55% b alone 639%}) ethylamingNEg, MeOH, rt, 12h (63%6)

SeptanosesTablel, Entry 5, page 56 were introdu@d by Ernst and eworkers® following
0§KS 20aSNIDI i A-feptandsilds hound $olitiie §atkbelan lectin concanavalin A (ConA)
(another mannoseselective lectinf® Ernst and cavorkers® used acompetitive binding assay and ITC
experiments to assess the potency of multiple septanose analogs on difitt¢ results of these
experiments showed -©-n-heptyt1,6-anhydrob-glycereD-galactitol 1.21 (Figure1-23) displayed a
ten-fold lower potency for FimH tham-K S LJ{nfannbpyranosidd..22 (Figure1-23) (IGo= 1.37 +
0.3uM vs 0.064 + 0.02 uMpks 0.26 uM vs 0.029 pM§.Further investigations showed that while 2
O-n-heptytl,6-anhydroD-glycereD-galactitol 1.21 (Figure 1-23) establishes the same hydrogen
bonding network at the FimH binding sitem& S LJG®niannbpyranosidd.22 (Figurel-23),% the

formation of this network results in a loss of conformational flexibility, causing a loss of efitropy.

HO\ ©OH HO-\ OH
HO O HO O
HO Ho

1.21 O~~~ 1.22 O _~_ "~ "
IC50=1.37£0.3 uM IC50=0.064 £ 0.02 uM
Kp=0.26 uM Kp =0.029 pM

Figure1-23. Structure, 16 values and Kvalues of 20-n-heptyt1,6-anhydrop-glycerop-galactitol1.21and nK S LJG2 £ h
mannopyranosidd..228
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Gouin and ceworkers developed a further class pfmannopyranoside based inhibitors:
thiazolylaminomannosides (TazMan) and neothiazolylaminomannosides (NeoTaZslale)l ( Entry
6, page 5.9 1°°A series of TazMan analogs were originally developed based on sdaff@kigure
1-24); with the most ptent analogue, thiazolylaminomannoside23 being 106times more potent
at preventing adhereninvasiveEscherichia colAIEC) attaching to the intestinal cells compared-to
K S LJG@niannbpyranosidd.22 (Figurel-24).1%° Despite thiazolylaminomannoside23displaying
highin vitro potency, it showed limitedh vivoefficiency, likely duea having low pH stability and low
water solubility; this restricts the applications of thiazolylaminomannogi®3'° To combat these
poor in vivo results, Gouin and cworkers synthesized a second neothiazolyiltemannoside
(NeoTazMan) series based on scaffdld? (Figure 1-24).°° Thiazolylaminomannosidel.23
NeoTazMans counterpart neothiazolylaminomannositi@4 (Figure 1-24) was shown to have
improved in vivo properties, being stable to both enzymatic and acid hydrolysis. However,
neothiazolylaminomannoside 1.24 was shown to be 2.8 times less potent than
thiazolylaminomannosidé.23 with an 1Go of 194 nM vs 70 nM® These initial investigations show
that both TazMan and NeoTazMan are effective FimH inhibitors. However, it is unknown how
applicable these analogse as therapeutics in the treatmenf PEC induced UTIs, as existing studies
K @S 2yteée SELX 2NBR GKSANI | LILIX ADGAZ2ya Ay GKS
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Figurel-24. Structure of thiazolylaminomannosides scaffbltiand neothiazolylaminomannoside scaffdl@ and
structure and Igyvalues of thiazolylaminomannosidé23and neothiazolylaminomannoside24°

The final clad  2-Fmarnopyranoside based inhibitors discussed in this review are
indolynylmannosidesTable 1, Entry 7, page 5§, which were first investigated by Ernst and- co
workers® Ernst and ca@s 2 N SNB aédyikKSaAil SR || aSNASaE 2T AyR?2
mannosides and then investigated their inhibitory and pharmacokinetic properties. The most
promising analogue was indolinylphedy25(Figurel-25) achieving an kgof 20 nM1° Administering
a low dose of indolinylphenyl.25 (1 mg / kg) to a mouse model achieved a minimum inhibitory
concentration in the bladder for > 8/ Furthermore, a 1 mg / kg dose of indolinylphethy25was
shown to reduce colorjorming units in the bladder by a factor of 3.7 compared to untreated mice;

this result is in line with the reduction seen in mice treated wveitbrofloxacin (8 mg / kgf*
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HO\ OH
HO 0
HO
o N

ICs0 = 20 nM

NO,

Figurel-25. Structure and Kgvalue of indolinylphenyl.2501

A factor that must be considered when designing mandogged inhibitors is selectivity, as
humans possess other mannose binding lectins (e.g. human mannose binding proteins) meaning a lack
of selectivity can result in offirget reactions. Ernst anco-workers®? have previously investigated
the selectivity of five potent FimH antagonists all with niV&lues Figurel-26) against eight human
mannose receptors. Ifraanalogue displayed 1fimes greater potency for FimH over the mannose
binding proteins it was classified as selective, and assumed to not cause adverse effects due to non
selective binding® All inhibitors tesed were shown to have a ¥@old lower affinity for the human
mannose binding proteins than FimH, confirming their selecti¥ftfhe FimH inhibitors have been
optimized to contain hydrophobic substituents at theeducing end; these substituents can interact
with the tyrosine gate located at the entrance of the FimH binding site. The tyrosine gate is a feature
unique to FimH, which likely explains the selectivity displayed by these inhibitdrarthermore,
multivalent ligand presentation is known to be hugely important in nature, and as the inhibitors
investigated here are only capable of monovalent binding they likely only display low affinity for

human mannose recepts%?
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Figure1-26. { i NHzO (i dzNdManndpyranbsidé based inhibitorsfS LJGmdnrtannbpyranosidd.220 A LK Spy @ € b

mannopyranoside derivativds26and1.27, indolylphenyl mannoside derivatite28and squarate mannosides derivative
1.29

~
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Tablel. Depicts the different-o-mannopyranside based inhibitordiscussed above

R = COzMe, COQNHMG,
CF5, Cl, Me, OMe, F,

Entry Structure Reference(s)
87
1) Alkyl HO 05
i HO
mannosides Q O& \
0]
LA
n=0-7
52,8991
2) Aryl HO Og
mannosides H(I—)|O
O©R
R = NO, CI, CN, OMe,
CO,Me, NHAc, CO,H,
CO2NH2, CH2C02Me, ect
. 52,59, 92, 93, 96
3) Biphenyl
mannosides

NO,, CN, COMe
90, 97

HO\ OH '

4) Squaratg Ha o)
mannosides HO R
') O O
N XR'

R=H,Cl H

R'= OMe, OEt

X=0, NH

5) Septanoses

HO
HO
OR'
R =H, OMe
R'= H, C7H15
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6) Thiazolylamino| [o— OH
mannosides Hg&% o
(TazMan) ang

Neothiazolylam
inomannosides
(NeoTazMan) | HO

RV
\
N_/
OH
o
(0]
S
N
He J R
N

99, 100

7) Indolynyt
mannosides

101

1.1.9 Use of polyvalent mannoseadfolds in FimH
In nature carbohydrate ligand presentation is mainly multivafétd dz33Sa (i A y 3

D-mannopyranoside based inhibitors may be limited due to only achieving monovalent targeimg.

0dKEG

iKS

phenomenon describing how many multivalent ligands display greater affinity than their monovalent

O2dzy G SNLI NI a

KFra 0SSy

increa lectin binding via multiple factors, including receptor clustering and diasisg 1% Receptor

i S NH¥SNRultivakers liggn@dresentatdrNchna t & 02 a

clustering occurs when monovalent lectins / ligands are anchored to the cell membrane. The presence

of a multivalent binding species can capture receptors freely diffusing in the membrane, thus inducing

receptor clusteringKigurel-27). However, this mechanism is unlikely to occur in the bacterial outer

membrane (OM) due to #n restricted lateral diffusion of OM protein® Receptor clustering may
occur by default in the bacterial OM near sites of beéarel transmembrane protein insertion (i.e.

BAM complex will mediate insertion of FimD) due to the restricted lateral diffusion. As a consegue

the transmembrane FimD usher protein may already be present at the extracellular surface in

clusters!®® Multivalent ligand presentation can further increase lectin binding through dinking.

Here, individial ligands on a multivalent species bind to lectins on separate target units;litkisg

them and aggregating bacteria togethefFigure 1-27).1% Due to the complexity fo multivalent

OF Nb2Ke&RNI (S

AYyGiSNI OGAz2zyas
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It 20258ARS SFTFTSOGED Ly (KS OF as -Based Gandd bind A &

multiple different FimH units, resulting the formation ofE. coliclusters. Multivalent glycomaterials

attached to filters have been used to aggreggtecoliand remove it from solutiof®’: 108

a) Receptor clustering

— -—y I - —

b) Inducing aggregation

{Im _lfc."if‘;n::

P

L1 '\ [

Figurel-27. Diagram showing two potential mechanisms whereby multivalent ligands can increase apparent binding
affinity. a) Clustering effect where a multivalent ligand binds to one receptor initially and then captures additional receptors
as they diffuse into ake proximity resulting in clustering of the ligabdund receptorsh) Induced aggregation whereby
multivalent ligands bind to multiple lectins on different bacterial units cross linking them together

There has been substantial research into the develepnof FimHtargeting polyvalent
mannose scaffolds, with applications in the treatment of UitteGced UTIs. Multiple different
polyvalent mannose scaffolds have been investigated with three of the major ones being multimeric

heptylmannosides?113 glycoclusters4'” and dendrimerg812:

One of the most researched polyvalent scaffolds are multimeric heptylmannoSidee?,
page 6); these aim to build uponthe highy KA 6 A G 2 NB LJ2 (i Sy D&nanRdsidel(B8M) & S R
(Figurel-7). Gouin and cevorkers synthesized an initial series of mudtant glycoconjugatesr@ble
2, Entry 1, page 6) based on a 1,1;tris(hydroxymethyl)ethane or pentaerythritol core and measured
their inhibitory potencies using a HA$say and a bladder binding assay (BBA) witham bladder cell
line 5637:%° Both the HAI titre and the BBA data showed a positive correlation between potency and
valency'®® A second multivalent HM glycoconjugatesiss Figurel-28, Table2, Entry 2, page 6]
was designed based on a carbohydrate core, with one heptamannoside analog tethered te a ring
2 LIS y Syrlodextrint® Binding affinity of this series was examined using HAI titre and ITC

measurements. As with the previous series, HAI titre measurements showed a positive correlation

(Y]

580688y OFfSyO: FyR LIRSy Gychdedrh giycocdnidate Kchivdig O £ S

a titre in the nanomolar region (60 nM? Though initial ITC measurements supported this trend,
latter measurements varied, likely due to increased calorimetry noise regulogaccuracy of thesK

measurements®®¢ g 2 T dzNIi K S NkykldsiedinHirdded HR glycoconjugated §ble2, Entry
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3, page 6] were synthesized using two different spacer lengths. Their biophysical properties were
assessed using ITC, extracting?l- £ dzZS& | YR Y2t I NJ Nlcyclogestriblinked® i K KSL
glycoconjugates were significantly more potent than their monovalent counterparts, witalies in

the nanomolar rangé!! Reverse titration measuments showed that the use of a shorter spacer unit

led to superior potency @< 2.9 nM + 0.03) compared to the use of a longer linker (83.0 nM +

6.6), despite only achieving partial binding occupancy (molar ratios = 3.01 £ 0.03 for the short spacer

and = 7.7 + 0.06 for the longer spac&)This suggests potency is not solely dependent on valency.

The in vivo properties of bot S LJi | @-eyéldBektiinlinked glycoconjugates were assessed using

a murine cystitis model with C3H/HeN mice. Both heptavalent glycoconjugates were shown to be 100

times more potent than their monovalent counterparts.

Figurel-28. Structure of multivalent HM glycoconjugates series designed upon using a carbohydrate core where n=0, 1,2
and 6 (when using-cyclodextrin core)

Further work into development of a multivalent heptylmannoside has investigated the design
and use of glyconanoparticlé$® (Table2, Entry 4, page 6} and multimeric heptyimannoside$'?
(Table2, Entry 5, page 6] in targeting adherent invasiviéscherichia co[AIEC), a bacterial strain
LINBaSyd Ay GKS AfSIf t8aizy 2F / NPKyQad RAaSkasS L
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Table2. Summary of the multivalent hepinannoside structure discussed

Entry Core unit Reference
1) — — 109
HO OH
HO 0
N= HO
n=1-4
2) 110
HO OH
HO O
"o OH
OHl(-i)O o
HO
0]
%N 0
N—N
HO 0 7N
HO N=N
HO 0
" %Tho S o
OH NH»
n=0,1,2and 6
3) B 111
HO—\ OH
HO O
- HO
B-Cyclodextrins Linker o 5
core hort or lon NN N
n=1,6o0r7
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4)
113
O OlEI)H
o O
HO
OH\ OH
OH
Core structure prior to
polymerization-induced self assembly
5) — — 112

N ~
W-NJ oors OH
L N — o ’/é >Oor6

B-Cyclodextrins
core
|

( OH) 14

investigated. Multiple different glycocluster series have been synthesized using a variety of different
backbone scaffoldS@ble3); e.g. cysteine residue¥dble3, Entry 1) 1**functionalized pentaerythritol
(Table3, Entry 2) 1*Sthioureabridged cluster§Table3, Entry 3) 116 22peptide-bridged clustersTable

3, Entry 4Y?2and carbohydrateentredclusters Table3, Entry 5)11 Thein vitro efficacy ofdifferent

glycocluster series have been assessed using a variety of methodssgmed€urements, inhibition
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potency and valency was observed. Howewgner factors such as scaffolds structure (e.g. inclusion

of a phenyl unit in the scaffold) were shown to significantly contribute to potency.

Table3. Summary of the organic scaffold used in the synthdsisamnosebased glycdasters

Entry Organic Structure Reference
scaffold
1 Cysteine SH e
OH
HoN
@)
2 Azide or alkyne e
bearing
pentaerythrito
Is
3 Thiourea S He 1z
bridged R1\NJ\N,R3
clusters ' '
R, Ry
4 Peptide OH 122
bridged OH
clusters O,N
OH
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5 Carbohydrate e

centred cluster J

Investigations have also focused on the synthesis of a madneseng dendrimet®#12Roy and
co-workers synthesized multiple series of manndmaring dendrimers using different scaffolds. One
scaffold2 ¥ LJI NIi A Odzt Faiihof-Bsiné scaifoldi from Wifich they synthesized a dendrimer
containing 16 mannose units with a potency 500 times greater than methyl mannose (HAI titre = 1.0
UM vs 500 uM}te

Diamond nanoparticles can also serve as a polyvalent mannose scaffold. Mdonosenalized
diamond nanopatrticles where originally applied to the detection and removal oblirom bacteria
polluted waterl® More recently mannoséunctionalized diamond nanoparticles have been
demonstrated to be potenE. colianti-adhesives, displaying impressive potency in a bladder cell
adhesion assay (RIP = 9259 vs 1 for methyl manttdas)well as reducing. colbiofilm formation123

A final scaffold discussed here is fullerenes. Copptalysed click chemistry was used to
functionalize fullerenes with mannose moieti®4,yielding three fullerene analogs bearing 12
mannoside unitd?®|TC and SPR showed these polyvalent analogs to be capable of multivalent binding
and found that both polyvalent and monoeait analogs displayed a K the nanomolar rangé? A
further HAlassay was performed which found the polymeric fullerenes to be betweeB®t8nes
more potent thantheir monomeric counterparts.

Other polyvalet mannose scaffolds reported include glycopeptiéiés,!?® polyvalent
nanoparticle$?” and pillar[5]arene derivativé?® Researb into these scaffolds is in its infancy but
initial in vitroinvestigations appear promising.

Oral administration is the preferred route for drug administration, and as such the applications
of any analogue which cannot be orally administered are limiBagk to their large structure and high
hydrogen bond donor and acceptor content, polyvalent mannosides are unlikely to be orally absorbed.
This could severely limit their applications in the treatment of UTIs but also makes them potentially
powerful candilates in the treatment of AIEEY RdzOS R / NERY¥lGiaed &linical &ialsiafed
currently being performed on the use of multivalent inhibitor Sibofimloc (DAKEBS8018) in the
GNBFGYSYyild 2FT»NRKYyQa RAaASFHaSo
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1.2 Section B

1.2.1 Protein bieconjugation methodologies
Bio-conjugation of proteins to other macromolecules or small molecules is a vital tool that enables

biological processes and interactions to be studigdand allows pharmaceutical agents such as
antibody drug conjugates (ADCs) to be developéd number ofdifferent siteselective protein bio
conjugation methods have been develop&d:*° and some of the most widely utilised are discussed

below.

1.2.1.1Canonical amino acid based protein-bamjugation methodologies
Canonical amino acidased protein ligation methodologies refer to protdiio-conjugation methods

which target naturally encoded amino acids, such as cysteine and lysine residues. As many proteins
may contain several of these amino acids in a surkaqesed position, these methods are often non

site-specific.

Cysteine residugare highly popular in canonical amino acid targeting, and there are multiple
advantages for targeting cysteine residues. Of all the 20 canonical amino acids cysteine is the most
robustly nucleophilic with its thiol moiety offering a unique reactive hadtfi The high reactivity of
the thiol group allows cysteine to participate in numerous differentdmojugation methods, forming
conjugates conected by either a gBtein-C Or Hoein-S bond $chemel-5).1%° A further advantage of
targeting cystene residues is their low abundance (< 2%3*!in proteins allows for potential single

site targeting.

H

G "

Amino

H
H N (rotein
N cI | ethylati o -
Protein S ylation 2O
s sy ¥ » o4
o 0

/

H 13e

G\“ . » r r
* Viny!
) o sulfone s Gl P(NMe)3
O}’i |
= e
0, //O
@D

Schemd-5. Potentialbio-conjugation reactions whichaa be performed on cysteine residusoein-C bond formation
reactionsincludeaminoethylation (buffer pH 8.9, 2&, 24 h}*2treatment with bdoacetamide (buffer pH 8.2. r.t., 30
minutes)* maleimideligation (buffer pH = 6.5 7.4, r.t.) and vinyl sulfonligation (buffer pH = 8.5, r.t., 24 B}* SyroteinS
bond brmation reactionsncludeDha formation (for formation methods s&8, disulfide formation and desulfurization of
disulfides (P(NMe2 eq, buffer, pH = 9.5, r.t., 124§

0,NHZ

o0 N _o

Gl s %
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Maleimide ligtion (Schemel-6) is one of the most popular sigelective bieconjugation
methods!*’ The success of maleimide ligations is largely due to their fast reaction time&3¢&kM*
s1)¥8 and wide availability of maleimidiinctionalised linkers and probes. All these factors have
allowed maleimide ligation to be employed for protein {wonjugations in the pharmaceutical
industry; sgcifically for the assembly of antibody drug conjugates, such as Trastuzumab emtansine,
Brentuximab vedotin and Vadastuximab talirff&Further applications of maleimide ligation are the
development of a vaccineandidate for B cell lymphom&’ labelling proteins or peptides with
fluorophores®! for further use in assays or microscogynthesis of a peptide glycoconjugate with

applications as a targeted potent HIV inhibif8and the formaton of proteinprotein conjugates®?

Buffer
o 4 o e, pH=6.5-7.4 o
. N N r.t. ) N
Protein + \]\;):O > Protein
S
SH S
(0]
N
0 M
k=734 M-1s-1

Schemel-6. Reactiorscheme for maleimide ligation including reaction condittefend kinetic informatio#t®

Though the products of maleimide ligations are often considered stalhlasibeen suggested
that compeing thiols could cause reversaifia initial retroMichael reactions>® Additionally,
maleimide adducts can undergo hydrolysis leading to further decomposition of protein conjdgjates.
156 More recently some big@onjugation experiments have focused on the use of bromomaleimides.
Bromomaleimides offer a methodof making reversible conjugates, as thesact rapidly and
selectively with cysteie residues, yet upon treatment witlhCERhe free cysteine can be regenerated.
Furthermore, treatment ofthe thiomaleimides product with a base in methanol affords
dehydroalanine; this reversibility igotentially important as in some conjugation react®ronly
temporary tethering is requireé?’ A further advantage of usingémomaleimides is they allow dua
modification Schemel-7); an initial reaction witha cysteine residue displaces the bromine via

nucleophilicsubstitution and a reaction with a second cysteine can then occur via Michael adéftion.
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CO,Me
SH .
o (10 eq) BocHN ’| o
Br BocHN~ >CO,Me S
> NH
l NH pH 8 buffer S
0 BocHN o
COzMe

Schemd-7. Reaction scheme for dumodification of a bromomaleimide

Vinyl sulfone¥’ are an alternative Michael acceptor that can be selectively reacted with
cysteine residué§® (Schemel-8). At present vinyl sulfones are less widely used than maleimides due

to their higher reactivity towards hydroxyl grouf§making offtarget reactions more likely

(0] (0]
H O, 0O H
N. + .S, _Buffer~pH38 N
Protein)KE i X-"R 37°C Protein i o, 0
S\

SH

Schemel-8. Reaction scheme for vinyl sulfone mediated ligation. &ism) the reaction conditions used to conjugate
rhodamine dye (R) to concanavalin A (protéfh)

There are limitations associated with targeting cysteine residues. Firstly, the introduction of
additional cysteineeasidues into proteins can result in intramolecular disulfide bond formation and
protein misfolding. Furthermore, free cysteine residues can undergo promiscuous side reactions with
co-factors such as metal ions. A final complication associated with progsieine mutants is that the
introduction of a free cysteine residusan often leado intermolecular disulfide bond formation,
resulting in protein dimers which cannot undergo conjugation reactions; cysteine mutants thus

require treatment with a reducinggent prior to conjugation.

Another canonical amino acid which is heavily targeted ircbigiugation reactions is lysine,
as a wide variety of different reactions can utilise the nucleophilic primary amine lysines present
(Schene 1-9).1%! Lysine residues are more prevalent than cysteine residti@mnd as such bio
conjugation methods targeting lysine residues are rarely-s#lective. However, lo-conjugation
methods targeting lysine residues have found a niche in the synthesis of conjugates where multiple

conjugations are beneficia¢g.glycoconjugate vaccines formulatiot§f154
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Schene 1-9. Potential bieconjugation reactioawhich can be performed on lysine residuesluding the use of activated
esters (buffer, pH 7.29, r.t., 30 minutes), isothiocyanates, isocyanates, sulfonylide®(pH 8.0, r.i; 37 °C, 12 h)1%>and
reductive amination (buffer, pH 6¢58.5166r.t.) reactions

1.2.1.2 Norcanonical protein bi@wonjugation methodologies
The major limitation of using canonical amino acids durinecbigjugations is the lack of sielective.

To overcome this limitation a number of si#pecific bio-conjugation methodologies have been
designed, relying on the installation of a unique fumeality into the protein. The three most
commonly installed functionalities are azides, alkynes and aldehydes. These functionalities can either
be installed usingnnatural amino acid (UAA) mutagenesis or via chemical or enzymatic treatment of
the existng amino acid residues. It is not the purpose of this work to review UAA mutagenesis but

previously published reviews are availakie ¢’

Bio-conjugation methodologies which rely on an azide or alkyne moebceed via a
cycloaddition reaction pathway. Hetevo or more unsaturated moieties combine to form a cyclic
adduct in which there is a net reduction of the bond multiplicity. Most organic chemists are familiar
with the DielsAlder reaction between a camjated diene and a substituted dienophtfé.The two
most wellstudied cycloadditiofbased bieconjugation methods are aziellkyne ligatiof® **and

tetrazine ligation'**. 2 G K G KSaS fA3IFGA2ya NS OfFaairx®ASR |

QX

speed, high reactant and product versatility, regiospecificity and high ffetd’Azidealkyne ligation
has been widely used within the literature since 2002, when both Sharpless amdrkers?? and
Meldal and ceworkers®4independently introduced the coppearatalysed azidalkyne cycloadditions
(CuAAC)Schemel-10). CUAAC have been successfully used to label both proteamsl live cells/?

and have been used in the formation of pharmaceutical analog{igdowever, the use oCu
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catalysed azidalkyne ligations is limited, &Su(l) is readily oxidised t@u(ll) in solution. For this
reason,Cu(l) is often generateth sity, using aCu(ll) source and an excess etlucing agent, such as
sodium ascorbat&* or hydrazinet” The combination o€u(l) and sodium ascorbate can lead to the
generation of reactive oxygen species, which can further react with other chespieaies to have a
detrimental effect on experimental result§® This potential for side reactions, coupled with the high
toxicity of Cutowards cellg,® limits the expeninental use of theCucatalysed azidalkyne ligation,

especially in celbased assay experiments and protein ligations performed within living cells.

Cu (Il)
sodium absorbate
- - N.
Rl
k=3.4M"s"

Schemd-10. Reactionrscheme for CUAAC including reaction conditions and kiiétics

In 2004Bertozzi and cavorkers introduced the straipromoted azide/alkyne cycloaddition
(SPAACY (Schemel-11). The replacement of an unstrained alkyne with a strained cyclooctyne
removed the need for &ucatalyst, as the cyclic strain of the cyclooctyoeelerates the uncataylsed
reaction with the azide. Since their introduction SPAAC ligations hawwepr to have many
applications within chemical biology. One example is the development of an antibeslyvestern
blot analysis method!’ using an azide functionalised protein which is further coupled to an aza
dibenzocyclooctyne containing fluorescent proBéFurthermore, SPAAC has been used to develop a

new methodology for the synthesis of covalent proteilgonucleotide conjugate¥?

NG
R\N N N
— Physiological —
conditions
R—Nj +
R' R’
k=0.9M"s"

Schemel-11.Reaction scheme for SPAAC including kinetic parariters

69



Introduction

The increasingly popular tetrazine ligation @aostrained alkene, such as a trans
cyclooctene derivative with a reactive tetrazine moiety, is an example ofvamse electron
demand DielsAlder reaction (Scheme 1-12), which is followed by a retro [4+2]
cycloaddtion.*®¢ The tolerance of this reaction to a broad range of substrate functionalities
and bicorthogonalconditions, (such as water and cell mediéhas meant tetrazinéigations
have found numerous applications, in both chemical and cell biology. Tetrazine ligation has
been successfully used to synthesise radiolabefédonjugates which can be used in PET
scan imaging of intraportally transplanted islet cél&Tetrazine ligation has further been
used inin vitro labelling experiments, Hilderbrand and -amrkers® showed that the
addition of a tetrazine conjugated fluorochrome couébel pretargeted antibodies both
selectively and rapidl§£° These exampkeshowcase just a few of the applications of tetrazine

ligation; further applications can been seen in a review paper on the sul§ject.

H
N,
N_ o
Protein”
io-orthogona L SN
+ conditions Protein \ﬂ/ ’}l
> (0] x _NH
N=N
<}\I—N/ C NH k=1-106 M-1s-1
g

Schemel-12.Reaction scheme for the tetrazine ligation including kinetic paraniéters

Hydrazone/oxime ligationsSchemel-13) involve the reaction of either a hydrazine or
hydroxylamine/aminooxy reagent with an aldehyde to form either a hydrazone or oxime lik¥age.
Due to the ease of aldehyeastallation into proteing?® hydrazone/oxime ligatios have alsdeen
applied to the conjugation of proteins to fluorescent prod&s.2® Oxime ligatios have been further
showcasedn the conjugation of carbohydrates to proteins, using proteins bearing speeifially
installedformylglycine residue and complex aminoxy glyc&hs®Oxinme ligation has bee further
used to synthesise aamobody conjugate which can selectively destroy Hpd&ive breast cancer
cells’® Although hydrazine or hydroxylamine functionalised probes are easy to sysghéise C=N
bond formed between protein and substrate via hydrazone/oxime ligation is susceptible to hydrolytic
cleavage over timé’° limiting the long term stability of the proteinonjugate. A further drawbackfo
hydrazone/oxime ligation is that optimal reaction pH for both is pH#\which many proteins cannot

tolerate without some denaturation occurringThe use of nucleophilic catalysts such as aniline can
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overcomethis problemhowever,allowing many proteins to undergo hydrazone/oxime ligation at
neutral pH**! but even in these cases the concentrations of nucleophilic catalyst neeoftein as

much as 100 mM for oxime ligan'% - can be toxic to live celf$?

Hydrazone
o H H H
O\\‘)J\Nrr + H2N’N”"’ nucleophilic catayst NNTﬁN’N“«
H buffer pH - 7 o)
H
. Hydrazone
alpha-oxo Hydrazine product
aldhyde probe
With a nucleophilic catalyst (aniline) k =170-0.21 M s
Uncataylsed k = 1.3 x10°3 - 3.1 x103 M"'s""
Oxmine H
o 0 nucleophilic catayst JJN\[(%N/O”“
@) S0+ HN T buffer pH -7
N 2 O
H H
alpha-oxo Hydroxylamine Oxime
aldhyde probe product

k=1.3x103

Schemel-13. Reaction scheme for hydrazone /rogiligation including kinetic parameters for both hydrazone (with and
without the nucleophilic catalyst anilif€jand oxime ligatiok®

A further ligationmethodologythat targets protein aldehydes is the Pici&pengler reaction
(Schemel-14a). This is the cyclisation reaction between tryptamines and aldehydes, following initial
iminium formation with subsequent intramolecular digation*® A variation of this reaction with
improved kinetic performance is the iftictetSpengler reactiongchemel-14b). Both the Pictet
Spengler and is®ictetSpender reaction result in the formation of aC bond between protein and
substrate!®® an attractive prospect in biorthogonal chemistry due to theianticipated greater
stability under bieorthogonal conditions. TdisePictetspengler reaction has been successfully used
to ligate PEGylated, biotinylated and fluorescent probes to glymygglobin, fGhtagged maltose
binding protein (MBP) and fGtagged Herceptin antibodie’$®However, the applications of both the
PictetSpengler and is®ictetSpengler reaction are limited by the low reaction pH needed. pH

4)%and slow rate of reaction.
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a) Pictet-Spengler i ﬁ’H
o S oo
A, UL /
N + H N N
N H H
H - Buffer pH =4 k=0.015 M-1S-1

b) iso-Pictet-Spengler

_ . _
o - ‘
0] 0] O
©\/\>_/O )J\ ] ©\/\>_/ - A\
N * H N N
\

\ \

~ BufferpH=4-4.5 k=0.015-10.6 M's""
Schemel-14. Reaction scheme and kinetic parameters for the a) P&pengle¥*8and b) isePictetSpenglelss

A recentlydeveloped protein bieconjugation method which also targets protein aldehydes is
the organocatalystediated proten crossaldol ligation (OPALYevelopedby Fascioneand co
workers®®¢ KS ht ! [ f A3l GA2Yy NBEGxdzadsdyde withii Se droneld anvBighOS 2 F
can readily be installed at thd-terminus by sodiunperiodate oxidation of theN-terminal serine or
threonine residues, or via transamination Nfterminal glycine residuesia pyridoxal 5phosphate
mediated transaminatioriSchemel-15).2%° The installed"-oxo aldehyde is then functionalised with an
enolisable aldehyde containi@PAL probe anda prolinetype catalyst, resulting in sitgpecific bio-

conjugation via aldol condensatid#?.
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o NalO o
_Protein __ 294 o _Protein
NH, H
alpha-oxo
aldehyde
organocatalyst

N T=N
H HN_ .N 25 mM
Buffer

N' K =23.947 M1s"
pH 7.5 @’AL
37°c \__/ H

1h
e

HO _Protein
N

o
H
Schemd-15. Reaction scheme for OPAL ligation. Biotag = biotin, folate, azide or dansyl
A potential limitation of OPAL ligation was thanstallation ofl y -oXo aldehyde was
previously limited to theN-terminus*® However, thedevelopment ofa palladium decaging*
stratagemwhich involveghe installation of a thiazolidine ring functionalised unnatural amino acid
into the target piotein, which can later be treated with palladium to eal an-oxo aldehyde has

enabledOPAL ligatioto also be performedtanternal siteswithin proteins(Schemel-16).

0O 0O

H
Protein\N)L% N [Pd(allyl)>(Cl)a] Protein\NHH
ik

0]

organocatalyst

Buffer Oﬁ"
pH 7.5 N” TN

H B
37°C NN 25 mm
1h @9 K =23.947 M's™

e

HO _Protein
N

H

Schemd-16. Reaction scheme for palladium decaging. Biotag = biotin, folate, azide and dansyl
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More recently Fascione and weorkers introduced a new wagf installing noal S NI A y | £
oxo aldehydes, using a threonihgsine dipeptide which caagainbe introduced to a ptein by UAA
mutagenesis® The threonineNB & A RdzS | O (i @xo kldehyte writhxdn $errevealed upon
NalQ 2 EA R { A -®xp @delyéeS intfoduced by this metheekre further targeted by Strain
Promoted AlkyneNitrone Cycloaddition (SPANC) ligation with biotin and dansyl charged
bicycloronyne (BCN) probgSchemel-17).1%°

j J
@] |/, ‘s, H
Bl HN) "H\OH HN™ "
HN™ " ~OH NH, o]
NH, UAA
mutagenesis - NalO, oxidation -
g ‘m 4 minutes m
HNT N OF
@]
]

HN Biotag

)

Schemd-17. Reactionscheme for threoning/sine dipeptide installation, oxidation and conjugatibiere biotag = biotin or
dansyl

Akin to the Pictet and isPictetSpengler ligations, the OPAL results in the formation of a
stable GC bond between protein and substrate. HowevOPAL has superior kinetics and is far milder,
occurring within 1 h at neutral pH® As such the OPAL is more versatile thanFignetSpengler
ligation. A further advantage @he OPAL over the aforementioned stratagems lies in the ability to
perform a secondary ligation to the aldehyde species that is regenerated follahéngrst aldol
reaction'*® Whereas performing duamodification on a protia has historically required the use of
different bio-conjugation methods (e.g. oxime ligation and azigelooctyne click ligatiortf¢ only a
singleh-oxo aldehyde need be introduced if OPAL is to be uJdds \ersatility has already been
demonstrated via the successful ligation of azide, biotinylated, fluorescent and folate probes to

multiple protein species, such as thioredoxin, myoglobin and green fluorescent proteintt&GFP).
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1.2.2Protein and peptide glycoconjugatenstructs
A major application of protein bioonjugation istie construction of protein glycoconjugates. Protein

glycoconjugates have been widely used in vaccine formulation, due to theieffmsency and ability

to be produced in large quantiti€$’

Protein glycoconjuge vaccines were designed to overcome the issues displayed by purified
polysaccharide vaccines. Purified polysaccharide vaccines against meningococcus and pneumococcus
were developed in the 19708’ Though these accines were shown to be partially immunogenic in
adults they did not elicitmantibody response in childrefi the vaccines target population, whilg i
had previously been reported in 192B8at conjugation of aacterid capsular polysaccharide to a

carrier protein significantly increased the immunogenic response of the polysaccHafidfg.

The difference in immune response between protein glycoconjugate vaccinkeguified
polysaccharide vaccines can be explained by the way the different structures interact with the immune
system. Following immunization both vaccine types are taken up by the dendritic cells and transported
to the lymph nodeg€ Once at the lymph nodes the vaccine must interact with both B and T cells to
stimulate the formation of germinal centres (GCs). These are sites whigilymph node and spleen
where B cells proliferate, differentiate and mutate their antibody genes using somatic
hypermutation?® Three main cells are required for GC formation; polysaccharide spedifitisB
(which express the antibody on their surface as a receptor), follicular heloetlsT (F+, which
recognise the protein carrier antigen presented on the surface-céIB) anl follicular dendritic cells
(FDCs which contain and present the antigen to the B cells). The survivedis Bcated in GCs are

reliant on their engagement with-gells2%°

Purified polysaccharides can bind to specific antibodieater on the surface of-Bells,
however the polysaccharide do not fit into the major histocompatibility complex (MHC) cavity,
preventing interactios between the Rell and the #+cells, inducing Bell apoptosis Kigure
1-29a).1%”While protein glycoconjugasawithin vaccines also bind to specifiecBll antibodies & their
polysaccharide units, their protein units can also be processeddafito reveal a peptide which is
recognised by the MHC cavity and displayed on tloelBsurface, promoting-¢ell engagement and
stimulating a GC reaction; this leads to theguction of polysaccharidspecific antibodies and

memory Bcells Figurel-29b).1%"
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Figurel-29.a) The immune responseduced ly polysaccharidéased vaccine$) The immune response induced by protein
glycoconjugate vaccines.

Protein glycoconjugate vaccines have been developed against a number of different
diseases/pathogens such Blycobacterium tuberculosi! Klebsiella pneumonia@? Meningitis 162
203205 jnvasive wontyphoidal Salmonella (iNT8§, 164 20208 Typhoid fever®?!?2 Pseudomonas

aeruginosa®* Escherichia céfandS. flexnerf'?

Immunisation with the capsular polysaccharide Sftyphi(Vi) has been demonstrated to
provideimmunity against typhoid feveit* 21>however, t was hypothesized that the immunogenic
properties of Vi could be enhanced by protein coupling. Therefore, multiple studies have focused on
the synthesis and applications of aprotein glycoconjugate vaccine, with mulépdifferent carrier
proteins being investigated; these include Bovine serum albdfiicholera toxir?® Tetanus
toxoid 2% 212 diphtheria toxoin?'® ?*and human serum albumiff® Diphtheria toxoid is a popular
protein carrier, and is often chosen due to its low cost and structural lgtalim the pH ranges
encountered during bi@onjugation?!! The majority of conjugate vaccines were shown to result in an

increasedmmunogeniaesponse, compared to treatment with Vi aloff&2!2

A further disease to which a notable amount of research into conjugate vaccines has been
dedicated iSNTS!63 164.206. 20Recent studies have focused on the use of the diphtheriaitbmutant
CRM197 as a carrier proteif®: 164 298vjany of the conjugates to this protein were shown to elicit an

immune response with a few proving to be promising candidate vacéihé®
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Conjugation of polysaccharides to carrier proteins can be achieved using a varietysitenon
selective methods. With many of the examples discussed above relying on the use of reductive
aminationt®3: 164. 206, 208. 208nq / or linker molecules (e.g. adipic acid dihydrazide (AEJHY;: 208 209.-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (ED®J, 2! adipic acid big{-hydroxysuccinimide)
(SIDEAY® 164 4-(N-maleimido}n-butanoyl)?*®* These conjugation methods rely on amine
functionalities®*1%4 (e.g.like those presented by lysine side chains) and as such are neesitetive.

Most proteins contain multiple lysine residues, and may also have an expdsedhinus, and
therefore multiple amine groups are often availablelfgation, allowing for numerous polysaccharide
additions. However, recently some protein glycoconjugate vaccinesaissieeen synthesised using

site-selective conjugation methodd%218

Though the majority gbrevious research performed into protein glycoconjugates has focused
on vaccine development, some studies have investigated alternative applications for protein
glycoconjugates. One such example was the development of glycodendrinanoparticles designed to
block viral infectiong?® ¢ KS OF NNA SNJ LINRGSAY dzaSR Ay {(KAa&a 4&ddz
bacterial capsid protein engineered to containLéilomoproparglylglycine (Hpg) residue); these
monomers selassembled to form a 186opy multimer.?'® Cucatalysed clickhemistry was then
used to attach a mannose containing glycodendrimeric construct to the protein backbone, producing
glycodendrinanoparticles containing up to 1,620 mannose @#Hitdn ELISA demonstrated that the
glycodendrinanoparticles could prevent {3GSN (dendritic cefipecific intercellular adhesion
molecule3-grabbing nonintegrin) from binding to mannosylated albumin, with an estimatemiC
35-40 nM?° Further investigation found that the glycodendrinanoparticles were capable of blocking
Ebola infection on-lymphocytes and a human dendritic cell infection model, displayingsamlitBe

picomolar range&?!®

Further work by Davis and aworkers produced duahction glycodendriproteins capable of
inhibiting bacterial aggregationyith Actinomyces naeslundihosen as the target bacterf® Here
four different glycodemdrimer scaffolds were synthesised, each containing between two and four
galactose unit$?° The glycodemdrimers were linked to a Nbi8yl methanethiosulfonate linker and
reacted siteselectively wih an engineered protendegrading proteinase, subtilisin, froBacillus
lentus via a free cystine residifé® The dual activity of the glycodendriproteins arise from the
galactose residues binding to lectins éminomyces naeslundiipreventing bacterial host cell
adhesior?® and furthermore, once a glycodendriprotein is bound to a bacterial lectin the protein
degrading proteinase induces degradation of the lectin, furgireventing infectiorf?° The activity of
the glycodendriproteins was investigated using an enzlimied lectin assay (ELLA) with surface

immobilised peanut agglutinin (PNA) used as a model galactose bindiing Egiositive trend was
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observed between the number of galactose units present and an analogues potency. Further
investigation was performed into the glycodendriproteins ability to inhibitaggregationof A.
naeslundiiand Streptococcus oraliThe inhiltory potency of theglycodendriproteinsvas shown to
be dependent on each analogues structure, with theghlactose analogud.30 (Figure 1-30)

displaying the highest potency and achieving apitGhe nanomolarange??°

OH_oH H
HOX s/\[(N\L !
OH OSH g N NW\/E\/S%
o2 XS e
OH H :

Figurel-30. Stricture of bigalactose analogué.30

Wang and cavorkers®? investigated the use of peptideygloconjugates as HIV inhibitors,
using a maleimideactivated hgh mannose oligosaccharideerived from oligosaccharid
MansGIcNAgAsn. Themaleimide activated oligosaccharide was then reacted with a cystine residue
on a 36mer HIVV1 gp41 peptide, T20, which had previously shown to be a potent inhibitor against HIV
infection. HIV1 primarily targets the macrophages andndkitic cells, these cells express mannose
and oligomannosa&pecific receptors on their surface, therefore conjugating a mannose saturated
oligosaccharide to H¥ gp41 peptide will allow more specific targeting of the macrophages and

dendritic cells'®?

Turnbull and ceworkersalsoinvestigated the use of proteiglycoconjugates as therapeutic
inhibitors, withtheir work focusing on the cholera toxin (G#)The CT contains five identical CT B
subunits (CTB) all of which contaifNderminal threonine residue. Turnbull and-emrkers used an
inactive CTB mutant as agbein scaffold, and subjected the scaffold to a Nat@diated oxidative
cleavage to afford five terminal aldehyde mofit$.The target pentasaccharidé.31 was then
subjected to aCucatalysed click reaction withlkynearmed hydroxylamine linket.32 to afford
pentasaccharidel1.33 which displays a Bearotected hydroxylamindgerminated appendage
extending from the reducing terminus. Pentasaccharid83 was subjected to Bedeprotection
affording pentasaccharidéd.34and conjugated to the oxidised CTB mutant via oxime ligation, yielding

pentavalent CT#inked glycoconjugaté.35(Schemel-18).2

Thebiological properties of pentalent CTBinked glycoconjugaté.35were assessed using
an ELLA and I'P&.The ELLA confirmed pentavalent @ifiBed glycoconjugatel.35 to have
impressive potency with a lowdvalue of 104 pM; 5100 times m@potent than the pentasaccharide

alone??* However, the ITC results disagree with those of the ELLA, finding pentavalelhinketB
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glycoconjugatel.35to exhibit similar potency to the pentasaccharide (30 nM 8sn#), but it was
suggested that the formation of random aggregates with modest binding affinities may have

interfered with the ITC measurement&.

The examples discussed showcase the vast potential applicgtimbsin-glycoconjugates
have as pathogenic inhibitors. Further investigation into this fertile area of research is thus both
tantalising and could lead to the development of new targeted glycotheraputic agents that could

revolutionise the treatment of unary tract infections.
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Schemd-18. Synthesis of pentalent CTBinked glycoconjugat&.35. Following an initial copper catalysed click teat

to attach pentasaccharid&.31to alkyne armed hydroxylamine link&r32affording Boc protected hydrglamine charged

pentasacchridd.33 Following TFA mediated 8deprotectiorpentasaccharidd.34was extracted and subjected to oxime
ligation with the oxidised CTB mutant affardipentavalenCCTBlinked glycoconjugaté.35
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1.2.3 Project aims
The aim of thiprojectisto employ a high affinity monovalent FimH inhibitor to achieve polyvatent

colitargeting via colicidinked glycoconjugates. Exposure of the colleiked glyoconjugate toE. coli
should lead to initial high affinity binding of the colipiotein to its outer membrane target receptor.
Once bound the colicin protein anchors the glycoconjugateEtocoli, potentially allowing the
glycoconjugate linker to transvee the glycocalyx and display the high affinity FimH inhibitor on the
E. colisurface. As each bacterium is capable of binding to multiple céiitiad glycoconjugatesye

aim to use thigargeting approacho turn E. colitself into a polyvalent manrse presenting scaffold,
capable of binding to multiple FimH groups presented by okhemlbacterium. We propose that this
targeting approach will result iB. colaggregationfigurel-31), preventinge. colfrom binding to the
urothelium umbrella cells and thus allowing removakEofcolirom the bladder during urination. This
type of therapy is classified as an aatihesion therapy as it does not induce apoptosis, but instead
preventsE. colirom reachingts target. As this selection pressure is mild it is unlikely to trigger a rapid

evolutionary response fror&. coliand thus it is hoped thdE. coliwill be slow to develop resistance.
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Figurel-31. Cartoon depiction of glycoconjugate induced UPEC aggregation

The overall project aims can be divided into four objectivegurel-32); 1) the synthesis of
a high affinity FimH inhibitor, 2) bimonjugation of the Fimkhhibitor to a colicin protein affording a
colicin linked glycoconjugate using OPAL methodology previously developed in the Fgemigna)
analysis of the glycoconjugates ability to bind to its target receptor and 4) analysis of the

glycoconjugates aliiy to adhereE. coli.
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1) Synthesis of a mannose 2) Protein bioconjugation
based FimH inhibitor using OPAL ligation
0 0 y
= — — o o EEE
BO: L HO T &
= —a = FimH inhibitor H £
= = I mf
=2 =2
v

\/}“’J )) 3) BtuB binding and
UPEC TIRF microscopy
4) UPEC aggreagtion and motility
assay using digital holography

Figurel-32. The four overall objectives of the project. Stage 1) Synthesisiahaose based FimH inhibitotage 2)
Protein bieconjugation (colicin la PDBCI#2?), ¢age 3) BtuB imding (PDB3RGM?23) and TIRF microscopy ardge 4)
UPEC aggregation amdotility assay using digital holography
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Chapter 2Synthesis of monosaccharide building blocks

2.0 Aims
The focus of the work in this chapter is the design and synthesis of mabagsé ligands for the

UPEC adhesion protein FimH. These manbesed ligands can then be used in the constructibn
the mannosecolicin bieconjugates, which will subsequently be screened for their ability to induce

UPEC aggregation in later chapters.

2.1 Design and synthesis of an oligosacchdraded inhibitor

2.1.1 Reasoning behind monosaccharide synthesis
Trisaccharidel.4 (Figure2-1) was initially chosen as a potential FiamHibiting oligosaccharide due

to its relatively simple structure compared to other oligosaccharide based inhibitors. Trisacchdride
consists of three linear monosaccharide units, consequently, the protected monosaccharide
precursors do not have to facilitate selective branching reactions, and are thus relatively simple to
synthesise. Furthermore, previous studies have shown trisaccharii® be a potent inhibitor of
FimH, and even have suggested that trisacchatideis the optimal size for binding to the FimH
binding site’® ""The major interactions that trisaccharide4 can achieve with the Fimldctin domain

are depicted irFigurel-9.

OH
o

Ho—\ OH OH
HO OH

1.4 NHAc

HO

HOHO

Figure2-1. The structure of trisaccharide 1.4

2.1.2 Design of monosaccharides
Retrosynhetic analysis of trisaccharide4 was used to design the required monosaccharide building

blocks Figure2-2). Three monosaccharides were desigre?l1x, 2.2 and 2.3x (wherex varies from

aA c, Figure2-6, Scheme2-6, Scheme2-11, Scheme2-12). The glucosamine building blo@k3x is

unprotected atO-4, and can be used as a glycosyl acceptor with the benzylidene acetal protected
mannose thioglycoside.2, 6 KA OK A 0a St F Aa -Selettedliycsyl ldandtITi@d Ay 3 |
resultant 2.3x22 RA 41 OOKI NARS Oly GKSy a S Ng&tivd aannbsg 3t & O
thioglycoside?.1x Note that an orthogonal protecting group is to be installed onto each mannoside

unit, as this will allow for selective removal and further glycosylations.
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OH
NHAc

HO og
HO
HO OH OH
HO 5
0-HO o o)
HO
1.4
OR OBn N3
RO 1 Ph—\~0O BnO
RO Q o) O HO O ~»:
RO PMBO BnO o]
2.3x NR2

2.1x STol 2.2 STol

Figure2-2. Retrosynthesis of trisaccharide4 to give the three desired monosaccharide structures. Where R = Bz @=Bn, R
Bz, Ac or BrR = HTCA or Phth

2.1.3 Design anslynthesis of mannosidz2
The first donor synthesized was benzylidene protected manno2i@e(Figure 2-3). Due to its

placement within the trisaccharide a protection strategy which included temporary protecfi@A3o

and installation of a latent glycosyl donor at the anomeric position was required. The STol group
located at the anomeric position of mannoside can act as a selectively activated leaving group in
glycosylation with a 1#rotected glucosamine aeptor 2.3x{i 2 I T TnamBsidd?® 83)86, 22227

The PMB ether located &-3 can provide temporary protection as it can be orthogonally removed
postglycosylation with DDQ to reveal an unprotect€f3. This allows fot T dzNJekdEwe] b
glycosylation a0-3 with protected mannose STol glycosyl doBdirx

Ph—x-0 1\ 98"
o)
PMBO
2.2 3ol

Figure2-3. The structure of mannosi@e2

Benzylidene acetal protected thioglydds 2.2 was synthesized via the synthetic pathway
shown inScheme2-1. This pathway consists ofdbeps, with initial global acetylation ofmannose to
afford >mannose pentaacetat.4 (Scheme2-1, step a), followed by Lewis acid mediated attack on
the anomeric centre with 4nethylbenzenethiol to afford thioglycoside5 (Scheme2-1, step b). This
product was subsequently subjected to deacetylation using Zemplén conditions td veyzatected
mannoside2.6 (Scheme2-1, step c¢),which was then protected with a benzylidene acetal, affording
4,6-O-benzylideneacetal protected mannoside®.7 (Scheme?2-1, step d). The position of
protected mannosid®.7was then orthogonally protected with a PMB ether, affording PMB protected
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mannoside2.8 (Scheme?-1, step e) which was then subjected to-@benzyl protection to afford the

desired mannosid@.2 (Scheme2-1, step f).

OH OAc OAc OH
HO AcO AcO HO
HO O AcO O b AcO O . HO 0
HO —2 ~ AcO ——> AcO —& » HO
OH

OA
2.4 ¢ 2.5 STol 2.6 STol
d
Ph—X"0 08” Ph—X"0 og Ph—X-0 og
(0] f (@) e (@]
PMBO ~——  PMBO - HO
2.2 STol 2.8 STol 2.7 STol

Scheme-1. Synthesis of wanted 1,3 mannosi2l@ from b-mannose. Reagents and conditions agA@yridine, DMAR)
°Gr.t., 12 h (80%); bHSTol, BFELO, dry DCM) °Gr.t. 12 h, (62%); c) MeONa, MeOH, r.t., 62 h (80%); d) 2,2 DMT, CSA,
dry MeCN, EN, r.t., 5 h (61%); e) BsnO, dry toluene, 1€, 3h, PMBCI, CsF, dry DMRT,QL2 h (83%); f) BnBr, NaH, dry
DMF,0 °Cr.t, 2 h (36%)

tKS OK2AO0S 2F LINRPGSOGAY3I 3INEP dzLise usedfeRgfahf @8 A Y T
donating protecting groups (e.g. benzyl groups) results in an armed donor, whereas the use of
electronwithdrawing protecting groups (e.g. benzoyl groups) rssinl a disarmed dono®® Armed
donors are more reactive than their disarmed counterparts, ofteading to higher glycosylation

yields??

I & -hannosidic bond is required between the central mannose unit and the glucosamine
unit in trisaccharidd..4, a benzylidene acetal was installed at @ andO-6 positims of unprotected
mannoside2.6. Formation of the 4,&cetal is thermodynamically favoured due to the high preference
of the phenyl group to be in the equatorial positi&iiHowever, a lower yield than expectedlfh) of
4,6-O-benzylidene acetgbrotected mannoside2.7 was afforded. This was due to the formation of
dibenzylidene mannoside produ@.9 (Figure 2-4), where a 2,3-benzylidene ring is formed in

addition to the 46-O-benzylidene ring due to the cis orientation® relative toO-3 on mannose&*

Ph
o]
Ph—X"0; o
(o)t ’
(0]
2.9 STol

Figure2-4. Structure of the dibenzylidene meoside side produ@.9 obtainedduring 4,60-benzylidene acetgbrotection
of unprotected mannosid2.6
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The 4,60-benzylidene acetabrotected mannoside2.7 was subsequently selectively
protected atO-3 using a dibutyltinoxidenediated benzylation withp-methoxybenzyl chloridesge
Scheme?-1). This reaction was performed in two stages. In the first stage&>46nzylidene acetal
protected mannoside2.7 was reacted withdibutyltinoxide, likely resulting in the formation of
dibutylstannylene acetal intermediat.10 (Figure2-5). This intermediate was then reacted with
methoxybenzyl chlorideaffording PMB protected mannosid28. Previous work has shown that
mannosedibutylstannylene acetls react preferentially at the equatorial OH, vicinal to the axiaF®H.
232 propose that this could bthe result of dipoleminimisation between the tranaxialO-2 andO-1
resulting inO-2 being less nuclediyilic than O-3. This hypothesis would be consistemnith PMB

protectedmannoside2.8 beingthe only reaction product isolated.

RO\
RO(@/&

Bul ,/BU
2.10

OR

Figure2-5. Structure of likely mannose dilglgtannylene acetal intermedia10formed during selective-Q PMB
protection

2.1.4 Design and synthesis of mannoside do2d@and2.1b
The decision to install an orthogonal protecting groupDe of the terminal trisaccharide mannose

unit was mae after examination of the crystal structure of the FimH binding site, which revéaled
space directly above the final trisaccharide (hitlsing a terminal mannose unit bearing a temporary
protecting group (wkch could be selectively removed after construction of the protected
trisaccharide) would potentially allow for extension to form either a tetrasaccharide or a
pentasaccharide. This would potentially allow the free space above the terminal trisacchaititie u
be explored. To achieve this goal, b@?® acetyl2.1aand O-2 benzoyR.1b protected thioglycoside
donors were considered~{gure2-6).

Bno\ R

BnO 0
BnO

STol

R=Ac2.1a
R =Bz 2.1b

Figure2-6. Structures of € acetyl2.1aand O2 benzoyP.1bprotected mannose thioglycoside donors

Careful consideration was taken when selecting the protecting groups for mannoside donors

2.1aand 2.1b. The choice of benzyl protection atetl®-3, O-4, and O-6 positions should lead to an
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armed donor with high reactivity?® while the presence of an electremithdrawing ester protecting

group (e.g. Bz or Ac) @2 should allow for neighbouring group participation during glycosyl&ébn.
235Unlike benzyl groups, both benzoyl andtgtgroups are bassensitive, providing a simple method
for selectiveO-2 unmasking. Both mannoside donddaand 2.1b were therefore synthesized to

enable investigation of the effect of steric hindrance on glycosylation yields

2.1.5 Synthesis of maoside donor®.1aand2.1b
The desiredD-2 acetyl protected mannosid2.1aand O-2 benzyol protected mannosida1b were

synthesised using the sevaiep pathway depicted iBcheme2-2. After global acetylatiom>-mannose
pentaacetate2.4 was subjected to a selective 1g2tho esterification Scheme2-2, step b) affording
1,2-orthoester protected mannosid@.11 Deacetylation was then performe&¢heme2-2, step c)
revealing alcohols &-3, O-4, andO-6 positions, and benzyl protection was subsequently performed
(Scheme2-2, step d)to afford fully protected orthoesteR.12 The orthoester themnunderwent acid
cleavage with acetic aci®é¢heme2-2, step e)affording mannoside.13, followed bythioglycoside
formation with 4methylbenzenethiol $cheme2-2, step f)to afford O-2 acetyl protected mannoside
2.1a Two further synthetic steps were required to obtain the desi@@ benzoyl protected
mannoside2.1b; a base mediated deacetylatiqaffording mannoside?.14) followed by selective

installation of a benzoyl pretting group atD-2 (Scheme2-2, steps g and h)

MeO)( MeO)(
Ho—\ ©OH AcO—\ OAc AcO—\ O BnO—\ O
HO O a AcO O b ACO/&&/O c Bnoﬂo
HO — "TAcO — = "AcO 4 Bno
OH 2.4 OAC 2.11 2.12

BnO 0Bz BnO OH BnO OAc BnO OAc
BnO O <" BroO 0 <% BnO O <f BnrO e
BnO BnO BnO BnO
2.1p STol 2.14 STol 2.1a STol 2.13
Scheme-2. Synthesis of wanted 1,2 mannosi@laand?2.1bfrom b-mannose. Reagegtand conditions; a) AO,
pyridine, DAMP) °C r.t., 12 h, (94 %); b) i) 33 % HBr, AcOH, DCM, r.t., 1.5 hlijtkjéne, dry DCM, dry MeOH, r.t., 12 h,
(i+ii = 51 %); c) NaOMe, MeOH, r.t., 1 h; d) NaH, BnBr, dry0>@F.t., 12 h, (c + b = 50 %) AcOH, r.t., 1 h, (84 %); f)
HSTol, BFELO, dry DCM) °CGr.t., 6 h (45 %); g) NaOMe, MeOH, r.t., 12h (89%); h) BzCl, DMAP, P9ridinet ., 2h,
(78%)

Ortho esterification was used to achieve orthogonal protectio®&. Orthoester formation
allows for selective protection of th®-1 andO-2 positions, exploiting the cis orientation 6f1 and
O-2 in mannose. In this reaction tl@2 acetate undergoes neighbouring group participation to form
0 KS { NlligkadraSeyoionium ior2.15 - this ion can be trapped under basic conditions by
methanol to produce orthoester protected mannosi@ell (Scheme2-3). The ortho esterification

reaction afforded a significantly lower yield than that stated in literat&®% vs 94%°However, the
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large scale of the reactiod [.17 g) resulted in enough X¢2thoester protected mannosid2.11(8.17
g) being obtained to enable the synthesis to be completed. If this ortho esterification reaction were
to be repeatedn the future, measures such as reaction sealé¢and a fresh bottle of dry MeOH could

be used to improve the reaction yield.

o OAc O OAc
Ac B Ac
0] HBr —O
AcOAco ) . Aer_ AcOACO ACO&Q“)
(,O /O—H _
T .
"OMe
. \
(0]
e P A/&w
-0
2.11 2.15

Scheme-3. Depiction of ortheester formation vith initial oxocarbenium ion formation followed by neighbouring group
participation to from d -linked acetoxonium io.15which is trapped by methanol under basic conditions to afford
orthoester2.11

2.1.6 Synthesis of a GIcNAc acceptor

2.1.6.1 Initial use of trichloroacetyl protection
The synthesis of a glucosamine acceptor bearing a freeokyldat O-4 proved to be the most

challenging monosaccharide synthesis of the project. A particularly challenging aspect in the design

and synthesis of potentiaD-4 unprotected glucosamine acceptors was the installation of a bio
conjugation handle at thanomeric position (this bigonjugation handle would ideally enable either

direct protein attachment or serve as a point of attachment for a linker molecule), as selecting a

handle that could both be easily installed and withstand the synthetic conditieesled to obtain
trisaccharide1.4 was challenging. Van der Marel and-workers have previously reported the

synthesis of &azidopropyllinked GIcNPhth accepta?.16 (Figure2-7),2" RSY2y a i N} G Ay 3 (K
FTARZ2LINRB LI ynmmnz2ft OFy 06S AyadltfSR Aydizintly 3f dzO02 a

selected as a potential biconjugation handle.

oBn Ns
HO O J
Bn(;é&/o

NPhth
2.16

Figure2-7. Structure of dazidopropylinked 1,4 GIcNPhth accept®rl6

88



Synthesis of monosaccharide building blocks

' VFR2NIidzy b GSEes GKS FGGNIOGAGS TARS Y2GATF
be utilised during protein bigonjugation, as the final deprotection step needed to afford
trisaccharidel.4 from benzyl protected trisaccharid2.17is hydrogenation, which reduces the azide
motif to an amine $cheme2-4). However, this amine unit can itself facilitate downstream-bio
conjugation reactios, as it can either be directly couple to proteins (via reaction with carboxylic acid

or aldehyde motifs) or used as a point of attachment for a linker. unit

BnO O(I;
BnO N
BnO OBn OBn 3
HO )
R o X0 o
BnO
217

NHAc
lPd/C,Hz
OH
HO N[0
HO OH oH HoN
PR s
O o
@%O
1.4 NHAc

Scheme-4. Hydogenation reaction of benzyl protected trisacchar&7to afford trisaccharidd.4

Seeberger and cworkerg*®have long been at the forefront of using trichloroacetyl (TCA) as
an alternativeN-2 protecting graip to acetyl (Ac) and pthaliminde (Phth). Like acetyl protection, TCA
protection allows oxazolinering formation, and thus affords increased stabilitgcheme2-5).
However, unlike acetyl protection, TCA protectisnreversible and can be removed using various
conditions?*° Redutive cleavage can be achieved via treatment with eithey3Bid and BBN?240 241
or with NaBH.?* TCA cleavage can also be achieved via treatment wiBZin acetic aciéf? or via
exposure to basic conditiorté* 2*>However, it should be notethat Nifantiev and ceworkers found
that basic cleavage dfl-2 TCA groups proceeded slower than th&8 acetyl counterparts and
required heating to 50 °&* Further note that additional TCA cleavage methodsehalso been
reported>° An advantage of TCA protection over Phtlotpction is that the TCA group should
withstand all the reaction conditions used during trisaccharide synthesis, Phth groups are more
susceptible to baseatalysed hydrolysis than T€Aand therefore the ability of Phth groups to

withstand the condibns used during deacetylation is somewhat questionable.
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OAc OAc OAc
AcO Q.2 AcO 0y AcO 0
Aco/é&f‘ —> AcO V> . R0
OAc ‘>
0]

HN o
o) HN N><

ClsC \/ccb CCly
2.18 2.19

Scheme-5. Mechanism for TCA induogazolinering formation. With initial oxocarbenium idhi18formation, followedoby
neighbouring group participation of TCA to afford trichloroacetoxoniun2 iv@

Apotential issue with TCA protection is that, due to the presence of the three chlorine atoms,
a TCA protecting group is more electron withdrawing than an Ac protectingpgithis increased
electron withdrawal could reduce the reactivity of both the anomeric @@l positions. However, we
hypothesised that the electron withdrawing ability of TCA would only marginally limit reactivity, as
Phth groups are also more electroritidrawing than Ac groups (pKa values for imides such as Phth
vary between 8 10 whereas pKa values for amides (e.g. NHAc) can vary fretiY 1%’ Furthermore,
previous research has shown that t@e4 of N-Phth glucose derivatives are more easily glycosylated

than theirN-acetyl protected counterpart$*

Synthesis of GICNHTCA acce@d@awas attempted using the eiglgtep ynthetic pathway
shown inScheme2-6. This pathway follows initial TCA protectionbeglucosamine hydrochloride to
afford TCA bearing glycosid@20, which isthen subjected to global acetylation to afford acetyl
protected glycosid®.21. Acetylprotected glycosid@.21was then subjected tbewis acianediated
thioglycoside formation witl-methylbenzenethiol, affording STol glycosyl doR@?2 Thioglycoside
2.22is subsequently subjected tteacetylation(affordingtriol 2.23) followed bybenzylidene acetal
protection to afford 4,60-benzylidene acetgbrotected thioglycosid@.24. A benzyl protecting group
was then installed at th&-3 position (affording thioglycoside.25) before the 4,6-O-benzylidene

acetalring was selectively opened to reveal a fi@el, affording dibenzyl protected thioglycoside

2260 ¢CKS FAYFIE LINRPLRASR adyikSGAO adsSLl g1 a Ited2a

4-OH GIcNHTCA accepthBa
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NH,.-HCl NHTCA NHTCA
2.20 2.21
l :
OH OAc
Ph—X-0 o o o
0 =2 HO sTo| ~—3— AcO STol
HO STol HO ° AcO 0
NHTCA NHTCA NHTCA
2 2.23

OBn OBn N

PhY0 3
STol oo STol - l—BI(r?O

NHTCA NHTCA NHTCA

Scheme-6. Synthesis o0f,4 GIcCNHTCA accep®.3afrom b-glucosamine hydrochloride. Reagents and conditions; a)
glucosamine hydrochlorid&ichloroacetylchlorideNaHC@ H,O,r.t., 1h; b) AgO, pyridine, DMAP, - r.t., 12 h, (a+b
58%); ¢) HSTol, BELO, dry DCM) °Cr.t., 12h, (16%); dNaOMe, MeOH, r.t., 10 minutes, (80%); e€) 2,2 DMT ,dBSA,
MeCNyr.t., 5h, (87%); f) NaH, BnBrydDMF 0 °Gr.t., 12 h (7%); g) triethylsilane, BE:O, dy DCMO °C 2 minutes (6%);
h) 1-benzenesulfinyl piperidine, trifluoromethanesulfonic anhysliddy DCMAAMS o ml T A R2 LINR LI y mmm 2 €

Initial TCA protection oN-2 was successful, yet obtaining an accurate reaction yield was
challenging da to NaCl being produced as gbyduct. TCAearing glycosid2.20and NaCl displayed
similar solubilities in &th water and methanol, complicating isolation of Fearing glycosid@.20.
TCAbearing glycosid®.20 was therefore used crude during global acetylation and the percentage

yield was calculated over two steps.

Unfortunately, the increased electron ‘hidrawing ability of TCA was shown to impact
reactivity, as diminished conversion of aceybtected glycoside2.21 to thioglycoside2.22 was
observed. The increased electron withdrawing nature of TCA lmitghbouring group participation
by disfavouringhe formation of the oxocarbenium io@n routeto thioglycoside formation, resulting
in a lower yield. As such, the reaction had to be repeated multiple times to afford enough product to
be able to viably perform the next synthetic step. Other measursygited in order to improve the
reaction yield included the use of newly purchasetdthylbenzenethiol and freshly distill&r-OEt

but neither of these changes resulted in a significantly improved reaction yield.

Benzylation of the>-3 position of 4,60-benzylidene acetal protected thioglycoside&4 also
proved challenging, with the first reaction attempt only affording a 7% yield of pré&i6t The major
product recovered from the reaction was observed toNb2 unprotected glucosamin2.27(Scheme

2-7) which could be formed via two potential mechanisms. Both mechanisms A and B proceed via the
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initial deprotonation ofO-3 by NaH to afford an alkoxy anion. Pathway A suggests this anion could
serve as a nucledyle which attacks at the amide carbon, resultingokazolinering formation and

loss of CGIPathway A also suggests that if additional NaH is present it could deprotonate the amide
nitrogen, which could result in isocyanate formation and the regenenagf the O-3 anion, which
could subsequently react with benzyl bromide. The breakdown of the isocyanate by water during
reaction workup would then release €énd afford the observeti-2 unprotectedglucosamine.27.

By comparison, pathway B suggests thezolinering formation need not occur. In pathway B tBe

3 anion initially generated simply reacts with benzyl bromide, and, in a comparable manner to that
described in pathway A, the presence of excess NaH results in the deprotonation of the arnoigiemit

and isocyanate formation. As the reaction was performed in dry DMF, it is likely that isocyanate
breakdown occurred after the reaction, during the aqueous washes. Unfortunately, the current data

offers no insights into the relative likelihoods of ttveo proposed pathways.
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Pathway A
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Scheme-7. Two potential reaction pathways A and B for the formatioN-@f unprotectedglucosamineé.27. NaH is
represented as H
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Due to the issug encountered durin@-3 benzyl protection, it was decided to use the 0.5 g
of purified desired produc2.25to trial the final two reaction steps. This would allow us to determine
whether the synthetic scheme could be used to obtdie desired GIcNHTCA@eptor2.3a If the
final steps of the pathwagroved fruitfulthen furtherinvestigations into improving benzylation yields

could be performed.

It was decided that benzylidene acetal ring opening should be performed prior to glycosylation
GAGK omBiyA2naNE & (KAAa g2dA R fAYAG (GKS ljdzr ydAd
Benzylidene acetal can be selectively opened to reveal either a free O at O-6. Wallin and co
workerg*suggested two mechanistic pathways to explain how different reagent combinations result
in different regioselectivityRigure2-8).24* When abulky Lewis acid (e.g. AiTIs present, Wallin and
co-workers suggest that pathway A will be favoured due to reduced steric demands. However, when
a smaller electrophile is present the mechanism is governed by the relative acidite4 ahdO-6,

resuting in pathway B being favouret

Pathway A
E . OE
Ph/%O o E Ph/%O o . Bng 0
RO OR ——m RO OR —— (0] OR
OR OR OR
Pathway B
OBn
Ph/VOO o E PhE/iVOO 0 o £0 o
RO OR > RO OR ™ RO OR
OR OR OR

Figure2-8. Simplified view of alternative selective benzylidene acetal ring opening pathways, where E represents an
electrophile

A major problem with this initial mechanistic view is that it doest explain the
regioselectivity observed when using the reducing agentsTB#HF or BHNMe; in combination with
AICtin THPOIt was initially theorised that, due to its bulkiness, A@uld preferentially oordinate
to the less sterically hindere@-6 position, revealing a fre®-6. However, these two reductive agents
where shown to give the opposite regioselectivity, revealing a @ek position?° Ellervik and co
workers performed kinetic experiments to try and understand this effect, and concluded that the
regioselectivity of reductive benzylidene acetals are not controlled by sterics but by electronics, with
the most electrophilic species coordinating to the masicleophilic oxygen@6).2° Thus for our
proposed reaction, which usessBiH and BFOE% the regioselectivity can be explained by the
coordination of the more electropositive §SiH toO-6, whereO-6 donatesa lone pair of electrons into

the silicon dorbital. This coordination is stabilised bys;EFEt coordinating to theO-4, and this
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combined coordination results in the collapsetbé benzylidene ring revealing a frée4 (Scheme
2-8).

W
HSIEt, _'O'""S'Ets
f:+ OBn
th&VO o o aqg work-up o
3B RO t RO
NHTCA NHTCA NHTCA

Scheme-8. Mechanisnproposedor selective benzylideraeetal ring opening to revealfeee G4

A selectiveD-4 benzylidene acetal opening was perfeed on 580 mg of thiglycoside2.25
using HSikEand BE-OEtfor 2 min. The reaction was successful but low yielding due to arsaizion

of complete benzylidene acetal cleavage, meaning only 30 mg of purified product was isolated.

The final syntheti step required to afford the desireIcNHTCA acceptd.3a was
glycosylation ofli-benzyl protected thioglycosid2.264 A G K o mt T AR2LINR LI ynmm2f &
was performed using the conditions of van der Marel andweokers?®” who had previously
successfully glycosylated the benzylidene acetal protected SEt thioglycloside2.28 (Figure2-9)
bearing a Phth protecting group Bt 2 oml T A R2 LINR LI-sélectiviy2z f A G K O2 YI

OBn
Ph/TBO o o l
BnO SEt BnO STol
NPhth NHTCA
2.28 2.26

Figure29.VanRSNJ al NBt Q&4 o6Syil et ARSyYy S I O%ip8ahd NHTGApristecteiNETal S OG SR { 9
thioglycoside2.26

The thioglycoside activation conditions used by van der Marel andockers were based on
the conditions developed by Crich andworkers?>! This approach proceeds via the generation of a
potent thiophilic activator(activated BSR.30) in situthrough the use of TO and 1benzenesulfinyl
piperidine2.29(BSP)$cheme?-9).251 The hindered base 2,416i-tert-butylpyrimidine (TTBPpis also

used to increase reaction rates, making its potency particularly suitable for disatomenls.

qpqp
c-Ss S~CF,

e

OO — O

2.29 OTf
2.30

Scheme2-9. Mechanism of trifluoromethanesulfonic anhydride activatidrBSR2.29to afford activated BSR.30
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¢KS omlT AR2LINELI ynimm2t 3fad2adf | Shem@10NE OSSR

Initially, STol reacts with activated B&B0to afford putative intermediate2.31 This increases the

leaving group abilityof the thioglycoside via oxocarbeniuth32 formation. Neighbouring group
a GKSy | ddl Ol SR
vmrt2ft (2 F2 GBhNHUOA $rodeds3a DieXoRhe low reactivity of th©-4 position excess
ol T AR2LINR LI yrimnn2f O02dzZ R 6S dzaSR RdzZNAy3a 3Jfeadzae

The low reactivity of th&-4 hydroxyl group has been credited to the steric hindrance aroundhe

participation by TCA forms a trichloroacetoxonium83 ¢ KA OK A

4 position?2% 252

OBn OBn Ty OBn
HO O ODg* HO O+
Bno&&sm — %ﬁmlsf’h —— Bro_ 4\

2.26 =0 N HN
CI3C>; 231 Q 2.32\/(

|

OBn N, OBn
0O Moo 0
%90 ) BnO ~
NH <0
2.3a >;o HN—/ *
ClsC 2.33 CCl,

CCly

Ha/\\//\N3

Scheme-10. Proposed mcharism for glycosylation of NHTCA protected thioglycogiféwitho 11l T A R2 LINR LJ y 1t m 11 2 f
IO GNRFE 3t ea02adtdt yt@y2 tz2.06yids pdfanyicdl NSR@ BSRBf

activation conditions. The reaction proved to be unsuccessful, with glycas8d¢Figure2-10) being

isolatedas the major product. Trace amounts of benzyl htiddikely remained in the reaction mixture

from the previous synthetic step (benzylidene acetal opening), and the use edcpvation

glycosylation conditions may have given benzyl alcohol the opportunity to act as a competing

nucleophile, reacting wittrichloroacetoxonium ior2.33LINJA 2 NJ { 2

iKS

F RRAGAZY 27

To avoid this side reaction occurring a change in the order of step h and i, was therefore proposed,
gAGK 3FfedzacetlGAzy 6AGK onlTAR2LINRBLI ynimm2t 06SAy:

OBn
0]
|I_ggo/é&/OBn
NHTCA
2.34

Figure2-10. Structure of the undesired prod&B4from test glycosylation of don@.26witho ml T A R2 LINR LJF y mm Tt 2 ¢
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Due to multiple steps either failing or resulting in poor yields, a new gjthoute to the
GIcNHTCA accept@3awas designedScheme2-11). This scheme contains three major changes

compared to the original.

OH OH OAc OAc
0
/SE;;§waH HO/SS;;S&WOH __*Aga;SEE;QMwOAC Agg;ﬁfé;gx/SEt
NH, H

NHTCA HTCA NHTCA
2.20 2.21 2.35

OH
TR Lt TR e ey
BzO SEt HO SEt HO SEt

NHTCA NHTCA NHTCA
2.38 2.37 2.36
LR o) et )
NHTCA BZO NHTgA
2.39 2.3b

Scheme-11. Synthesis o6ICNHTCA acceptdr3bfrom p-glucosamine hydrochloride. Reagent and conditions; a)
glucosamine hydrochlorid&ichloroacetylchloride, NEtMeOHQ °C-r.t., 5 days; bAcO, pyridine, DMAR) °Cr.t., 12 h
c¢) EtSH, BROES, dry DCMQ °C-r.t., 12 h, (9%); d) NaOMe, MeOH, r.t., 2h (86%); €) 2,2 DMT,dBsMeCNNEEg 65°C,

r.t., 3h, (52%); f) BzCl, pyridine, DMBPC-r.t., 1.5 h (66%); g)-thenzenesulfinyl piperidine, trifluoromethanesulfonic
anhydride, dry DKI, 4A MSp 1t T A R 2 LINPE:SiHY BERLE®/ZTEAdry DCM

Due to the low and inconsistent vyields observed during glycosylation with 4
methylbenzenethiol (88%), it was decided to substitute-rdethylbenzenethiol for the more
nucleophilic ethanethiol. Howeveonce again thioglycosid2.35was isolated in a lower yield than
expected (40%). It was therefore theorised that the low glycosylation yields observed both here and
previously for STol formation were not the result of the nucleophile chosen but insteartiveresult

of TCA protection disarming the anomeric position.

The initial synthetic scheme used NaH as a base d@Hddenzyl ether protection (step f),
yet NaH proved to result in irreversible cleavage of the TCA group. This presented a needwior a ne
reagent combination. Fairbanks and-workers®® recently reported barium oxide and barium
hydroxide as alternative reagents for NaH in benzylation reactions, and in their hands, usage of this
combination improvd their yield of GIcNAc accept@.40 (Figure2-11). However, in our hands
benzylation of 4,80-benzylidene acetgbrotected thioglycosid®.37using barium oxide and barium

hydroxide was unsuccessful, with onlyrsitag material being isolated.
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"o
(@]
BnO N3
AcHN
2.40

Figure2-11.Structure of Fairbanks and-eerkers GlcNAaccepto?s3

A further attempt at benzylatio of the O-3 position of 4,60-benzylidene acetgbrotected
thioglycoside2.37was made using 1.1 eq of NaH and 1.5 eq of benzyl bromide. After 10 minutes a
drop in Rvalue was observed by TLC, yet postk-up no reaction was shown to have occurred. A
further reaction was set up using 1.5 eq of NaH, yet TLC analysis again suggested that no reaction had
occurred. Additional NaH was added and the reaction mixture was stirred for 2 h, at which point TLC
analysis indicated product formation. Unfortunately lyan 8% yield of the desired thioglycoside was
isolated. This low reaction yield provides further support for the theory that TCA protection was
actually deactivating both the anomeric a@d3 positions. Due to the difficulty observed duri@®e3
benzylaton it was decided to replace the benzyl protecting group with a benzoyl protecting dbeup.

3 protection with a benzoyl group was therefore attempted, and benzoyl protected thioglyca88e

was isolated in a 67% yield when using benzoyl chloride (witAP®8&rving as a nucleophilic catalyst).

In a final alterationto the initigd LINP LJ12 a SR NBI OlAz2y a0KSYS:T omnli
was performed prior to benzylidene acetal ring openisgheme2-110 ¢ ! GNRLFE 3Itedzae
FTARZ2LINRLI yrimm2t &1 a LIS NJggcosMe. B8 agajh using yah deeMarelLINE { S (
and coworkers method?®” Unfortunately this reaction was again unsuccessful. The trial reaction was
repeated at a higher temperature (0 °C ¥ °C), yet the reactiowas still unsuccessful. The
AyadlrttlradAazy 2F onlT AR2LINRLI ynmnz2t gl & Fftaz2 FadsS
NIS and TMSO%% but again proved unfruitful. Due to the difficulties and lovelgs previously
observed for reactions occurring at either the anomeri©e8 positions, it was hypothesized that the
St SOGNRY SAGKRNI gAYy3 yIGdNBE 2F GKS ¢/ ! LINRGESOGA
FTARZ2LINRBLI ynimm2t & o @wdrkers used @ less elé€BoNIvithdraMdsg Phth a6 a

N-2 protecting group on their glucosamine dorféf.
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2.1.6.2 Use of phthalimide protection
With it suspected that TCA protection at tid2 position of fucosamine severely reduces the

nucleophilicity ofO-1 andO-3, a new GlcNPhth acceptdr3cwas designed. As Phth protection is less
electron withdrawing than TCA this protecting group substitution should result in increased donor
reactivity, helping tomprove the low reaction yields previously noted during glycosylatio®-8r
protection. GIcNPhth accepta?.3c was synthesized via the route shown Stheme2-12. The
transformations in this pathway are similar toase discussed iBcheme2-6 (after the installation of

the Phth group in th first step of the synthesmffording glycosid@.41).

OH OH OAc OAc
2, on L AR, o - A0 T2
— HO —» AcO AcO
&MOH OH co3 OAc oS STol
NH, H NPhth NPhth NPhth
2.41 2.42 2.43
|d
OH
P Y0\ o f P00\ g . o
0 — 0 <& Ho
BnO STol HO STol HO STol
NPhth NPhth NPhth
2.46 2.45 2.44

lg
N
Ph/vo(%& j h_ gi J
BnO O BnO

NPhth NPhth
2.47 2.3c

Scheme-12. Synthesis of 1,4 GIcNPhth acce@@cfrom b-glucosamine hydrochloride. Reagents and conditions: a)
Phthalic anhydride, NaOH, NaHCD: 2 MeOH : 40, Acetone, r.t., 2 h, 5Q, 1 h, r.t.12h (50%); b) A©, pyridine,
DMAP, 0 °Cr.t., 6h, (87%); c) HSTol,sH#%0, dryDCM, 0 °Cr.t., 96 h, (85%); d) NaOMe, MeOH : DCM, r.t., 20 min, (99
%); e) 2,2DMT, dry MeCN, CSA, NEit., 12 h, (66%); f) NaH, BnBr, dry DMFGr.t., 6 h, (41%); g) BSP, TTBEh B o 1t
F'T A R2 LINE AMS/dinwDERLO L, 3, (79%); h) HS|ERfOH, dry DCM, r.t., 20 minutes, (43%)

The mechanism of Phth protection is showrSicheme2-13, with the free amine attacking
phthalic anhydie, initially opening the fivanembered ring. Further reaction of the intermediary
amide product is promoted by the favourable orbital overlap ahead of formation of the five

YSYGSNER AYARS NAy3Is sKAGysterhda t201SR Ay LI FOS
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oH oH o
HOS oH HOS oH HO 0 H-B
— A — > HO OH
NH HCI HENH HO :

Scheme-13. Mechanism of phthalimide addition

In comparison to the synthesis of the GICNHTCA accegt8eand 2.3b, the synthesis of
GIcNPhth accepta2.3cwas significantly less chahging. One point to consider was the increased
base sensitivity of Phthas strongly basic conditions (e.g. pH 10) are required during deacetylation
(step d) which could lead to cleavage of the Phth group in addition to the acetyl groups. To minimise
this occurrence, the reaction time was reduced to 20 minutes. This change proved fruitful, yielding

99% mannosid&.44with no observable Phth protecting group cleavage.

One of the major advantages of Phth protection compared with TCA protection becomes
appaent during formation of the thioglycoside in step ¢, benzyl protection in step f, and glycosylation
gAGK oml T ARZ2LINRLI} yramm2f Ay ad8SL) 3o ¢KS &8AStR 2°
inconsistent when using TCA protection, yet a yield of 86%ioglycoside2.43was achieved using
glycoside2.42 Previously, 30 benzylation omt,6-O-benzylidene acetgbrotected thioglycoside.24
was either very low yielding or not observed at all, with TCA cleavage being the major side product.
However, no gch issues were observed in the benzylationdg@@O-benzylidene acetagbrotected
thioglycoside2.45, which proceeded in a 41% vyield with no sfeduct formation being observed.
CAylftftes GKAES LINBOA2dza | GG SYLI &-behzyl pratenteédi A R2 LIN.
thioglycoside2.26 and benzoy! protected thioglycosid238¢ SNB dzy 8 dz00S&a & Fdzf = oml |
glycosylation with Phth proteetl thioglycoside?.46 proceeded in a 79% yieldffording glycoside
2.47. These improvements are likely a result of the less electron withdrawing nature of Phth compared
to TCA, making both the anomeric aBeB positions more reactive. This increase inateaty enabled

all steps in thé’hth protectedpathway to be completed, affording the benzylidene acetal protected

GIcNPhth acceptdt.3c
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Substitution of TCA protection for Phth protection resulted in improved yields in many
reaction steps (e.g.-thethylo Sy 1 Sy SiKA2ft |yR omnl T AR2Q3NEAIH Yy imm 2 §
protection). However although an improvement in yield was observed during selecOw#
benzylidene acetal ring opening @&7vs 6%bhe reaction still had to be repeated multiple times in
order to obtain enough product to attempt a trial glycosylation. The major reason for the low yields
observed during the reaction was the lack of control over the formation of the desired gly@?3ae
If the reaction is left too long, or too many reactaq are used, complete cleavage of the benzylidene
ring occurs, affording di@.48as the major reaction produc6theme2-14). Therefore, it was decided
to optimise the reaction conditions by investigating diffiet reagent combinations, reagent eq,

reaction temperatures and solvent effects.

N3 OBn N3 OH N3
Ph/VOO/%&/ \J 1, HO/&/ \J + HO 0 \J
BnO 0 BnO o BnO o)
NPhth NPhth NPhth
2.47 2.3c 2.48

Scheme-14. Ring opening reaction using a hydride and acid combination to give eithep#meG4 position (desired
glycoside?.39 or 4,60-benzylidene acetatleaved glycosid2.48 Reagentsi) Acid + hydride

Initially, EtSiH and BFOE: were the reagents chosen, as this reagent combination had
previously been reported to liberat®-4.2° However, upon testing only a 25% yield of desired
glycoside2.3cwas isolated(Table4, Entry 1), with diol 2.48 being the major product. To try and
improve the reaction yield, the quantity of boths6tH and BFOEfwere increasedTable4, Entry 2)
and the reaction time was reduced. Thistually had a detrimental effect, with di@l48remaining

the major product and no produ@.3cbeing isolated.

Due to the poor yields observed with BBE4, it was decided to investigate the use of
different Lewis acids. Van der Marel and-workers®’ reported the use of ESiH and TfOH to
selectively open a benzylidene acetalatl, with an impressive 71% yield when using the conditions
stated inTable4, Entry 3. Trese conditions were replicated, and were successful, resulting in a 43%
yield of the desired produ@.3¢ with minor amounts of starting material47and diol2.48also being
isolated. Us of methyl triflate (MeOTf) as an alternative Lewis acid wasialsstigated, but proved
unsuccessfu(Table4, Entry 4), with no reaction being observed after 5 h at r.t. and with complete

benzylidene acetal cleavage being observed after 16 h at r.t..

DIBALH has also been repied in the literature as a reagent which can perform selec@ve
4 benzylidene acetal ring openings on protected glycosit?é3lBAEH was not originally selected for
two reasons: i) firstly, due to the structui desired product2.3¢ it may remain complexed to

aluminium even after workup, making extraction and purification difficult, and ii) secondly, a 10% KOH
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solution is required during the workup procedure, which may be incompatible with thedmsstive

Phth protecting group. Nevertheless, a trial reaction was performed using a 1 M solution ofHDIBAL
in toluene (0.15 mL) and a 0.2 M solution of O&enzylidene acetgbrotected glycoside.47 in
toluene (0.263 mL)T@able4, Entry 5). The reaction was monitored by TLC analysis, which showed the
reaction to be complete after 20 minutes. However, the desired glycds@lavas not isolated post
workup. It is theorised that desired glycosidecremained complexed tthe aluminium, and thus
entered the aqueous layer during extraction. Due to the presence of the-$mrsstive Phth
protecting group, excessive washing with 10% KOH aqueous solution in order to extract desired

glycoside2.3cwas unlikely to represent aable solution to this problem.

N5 Reagent and OBn N3
Ph/%O 0] Reaction conditions HO (o)
0] > @)
BnO BnO
NPhth NPhth
2.47 2.3c

Scheme-15. Selective &4 benzylidene acetal ring opening of Oéenzylidene acetgirotected glycoside.47

Table4. Reagents and reactions conditianislled for the selective @ benzylidene acetal ring opening of 46
benzylidene acetgrotected glycosid@.47depicted inScheme-15

Entry Reagents Reaction conditions Major product Yeld of2.3c
(%)
1 EtSiH (12 eq) BEOE: | DCM,0 °C 2 minutes 2.48 25%
(2 eq)
2 E&SiH (14 eq) BFOE: | DCM,0 °C 30 seconds 2.48 N/A
(3 eq)
3 EtSiH (3.3 eq) DCM,-78°C, 20 minutes 2.3c 43%
TfOH (3 eq)
4 EtSiH (3.3 eq) DCM,-78°C¢r.t., 16 h 2.48 N/A
MeOTf (3 eq)
5 DIBAL 1 M DIBAL in toluene N/A N/A
0.2 M2.47in toluene
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The effect of reagent equivalents and reaction temperature was further investigated for both
the EtSiH and BFOEtand the E4SiH and TfOH systems. The acid egagh system was reduced to
1 eq and two reaction samples were incubated78 °C. No reaction was observed in either sample,
so both were warmed to @C. This temperature increase did not result in a reaction, so both samples
were further warmed to r.tAt this point the TfOHT@ble5 Entry 11) sample reacted to form a mixture
of products; 10% starting materid.47, 10% desired glycosid2.3c and 50% diol2.48 Mass
spectrometry showed the BFOEfsample Table5 Entry10) had also reacted, yielding a mixture of
starting materiaR.47and diol2.48 Though these results demonstrate that both reaction temperature
and acid eq play a role in controlling the formation of theided glycosid@.3¢ neither trial reaction
afforded superior yields to that seen Trable4 Entry 3. Therefore, all further trial reactions used 3.3

eq of TfOH and were performed at8°C.

Tableb. Different reagent equivalents and reaction temperatures trialled for the selectiveédzylidene acetal ring
opening of 4,80-benzylidene acetgrotected glycosid@.47 depicted inScheme-15

Entry | Regent combinations  Reaction conditions Major product Yield of2.3c
(%)
6 EtSiH (3.3 eq) DCM,-78°C, 60 minutes 2.47 N/A
BR-OE#(1 eq)
7 EtSiH (3.3eq) | DCM,-78°C, 60 minutes 2.47 N/A
TfOH1 eq)
8 EtSiH (3.3 eq) DCM,0 °G 60 mirutes 2.47 N/A
BFR-OEf(1 eq)
9 EtSiH (3.3 eq) DCM,0 °G 60 minutes 2.47 N/A
TfOH1 eq)
10 E&SiH (3.3 eq) DCM, r.t.,, 60 minutes | 2.47and2.48 N/A
BFR-OEf(1 eq)
11 EtSiH (3.3 eq) DCM, r.t., 60 minutes 2.48 10%
TfOH1 eq)
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The final reaction factor investigateehs reaction solvent, as all the previous reactions trialled
using a hydridd_ewis acid combination has been performed in DCM. Due to the nature of the reaction
it was decided not to trial any polar protic solvents (e.g. methanol), as it was hypothébested
hydrogerbonding between the solvent and the reactants would increase the rate of ring cleavage,
increasing the formation of diol biprodu2t48. As such, diethyl ether, toluene and acetonitrile were
selected as potential alternative solvents. Unfarately, 4,60-benzylidene acetagbrotected
glycoside2.47 was shown to be insoluble in all three solvents at low temperatures, preventing any

trial reactions from being conducted.

Somewhat disappointingly, in spite of extensive investigation into difteneraction
parameters, conditions that allow for both a high degree of control over the reaction and a high yield
of desired glycosid@.3ccould not be found. Van der Marel and-smrkers®’ reaction conditions
proved the most successful, affording a 43% yield of desired glyc8icd@ abled, Entry 3). However,
the inability to isolate the desired glycoside8cselectively and in high yields had a significant impact
on this project, making it challenging to extract enough GlcPhth acc@pdato complete proposed

trisaccharide synthesis.

2.2 Design and synthesis of mannose squarate analogues
Due to the challenges associated with trisaccharide synthesis a simplifiedoselmased inhibitor

was targeted instead. A squarate mannoside scaffold was chosen for multiple reasodgsstitstrate
mannosides can bmade via a simplsynthetic pathway, with only four synthetic steps being required

to obtain squarate mannosid2.49 (SSheme2-16). Furthermore, squarate mannosides have been
shown in literature to have high affinity fdfimH, with analogues achievingsd®@alues in the
micromolar rang€’ A wide variety of squarate ester analogues can also be synthesised, with the
terminal squarate methoxy group being easily substituted for an amine functionaliged. lifhis was

an attractive prospect, as easy installation of multiple functional groups (e.g. amines or azide
functionalities) enables the use of multiple Bonjugation methods downstream during conjugate

formation.
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HO\ 9§ Step1  AcO\ P4° Step2  Aco\ OAc
Hﬁo _ Ag\OO > A OO
OH c OA C

C

2.4 2.50 O. :
NO

lsmps

HBO og Step 4 Hgo OS
HO . P HO
2.490 : Oi i,O 2.51 0. :
H NH2

2

OMe

Sheme2-16. Proposedt-stepchemical approacto the mannose squarate.49from b-mannose

Amine terminated mannosbased inhibitor2.49was the first squarate mannosidmalogue
synthesized. Synthesis of tliguarate ester was achieve8c¢heme2-17). The first synthetic step was
peracetylation of mannose (step a, affordibgnannose pentaacetat@.4), followed by BfOE$
catalysed glycosylation with-ditrophenol (st b, affordingmannoside2.50). Mannoside2.50 was
further subjected to deacetylation and subsequent hydrogenation, reducing the nitro group to an
amine (step c, affording mannoside51). Once the amine group was revealed, squarate ester
attachment was pdormed (step d, affording squaratenked mannoside?.49), followed by NBoc
1,2-diaminoethane addition (step e, affording mannosii&2). Finally, Boc deprotection (step f) was

performed, affording amine terminated mannebased inhibitor2.53
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OH OAc OAc
Hg%§i£&w —3*’A§$§518ML b, A0
HO OH AcO OAc AcO
2.4

z.soo\[::L
NO,
lc

Ho—\ OH Ho—\ OH
HQ & d HQ %
HO < HO

N NH
H OMe 2
‘e
Ho—\ OH Ho\ 9H
HO & HO &
HO f HO
2.520 0 0 — 2.530 0 0
j\;f j\;f NH
\©\N N/\/NHBOC [ j\N N/\/ 2
H H H H

Scheme-17. Synthesis of mannodmsed inhibito2.50from b-mannose Reagents and conditions, a)-8¢ pyridine,
DMAP, 0 °Cr.t., 12 h (80%); b) BOES, 4-nitrophenol, dry DCIVD °G r.t., 60 h, (43%); c) i) NaOMe, MeOH, r.t. 20
minutes, ii) Pd/C, ldry MeOH, r.t., 12 h, (i + ii = 53%); d) Dimethyl squarate, dry MeOH, r.t., 4 h, (84B)cd) N
Diaminoethane, NEtdry MeOH, r.t., 16 h, (43%); HCH: TfOH 1 : 1, r.t3 h (80%)

All synthetic stages were successful; though minor issues were encountered during the
synthesis. One such issue was the low yield obtained in step b glycosylation of marhésiib 4-
nitrophenol which proceeded in a 43% yield. However, dubé¢ large scale used, a sufficient quantity
of mannoside2.50 was obtained, enabling the continuation of the synthesis. Another issue
encountered was the purification of squardiaked mannoside2.49, as due to the polarity of the
compound an appropri& chromatographic column system could not be found, making purification
difficult when the reaction is performed on a small scale. This problem was overcome when the
reaction was scaledp, as on a larger scale the mannose squarate ester product preeipitait of
solution, allowing isolation to be achieved via vacuum filtration. The final issue encountered was
purification of amine terminated mannodeased inhibitor2.53 A 1:1 water : TfOH solution was used
to remove the Boc protecting group, and the wdiant acidic solution subsequently required
neutralisation. Initially triethylamine was used, which led to a further issue regarding how to remove
the resultant triethyamine salt. Due to the products polarity and solubility in water, purification was
difficult as neither washing the compound with aqueous media or column chromatography could be

used as purification methods. Purification was attempted using aesizkision column but was
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unsuccessful, with only triethylamine salts being isolated. An altemaeutralisation approach was
thus chosen, in which basic resin (amberlite-B¥Aree base) was used to neutralise the solution and

was subsequently removed via filtration, leaving no salts.

Installation of a terminal amine motif enables subsequerdgesof multiplebio-conjugation
techniques. Utilizing this amine functionality, amine terminated manressed inhibitor2.53 can
either be directly installed onto the protein of choice (e.g. via reductive aminatioB@C/NHS
coupling, sedrigure2-12), or attached to a heterobifunctional linker (by EDC/NHS couplindsigaes

2-12b) prior to protein bieconjugation.
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a) Reductive amination

HO\ OH
HO 0
HO o]
o) o)
O\[ j i + ‘w R1
N/\/NH2

N
H H

NaCNBH;
Aqueous buffer pH 6.5 - 8.5
Approx 37 °C

6-8h
Y
HO\ OH
HO 0
HO
0 (0] (@]
H
QNXN/\/N
H H R,

b) EDC/NHS coupling

OH 0
HO 0 0O
HO )J\ N

Amine free aqueous buffer
pH7.0-9.0
r.t.
30 minutes

0 0] 0]
jS R
N N/\/\n/z
H H 5

Figure2-12. a) Depicts reductive amination reaction pathway, where R for aldehydes and R either an alkyl or aryl
group for ketones, b) depicts EDC/NSH coupling reaction pathway, whemd®ein when using direct coupdj method
and R = a linker functionalised with either a maleimide, alkyne or azide motif when a functionalised linker approach is
being used
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A second squarate mannoside analog?2®4 was also synthesizedS¢heme2-18). This
analogue was equipped with a terminal azide motif, enablingcbigugation via azide+alkyne click
ligation. The synthesis of mannebased inhibitor2.54follows the same initial four synthetic steps as
the synthesis odmine capped mannoseasd inhibitor2.53 but the two synthetic pathways deviate
at squarate ester addition, with the Bqotected ethylenediamine nucleophile being replaced with

1-amino-2-azidoethane, affording azideapped squarate este&r.54 (Scheme2-18).

Ho\ OH HO—\ OH
N e L
2490 O Y NEt;,MeOH, 2,540 O O
N OMe N NN

H H

Scheme-18. Synthesis of azide capped squarate e8t&4, using tamino-2-azidoethane. NEtMeOH, r.t., 160K ¢ 122

2.3 Summary and conclusions
This chapter details the synthesis of two mannose squarate analogues which could be later used in

bio-conjugation reactions to prepare a manndgged colicin conjugate. Two mannose squarate
analogues were successfully synthesized (mannose squarate @ss@and 2.54), each equipped

with a different bieconjugation handle (e.g. amine motif or azide motif). This chapter also describes
the design and synthesis of protected monosaccharide building blocks that could later be used in the

synthesis of trisacchiale 1.4.
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Chapter 3Synthesis ofnannosebased inhibitofinked OPAL probes
for use inligation

3.1 Introduction
Colicins are small proteins producedbycolistrains which carry the colicinogenic plasrfitiColicins

are used as an offensive weapon against compeiingplistrains, inducing apoptosis by a humber of
different mechanisms® In this project the group A colicin £9and group B colicin & will be

focused upon. Generally, group A colicins are encoded by small plasmids and are released into the
surrounding medium where they are translocated into targetcolicells ugng a Tol systerf’’ In
comparison, group B colicins are generally encoded by large plasmids and are not secreted. Group B

colicins are usually translocated into the targetcolusing a TonB systeff.

Colicin laKigure3-1) binds to the Cir outer membrane protein receptor with high affinity,
with a reported Kssocof 1 x 10° M at 37 °C>° while wlicin E9 Figure3-2) binds to the BtuB outer
membrane receptor at nanomolar affini#° Colicin la and colicin E9 are batbmposedof three
distinct domains, the receptor domain (R) mediates binding to either the Cir or BtuB receptor, while
the translocation domain (T) traverses the outer membrane and periplasmic space, delivering the
channel forming domain (C) to the bacterial inne@mbrane?®!-262When in contact with the bacterial
AYY SN YSYo6 NI yddmain@rdérdoésiayonforindiénal thange to form a volgated
ion channel in the plasma membraffresulting h an efflux of ions and thus apoptosisifcol?s?

In comparison, colicin E9 is an endonuclease toxin and induces apoptosis by degradation of bacterial
genomic DNA38 For either colicin to exhibin apoptotic effect they must be transported across the

outer membrane®®

Figure3-1. Structure of colicin Ia, highlighted are the three different domains, t#lerRain (green), the-@omain (yellow)
and the Tdomain (orange). PDB; 1€4I
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Figure3-2. Structure of colicin E9dhlighted are the three different domains, thedBmain (green), the-@omain (yellow)
and the Tdomain (orange). PDB; 5E¥%

This project aims to exploit the high binding affinity of colicin la and E9 to thraplementary
receptors, while preventing either colicins from exhibiting an apoptotic effede.ocoli This will be
I OKAS@PSR o0& dzaAy3a O2f A0AY LI YR 9d¢d Ydziltydaz
the Rdomain. Installation of a didfide bond within the Rlomain of colicin E9 has previously been
shown to inhibit toxicity, with toxic activity restored upon reduction of the disulfide with T is
thought that the increase in rigidity ofie Rdomain, caused by the installation of the disulfide bond,
interferes with the translocation of colicin B9.This principle should also apply to the addition of a

disulfide bond to the Rlomain of colicin la

Colicins, like other bacteriocins, have therapeutic potential and are only effective against a
narrow target range of bacteria, potentially allowing single bacteria strain targé&tairthermore,
mammalian cells lack colicin target receptors, makingtaffet toxicity less likel$£® Although this
area of research is currently in ftgfancy, multiplestudieshave shown colicins exhibit antimicrobial
properties?54266 with some investigations focusing on the use of coliciff %% Though these rests
are promising, at present there is a lack of data regarding the potential toxicity and immunological
effects of using colicing viva In addition to potential antimicrobial activity, colicins have also been
shown to exhibit anticancer activity on aumber of different human tumour line¥!: 268
Unfortunately, at present colicins only show mild selectivity for cancer cells over healthy cells, limiting

their applications in cancer treatmeft
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Many group A colicins target the BtuB receptor, a highly abundant receptor (200 copies per
cellf®® located on theE. cal outer membrane and responsible for cyanocobalamin transporé’®
The binding of cyanocobalamin to BtuB is calcium dependent, as depletion in calcium levels results in
a 50100 fold decrease in binding afiiy.2"* The structure of the BtuB receptdFigure3-3) consists
of a 224 G NJ yHageRwith anN-G SNY A Yl f KIF §OK R2 Yl Abgrrel$umend32RR S R
The BtuB receptor is TonB dependent, with a TonB protein forming part of the inner membrane
complex resposible for producing the energy needed for transport of cyanocobalamin across the

membrane?73275

Figure3-3. Crystal structure of spiabelled BtuB T156RPDB3RGM?23

In addition to the BtuB receptor, group A colicins require other embedded outer membrane
proteins to cross thé. colimembrane?’® Group A colicin toxicity has beeshown to be dependent
on either the OmpF or OmpC poAH.OmpF Figure3-4) is a norspecific pore protein which is highly
abundant on the outer membrane &. col’®with each E. coldisplaying over 100,000 copi&s$.2"°
OmpF forms a trimeric structure, with each monomer consisting of & 1I6NJ y-Ba8eR?® i
Kleanthousand ceworkers provided direct evidence that OmpF binds to the BtuB-ColE9 / Im9
complex on9 ® @etdr érbrane, confirming the role of OmpF in the uptake of coliciREQ.
Although both OmpF and BtuB are Highbundant or® ® Gufdcé, ey are rarely situated closely
enough together to form a complex. Complex formation therefore relies on the diffusion of BtuB
receptor across the outer membrane and collisional interactions with the relatively immaiitd=€5*
The exact process by which OmpF facilitates colicin E9 translocation across the outer membrane is

unknown, but there are currently multiple hypotheses all in their preliminary st&es.
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Figure3-4. Structure of the OmpF porin. PDB 2ZEG

The Cir receptorRigure3-5) is another highly abundant outer membrane protein receptor
located onE. coliwith around 5000 receptors present on eaEhcolP*® Like the BtuB receptor, the
Cir receptor consists of a 2204 NI Y RS R (i NJ-befreehed stractide, yith aN-terminal plug
R2YI Ay Ay aS NIb&mI2*FRThetNAeyminal odnain contains a sevensidue stretch
called the TonB box; this stretch interacts with TonB proteins facilitating substrate ujStakdne
main function of the Cir receptor is to bind and transport‘fe®mplexed to linear catecholates.(
dihydroxybenzoyl serine) across the outer membr&@he Cir receptor is additionally targeted by
colicin 122 and has further been implicated in the uptake of cateesutbstituted cephalosporin&”
290 Finkelstein and cavorkers found that, in addition to binding to the receptor binding domain of
colicin Ia, the Cir receptor could also bind to the translocation domain wéXKifisresult supports
the hypothesis that translocation of colicin la involves two Cir receptors working independently, with
one Cir receptor bound to the R domain of the colicin la and a second receptor bound to the T

domain?8

L4
o’c"o"«.’
"‘ 2

>
4“

Figure3-5. Structure of colicin 1A (pink) bound to the Cir receptor (blue), PDB?2HDI
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3.2 Section aims
The overall aim of this section is to synttzesa library of mannoskased inhibitodinked colicin

conjugates. To achieve this objective several bodies of work will have to be completed. Firstly, samples
of colicin E9 need to be expressed and purified. Samples of colicin la containing a freereg#dine

will be provided by the Baumann laboratory. Secondly, Potentiatbigugation pathways will be
explored, focusing on the use of either maleimide ligation or OPAL ligation. Maleimide ligation is well
established in the literature with commerciaifobes available. However, for maleimide ligation to be
utilised a colicin E9 mutant containing a free cystine residue would need to be designed, representing
a significant time investment. Due to both colicin proteins possessigtarminal serine resiue no
mutants would be required for OPAL ligation. Nevertheless, OPAL ligation has previously not been
used to ligate ajlycanto a protein. Thus, if OPAL ligation is chosen, variously sized mahassd
inhibitor-linked OPAL probes would need to be f@#ized. Finally, once a ktonjugation pathway

has been decided upon a library of manndmesed inhibitoflinked colicin conjugates will be

synthesized

3.2 Results and discussion

3.2.1 Expression and purification of colicin E9
Expression and purifation of colicin E9 was successfully performethanse following the protocol

attached inExperimental section 8.3.1.1 pageé0. Colicinexpressing organisms protect themselves
from the apoptotic effects of colicins by -expressing a small cytoplasmic inhibitor known as an
immunity protein (Imy°2 with the Im9 being expressed such that it is associated with colicAE9.
Preparatively, breakslvn of the colicin E9 immunity complex can be achieved duriitjaffinity
purification, by engineering Im9 to contain aH&y. The Histagged Im9 thus binds to the Naffinity
column, where after treatment with a denaturing buffer (pH 7.0, 20 mphksphate + 0.5 M NaCl +

6 M guanidine) stimulates the unfolding of colicin E9, releasing it from the bound Im9. Once separated,
the denatured colicin E9 can be dialysed into a guanitiiee buffer (pH 7.0, 20 mM K phosphate +

0.5 M NaCl), wherefter it refolds.

The first attempt at expression and purification of colicin E9 was unsuccessful, as only a faint
protein band was observed at 70 kDa pb&t" affinity purification. Furthermore, dialysis of these
pooled fractions induced protein precipitationhd sample was centrifuged to afford a protein pellet
and the resulting supernatant was concentrated, whereafter an absorbance measurement at 280 nm
and an SDBAGE gel confirmed the supernatant sample did not contain a significant amount of

protein.
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Thelactose (lacpperon inE. coliis a sequence of three structural genes necessary for the
transport and metabolism of lactos& One of these genedacZd) O 2 R Sgalacbgdhise, ian
intracelular enzyme that cleaves lactose (a disaccharide) into glucose and galactose, alaaffjer (
O2RS4-AFENDE2aARS LISNXYSFasSs |+ ( Nigayaatoses gindluding  LINE
lactose) into the cell, and the thirdacA O 2 R SgalactbéNdansacetylase, an enzyme that
transfers an acetyl group from acetyl2 ! gatactosides during metabolistf. Lac operon
expression is regulated by tha&crepressor and increases above bbevels when glucose levels are
low?®®, Thelacrepressor binds specifically to DNA at the operator region ofgbeperor?®®inhibiting
lac operon transcriptior?®”2% E. colibasally expresses thiac operon to a small degree, as small
I Y2 dzy &l 21FO 0 2 a Xg&tdctashle penyhéas¥ are required to allovE. colito respond to
changes in lactose or glucose levels via the formation of the lactose metabolite allol#€tase,
inducer of thelac operon* When glucose levels are low or lactose levetshigh, allolactose binds
to the lac repressor, inducing an allosteric shape chaffge?® *destabilising thdac repressorlac
operoncomplex, resulting in increased transcription of the operon®’¢ KS WKdzy 3SNJ aA 3y |
AMP (CAMPj% is produced byE. coliwhen glucose levels are low. cCAMP can bind to Catabolite
activator protein (CAP or cAMP receptor protein (CRPYf°and the resulting complex binds to a
specific site in the DN&¥ the lac promotor region3’® 36enhancing the binding of RNA polymerase to

the promoter DNA oftte lac operon304 39

In the plasmid construct used for colicin E9 expression, the genes needed for colicin E9
expression are located afterlac operon, and thus activation of thiac operon results in colicine
S ELINB & & A 2 yodi-thiogadtaNyRahdside (IPTG) isallolactose mimit’ (Figure3-6), which
when added to ark. coliculture results in activation of théac operon and stimulation of gene
expression. Low glucose levels prior to IPTG induction can result in leaking la€ tigeron, and
therefore keeping glucose lelgehigh prior to IPT@duced colicin E9 expression will minimise leaking
of thelacoperon. A second attempt at colicin E9 expression and purification was attempted, using LB
media supplemented with glucose (final concentration = 0.4%maglucose). Tlsi supplementation
was shown to increase expression of colicin E9 and 4.78 mg of purified colicin E9 was extracted for

use during protein bi@onjugation experimets.

OH_OH
% OH_oH
Hog&o o o
HOHQS HO s
oH ©OH OH
allolactose IPTG

Figure3-6. Structures of allolactose and IPTG
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3.2.2 Investigation into potential bamnjugation techniques
Following the successful synthesis of mannbased inhibitors2.53 and 2.54, (Figure3-7) the next

task was to &rt investigating different potential bigonjugation methods which could be used to
append either inhibitor to a colicin protein. Mannebased inhibitor2.53 contains a terminal amine
motif which allows utilization of bigonjugation techniques like redtive amination Eigure2-12a)
and EDC NHS couplifggure2-12b). Conversely, mannodeased inhibitor2.54has a terminal azide
group, allowing exploration of click ligati methods such as CUAAC and SPAAC ligation.

HO\ OH HO "\ OH
HO 0 HO O
HO HO

0 0

2.53 O\O\ 2.54 O\©\ 0 0
H NH ﬁ N
H H H H

Figure3-7. Structure of mannosbased inhibitor2.53and 2.54

Neither colicin la or E9 contain the appropriate motifs (an lajdie / ketone motif for
reductive amination or an alkyne motif for either CUAAC or SPAAC) to allow for direct installation of
either mannosebased inhibitor. Consequently, a linker molecule will be required for conjugation. A
commercially available compate linker (heterobifunctional linke8.1, Scheme3-1) was found for
the conjugation of colicin la to mannodased inhibitor2.53 Heterobifunctional linkeB.1 contains
an NHS ester which can react with the temadiamine on mannosbkased inhibitor2.53 as well as
maleimide motif which can react with the thiol group present at the free cystine residue on colicin Ia.
The reactivity of heterobifunctional linke8.1 is pH dependant at pH 7.29 amide formation is
favoured, whereas at pH 7.0 maleimide ligation is favoured. This allows for selective addition of
mannosebased inhibitor2.53 to heterobifunctional linker3.1, to afford mannosebased inhibitor

linked heterobifunctionallinker 3.2 prior to maleimide ligion with colicin la$chemes-1).
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WW ?

—NH,
pH=7.2-9
Mannose based | Amide formation
inhibitor 2.53

0]
0] H AN
\HWO@NWW/\/T\IQO
32 ©

C'ﬁSH pH=7.0

Thiol-malemide coupling

Colicin la

)OJ\VO%”VHE/VO%IN;Z/S\C

Scheme3-1. Schematic depicting the pd€pendent reactions of heterobifunctional linket, which initially undergoes an
EDC NHS reaction witranmoside based inhibitor 2.98 afford mannosebased inhibitodinkedheterobifunctionalinker
3.2, and then subsequently undergoes maleimide ligation to the free thiol unit located on colicin la

Qolicin la (70 kDa) is too large to be observed by mass spectroscopy on-tG& FAs such,
maleimide conjugation of colicin la to manndsased inhibitodinked heterobifunctional linkeB.2
was monitored using a lectin blot mediated by a concanavalier@xidase conjugate. Concanavalin
A is a mannose binding lectthand horseradish peroxidase catalyses the oxidation of luminal to a
range of substrates, including components of bioluminescent systéfscausing the emission of
UV light. The addition of an enhanced chemiluminescence (ECL) reagent amplifies luminescence
allowing for detection via UV imaging. Concanavalin A will only bind to colicin la which has undergone
conjugation to mannos&ased inhibitodinked heterobifunctional linker3.2, meaning only the

conjugated colicin la is detectable under UV.
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Conjugation of mannosbased inhibitor2.53to colicin la using heterobifunctional link&rl
was performed. A ketin blot and a SBBAGE gelHgure3-8 and Figure3-9) confirmed that the
conjugation was successful. Like many proteins containing a free cysteine residue, colicimsla sho
tendency to form disulfiddinked dimers®'?In these disulfiddinked dimers, both the previouslyee
cysteine residues of the individual colicins are inaccessible for modificatiomaleimide ligation. As
ddzOKXZ LINA2N) (42 YIFIfSAYARS fA3FLGA2y O2t A0AY LI
YSNDOIF LI 2SGKEFy2f 61 aS0o® | +-Ebfhé kedbibiiguseB-9) - tieged S NI S R
lanes all contained mofied colicin la. Comparatively no UV activity was observed in lahestich
contained unmodified colicin la. All lanes in the $I2&E gelHgure3-8), contain a major band
around 70 kDa for colicin la monomémanes EE also contain a minor band around 140 kDa for the
colicin la dimer. A further interesting observation is that the major band in laressBhigher than
that in lanes H, providing further evidence that the conjugation of colicin la to manruesed

inhibitor-linked heterobifunctional linkeB.2was successful.

y .- Key
130 wae s ey Lane A - M/W marker

— Lane B - 50 ug modified colicin la
Lane C - 25 pg modified colicin la
Lane D - 10 pg modified colicin la
Lane E - 5 pg modified colicin la
Lane F - 50 ug unmodified colicin la
Lane G - 25 ug unmodified colicin la
Lane H - 10 pg unmodified colicin la
Lane | - 5 pg unmodified colicin la

kDa

Figure3-8. SDSPAGE gdbktained with Coomassieontaining colicin la which has been subjected to ligation méhnose
basedinhibitor-linked heterobifunctional linke3.2 (lanes BE) and unmodified colicin la (lane§ F

Key

Lane A - M/W marker

Lane B - 50 pg modified colicin la
Lane C - 25 ug modified colicin la
Lane D - 10 pg modified colicin la
Lane E - 5 pg modified colicin la
Lane F - 50 pg unmodified colicin la
Lane G - 25 pug unmodified colicin la
Lane H - 10 pg unmodified colicin la
Lane | - 5 pg unmodified colicin la

70

kDa

Figure3-9. Lectin blot containing colicin la which has been subjected to ligatiomvaitinosebasedinhibitor-linked
heterobifunctional linkeB.2 (lanes BE) and unmodified colicin la (lane§ F
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Colicin E9 does not contain a free cystine residue, and therefore cannot undergo maleimide
ligation. As such, a new banjugation method was needed to afford a manndisé&ed colicin E9
conjugate. Both colicin E9 and colicin la contairNeterminal serine residue, meaning they can be
readily subjected to OPAL ligatiema bio-conjugation method developed in the Fascione laboratory
(Schemes-2).

c& s& organocatalyst £
0 ”é? L-methionine 0] %. %N'N ] 1%
SN L P HN. . R
SELE R s N . o
N o waos o L (orad) Ho Ay 4
E N 25 mM PB H 7 U H 4
- & H £ H Buffer O £
HO F pH-7.5 yFa A@-'S
;;:‘ s pH 7.5 e
2] }?‘ o o H }:\
q ./ 37°C v
alpha-6xo
aldehyde

Scheme3-2. Schematic for colicin la undergoing initial Naih@diated oxidative cleavage of tiNterminal 1,2amino
alcohol to give an alpha oxadehyde, whicltan subsequently be subjected to OPAL ligation with an aldethatged
probe, mediated by arplinetetrazolecatalyst.(R = a biotag such as folate, dansyl and biotin)

The preparation of an OPAibated construct involves two steps, with the first beitig
oxidation of theN-terminal serine residue on either colicin la or colicin E9 using Nalich
functionalises theN-terminus with an alphaxo aldehyde via the oxidative cleavage of thedna@no
alcohol. This step is conducted in the presence-wiethionine to protect the protein from over
oxidation. Once the alphaxo aldehyde has been introduced, the colicin is then treated with a
secondary amine organocatalyst (the tetrazole variant shown in scheme is the most effective known)
and an active biomleculetagged OPAL probe (e.g. functionalised with biotin, folate, azide, or sugar

units).

To test whether OPAL ligation would be an appropriate-dainjugation technique, both
colicin E9 and la were subjected to OPAL conjugation with Hinokad OPAlprobe 3.3, synthesized
by a previous group membefFigure 3-10). Western blots and an SIPAGE gel were used to
determine that OPAL conjugation of both colicin la and E9 to biiotked OPAL probg&.3 had been
suacessful. The Western blots for both colicifggre3-11 and Figure3-12) showed background UV
activity in all lanes, but both membranes showed significant UV activitpés B, C and D, all of which
contained biotinmodified colicin. No significant UV activity was seen in lane E of either membrane,
even though these lanes did contain bictimodified colicin. This is likely due to the concentration of
protein present beingoo low to exhibit UV activity. The SBPBGE gelHgure3-13) supports the
Western blot findings as all lanes contain a major protein band around 70 kDa, indicative of the

presence of monomeric colicin la or coli&9.
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(0] H (0]
O\)J\ /\/O\/\ N¢J\ OH
IO RE RS S S
H

3.3
S
HN\H/\/\‘\\\Q\NH
0 HN’&O

Figure3-10. The structure of biotiinkedOPAL prob8.3

Key

Lane A - MW markers

Lane B - 1 pg modified colicin la
Lane C - 0.5 ug modified colicin la
Lane D - 0.25 pg modified colicin la
Lane E - 0.1 pg modified colicin la
Lane F - 1 pg unmodified colicin la
Lane G - 0.5 pg unmodified colicin la
Lane H - 5 pL unmodified colicin la

70

kDa

Figure3-11. Results of lectin blot containing colicinwlich has been subjected @PALligation with biotin-linkedOPAL
probe3.3(lanes BE) and unmodified colicin la (lanesl}

Key

Lane A - MW markers

Lane B - 1 pg modified colicin E9
Lane C - 0.5 pg modified colicin E9
Lane D - 0.25 ug modified colicin E9
Lane E - 0.1 pg modified colicin E9
Lane F - 1 ug unmodified colicin E9
Lane G - 0.5 ug unmodified colicin E9
Lane H -5 pL unmodified colicin E9

70

kDa

Figure3-12. Results ofdctin blot containing colicin B#hich has been suligéed to OPAL ligation withiotin-linked OPAL
probe3.3(lanes BE) and unmodified colicin Eanes FH).
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Key

Lane A - MW markers

Lane B - 5 pL unmodified colicin la
Lane C - 5 pL modified colicin la
Lane D - 5 puL unmodified colicin E9
Lane E - 5 puL modified colicin E9

70

kDa

Figure3-13. Results of SBIBAGE gel stained with Coomassie containimgodified colicin la (lanB),colicin la which has
been subjected to ligation withiotin-linkedOPAL prob8.3 (lane C), unmodified colicin E9 (lane D) eolitin E9vhich has
been subjected to ligation withiotin-linkedOPAL prob8.3 (lane E)
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3.2.3 Synthsis of a library of mannodmsed inhibitodinked OPAL probes
Once it had been proven that both colicin la and E9 underwent OPAL ligation, the development of a

mannosebased inhibitodinked OPAL probe became a priority. OPAL probe synthesis is typically
conducted on a peptide synthesiser, and the commercial availability of amino acids containing dansyl
and biotin units makes the incorporation of these groups into OPAL probes straightforward. As an
amino acid functionalized with manno$msed inhibitor2.53 or 2.54is not commercially available,

installation of either mannoseéased inhibitor would be more challenging.

Peptide3.4 (Scheme3-3) was designed as an initial scaffold for a manrdoassed inhibitor
linked OPAL probe. The key components in the design of peft#lare the PEG spacer units, which
are installed to separate the points at which manndsesed inhibitor2.53and OPAL small molecule
3.5 will be attached. Furthermore, installation gfiperidine-4-carboxylic acidprior to succinic
anhydride installation prevents cyclisation of succinic anhydride, which if allowed to occur would
prevent further peptide coupling. Succinic anhydride was included in the peptide design as a point of
attachment for mannosévased inhibitor2.53. Due to the terminal amine present on manndsased
inhibitor 2.53, traditional peptide coupling could not be used, but by reacting succinic anhydride with
the terminal amine group on the peptide a carboxylic acid becomes installedjreg mannoséased
inhibitor 2.53to itself be coupled to by amide bond formatidBghemes-3, step A). The second amino
acid present in peptid8.4is Lys(Dde)this serves as a point of attachment for OPALIsmalecule
3.5, as once the peptide backbone has been synthesised the Dde group can be deprotected using a
solution of 2% hydrazine in DMBdheme3-3, step B), revealing a free amine motif to which OPAL
small moleule 3.5 can be coupledgchemes-3, step C). The final stage of OPAL probe synthesis is
resin cleavageSchemes-3, step D) which yields mannosased inhibitodinked OPAbprobe 3.6.
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Scheme-3. Reaction schematic for proposed conversion of peftidleo mannosebasedinhibitor-linkedOPAL prob8.6.
Following initial attachment of mannoggased inhibitor2.53(step A) to afford Dde protected manndsased inhibitor
linked peptide3.7, which is treated with 2%ydrazinen DMF (step B) to afford mannebased inhibitodinked peptide3.8.
The revealed free amine residue allows for attachme@PAL small molecuB5 (step Chaffording protectednannose
basedinhibitor-linked OPAL prob&9, the final step is treatment with 95 : 2.5 : 2.5 TFAQ Htriisopropylsilane to afford
mannosebasedinhibitor-linkedOPAL prob8.6
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Characterisation ahannosebased inhibitodinked OPAL prob&.6was challenging, as liquid
chromatography mass spectrometry (LCMS) traces only gave weak product mass signals at 1448.48
m/z, even at high concentrations of deprotected prcéhé. Fourier transform ion cyclatn resonance
(FFICR) mass spectrometry, using both ESI and MALDI, further showed the presence of weak product
mass signals. More interestingly, no common impurity peaks could be identified across all three mass
spectra, suggesting the weak product pedemnsity observed could be due to deprotected prdhé
being difficult to ionise during mass spectrometry. It was hypothesized that purification of
deprotected probe3.6 using an LFE20 column might increase its visibility in mass spectrometry
analysis. Urdrtunately, postpurification LCMS traces again displayed only a weak product peak, and

it was thus decided toedesign the mannosbased inhibitodinked OPAL probe.

A paper by Sewald and-emrkers*reported the use of Cigatalysed click chemistry enesin
to produce a sugapeptide glycoconjugate. Using this method would simplify the design of a
mannosebased inhibitodinked OPAL probe. As substituting the Frhgs(DdelOH residue for an
FmocL-propargylglyaie residue provides an easy installation point for mandoased inhibitor2.54
(Schemes-4) - this further removes the need fariperidine-4-carboxylic acidndsuccinic anhydride,

as OPAL small molec8és can beinstalled directly onto the peptide terminus.
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Scheme3-4. Schematic for the synthesis of mannbdssedinhibitor-linkedOPAL prob8.10from alkyne charged peptide
3.11following initial orresincoppercatalysed clickvith mannosebased inhibito2.54to afford mannosebased inhibitor
linked peptide3.12, which undergoes acicatalysed cleavage using the cleavage cocktail 95 : 2.5TFAS KD :
triisopropylsilane
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Synthesis of mannodeased inhibitodinked OPAL prob8.10 (Scheme3-4) was attempted.
Unfortunately, mass spectrometry analysis showed only minor peaks present at m/z 1248.51 [M+H]
(2.03%) FFigure3-14) and m/z 624.97 [M+21] (25.18%), corresponding to prob& 10 (Figure3-14).

The major products identified by mass spectrometry were an unknown major species (m/z 1139.55
[M+H]" (4.38%) and 570.42 [M+2H[{100%)) and a second species whose mass corresponds to that
of peptide 3.10 minus OPAL small molecuBe5 (1041.44 [M+H] (18.08%) and 521.32 [M+2H]
(79.75%)). These results suggest that some peptide coupling reactions tailedch completion,

explaining the low yield of prob& 100obtained.

Intens.

71 1+
X107 1041.44

254

20

1139.55

0.5
] 1248.51

1097.59

] 1297.33 1346.85
0.0

950 1000 1050 1100 1150 1200 1250 1300 1350
miz
CLICK OPAL PROBE 18.09.19 RUN2_RA1_01_1883.d: +MS, 0.5-1.1min #61-134

Figure3-14. Depicts the mass spectroscopy results for pRhé

Other members of the group have also experienced problems with geptynthesis; all
syntheses using the spacer uniagino-3,6-dioxaoctanoic acid were proving problematic. Thus, it
was decided to tweak the design of the manndmesed OPAL probe by replacing the PEG spacer units
with six repeating alternating glycine arskrine units to afford probe3.13 (Figure 3-15). We
hypothesis he use of glycine and serine unitsuld increasgrobe3.13water-solubility and the ease

with which probe3.13could be purified

126



Synthesis of mannogeased inhibitodinked OPAL probes for use in ligation
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Figure3-15. Structure of prob&.13

Mass spectrometry results showed the successful synthesis of @dBewith a peak at
m/z 1245.46 [M+H]and a major peak at m/z 623.35 [M+2HFigure3-16).

Figure3-16. Depicts mass spectrometry trace for pr@&e3
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