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Abstract

Gram negative bacteria are intrinsically resistant to antibiotics, as their outer
membrane constitutes a permeability barrier that limits the number of antibiotics
available for an effective treatment. There is also a lack of sensitive methods to
diagnose infection in the early stages. The limited pipeline of new antibiotics
demands novel ways to translocate antibiotics into gram negative bacteria. One
possible strategy to improve bacterial penetration is to exploit the specific active
transport machinery of bacteria to achieve facilitated transport of antibiotics, also
referred to as Trojan horse strategy.

In recent years maltodextrins conjugates modified at the anomeric end have
been used in the Trojan horse strategy to detect and treat bacterial infection. How-
ever, it is also reported that blocking the reducing end of maltodextrin by residues
larger than methyl groups are not transported by the maltodextrin receptor. This
thesis deals with the synthesis and investigation of conjugates with modification at
the non-reducing end of maltodextrins. The conjugates can accommodate a fluo-
rophore or an antibiotic for detection and treatment of infection, respectively. The
critical structural requirements in the maltodextrin based conjugate design for an
efficient uptake have been investigated. A systematic series of fluorescent con-
jugates with varying critical parameters including chain length of maltodextrins,
linker types, site of modification and type of fluorophore have been synthesized.
The uptake efficiencies of the conjugates have been studied using growth recovery
assays, confocal microscopy and flow cytometry. The validation of intracellular
uptake of conjugates was performed using a fluorogen activating protein (FAP)-
based approach. Finally, maltodextrin-ampicillin conjugates were synthesized and
tested for antibacterial activity in E. coli and K.oxytoca.

Keywords: Antibiotic resistance - maltodextrins - conjugates- bacterial

imaging- drug transport
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Zusammenfassung

Gramnegative Bakterien sind haiifig intrinsisch resistent gegen Antibiotika, da
ihre Auenmembranwenig durchldsig ist und dadurch die Zahl der Wirkstoffe fiir
eine effektive Behandlung limitiert. Zudem gibt es nur wenige Methoden, die sen-
sitiv genug sind, um eine frithe Infektion zu diagnostizieren. Aufgrund der be-
grenzten Auswahl an neuen Antibiotika ist es wichtig, neue Wege der Transloka-
tion in gramnegative Bakterien zu finden. Eine mogliche Strategie ist dabei die
des Trojanischen Pferds. Dabei werden aktive Transporter von Bakterien fiir die
Aufnahme von Antibiotika genutzt, um so deren Eindringen in die Bakterien zu
verbessern. In den letzten Jahren wurde diese Strategie bereits angewandt, um bak-
terielle Infektionen zu diagnostizieren und zu behandeln. Dafiir wurden Konjugate
von Maltodextrin verwendet, die am anomeren Ende modifiziert werden. Es wurde
festgestellt, dass der Transport iiber den Maltodextrinrezeptor nicht méglich ist,
wenn das reduzierte Ende von Maltodextrin grofere Reste als eine Methylgruppe
tragt. Diese Doktorarbeit beschéftigt sich mit der Synthese und Untersuchung von
Maltodextrin-Konjugaten mit Modifikationen am nicht reduzierenden Ende. Diese
Konjugate konnen ein Fluorophor zur Erkennung einer Infektion oder ein Antibio-
tikum zur Behandlung tragen. Die strukturellen Voraussetzungen fiir eine effiziente
Aufnahme der auf Maltodextrin basierten Konjugate zu erhalten, wurden im Rah-
men dieser Arbeit untersucht. Dafiir wurde eine Serie an Konjugaten synthetisiert,
bei der verschiedene Parameter variiert wurden. Zu den Parametern zidhlen Ket-
tenldnge, Linker-Typ, die Position der Modifikation und sowie die Art des Fluoro-
phors. Um die Aufnahme der Konjugate zu untersuchen, wurden Growth Recovery
Assays durchgefiihrt sowie Konfokalmikroskopie und Durchflusszytometrie ver-
wendet. Fiir die Validierung der intrazellularen Aufnahme der Konjugate wurde
eine Methode basierend auf dem Fluorogen-Activating Proteins (FAP) herangezo-
gen. AbschlieBend erfolgte die Synthese von Maltodextrin-Ampicillin Konjugaten

und die Testung auf ihre antibakterielle Aktivitét in E. coli und K.oxytoca.

Schliisselbegriffe: Antibiotische Resistenz — Maltodextrin — Konjugate —

Bakterielle Verarbeitung — Medikamententransport
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1| Introduction

1.1 Developments in antibiotic research

Pathogenic bacteria are causative agents of a number of infectious diseases including
infections such as tetanus, typhoid fever, diphtheria, syphilis, and leprosy; food-borne
illnesses such as salmonella, and other life threatening diseases such as pneumonia and
tuberculosis. The health burden caused by these diseases can be understood from the
fact that globally infectious diseases cause more than 8 million deaths per year.! Pneu-
monia and other lower respiratory infections alone claimed 2.6 million lives in 2019,
ranking as the fourth leading cause of death.? The development of antibiotics however,
has not only brought the deaths caused by these infections under control, but also revolu-
tionised modern medicine by aiding advancements in surgery, chemotherapy and organ

transplantation.

The modern era of antimicrobial chemotherapy can be said to have begun when Paul
Ehrlich started working on the antibacterial effects of dyes. He observed that some
stains were toxic for bacteria and started his search for the ‘magic bullet’.? Follow-
ing his lead, Gerhard Domagk developed Prontosil, a sulfonamide that became the first
commercially available antibacterial drug in 1930.* The major breakthrough however
occurred with the serendipitous discovery of Penicillin in 1928 by Alexander Fleming.>
Later, Florey and Chain successfully purified the antibiotic and scaled-up the produc-
tion. It was not until 1945 that Penicillin was introduced on a large scale as a treatment
for bacterial infections. The contributions of Fleming, Florey and Chain were recog-
nized by the scientific community when they were awarded the Nobel Prize in Phys-
iology or Medicine in 1945.° The introduction of Pencillin marked the beginning of
the Golden Era of antibiotics. The period between 1940-1960 saw the rapid increase

in the discovery of antibiotics. Most of the antibiotic classes known today, for exam-



ple, the aminoglycosides (streptomycin),’ tetracyclines (chlorotetracyclin),® macrolides
(erythromycin),” rifamycins (rifampicin), ' glycopeptides (vancomycin)'! were discov-
ered and introduced to the market during this time. The following years saw a decrease
in the development of new antibiotics. On the brighter side this period saw an advance-
ment on the medicinal chemistry front. Chemical optimisation of the existing antibi-
otic classes resulted in the development of successive generations of cephalosporins, 12

macrolides and tetracyclines etc.. Two new antibiotic classes of synthetic origin, fluo-

roquinolones * and oxazolidinones, '* were also discovered.

The common modes of action of the above-mentioned antibiotic classes include (Fig-

ure 1.1):

Cell Wall Synthesis Nucleic Acid Synthesis
DNA Gyrase
Quinolones RNA Polymerase
Rifampicin
Beta Lactams
Penicillin /
Carbapenems
v v
Vancomycin ———»
Cell Membrane / t
Polymyxin 508 subunit
Macrolids
30S subunit Linezolid
Tetracyclines Chloramphenicol

Aminoglycosides X .
Protein Synthesis

Figure 1.1: Mechanism of action of antibiotics. Adapted from !>!6

* Inhibition of cell-wall biosynthesis at the stage of crosslinking of peptidoglycan

peptide strands by trans-peptidases and trans-glycosylases. eg. 5-lactams.

* Inhibiting one or more steps involved in protein biosynthesis at the ribosome. eg.

macrolides, tetracyclines, aminoglycosides and oxazolidinones

* Interruption of DNA replication. eg. fluoroquinolone, rifampicin.




1.2 Antimicrobial resistance

Parallel to the discovery of antibiotics, as described aptly by Nobel laureate Ada Yonath:
"bacteria want to live, and they are cleverer than us". Bacteria were able to develop re-
sistance against these drugs in a short time period, with the reports of resistance against
most drugs within 10 years of their introduction to the market. The time-line of devel-

opment of antibiotics resistance is depicted in Figure 1.2.

Timeline of antibiotic development

Chlorophenicol Rifampicin, Vancomycin
1948 1958 Ceftazidi
Streptomycin  Chlorotetracycline Ciprofloxacin € 1e;z8|7|ne Daptomycin
1946 1952 1968 2003
Penicillin Erythromycin Methicillin Imipenem Linezolid
1943 1951 1960 1985 2000
1940 1960 1980 2000
1950 1970 1990
Penicillin Chlorophenicol, Chlototetracycline Ceftazidine Imipenem Linezolid
1940 1950 ) 1987 1998 2001
Streptomycin Erythromycin ~ Vancomycin Daptomycin
1946 1955 1960 2005
Rifampicin, Methicillin
1962
Ciprofloxacin
1968

Antibiotic resistance observed

Figure 1.2: Timeline of development of antibiotic resistance. The development of an-
tibiotics is shown on the top and the emergence of resistance is shown at the bottom. !¢

Antimicrobial resistance (AMR) is the ability of micro-organisms to survive the ex-
posure to antimicrobial agents, thereby rendering standard treatments ineffective. Al-

though it is a natural phenomenon, overuse and inappropriate use of antibiotics has




accelerated the process. The recent reports from World Economic Forum on Global
Risks have listed antibiotic resistance as one of the greatest threats to human health. !
According to the estimation by the Center for Disease Control and Prevention (CDC),
in the US, more than 2.8 million people are infected by antibiotic-resistant bacteria
every year, causing at least 35000 deaths.'® In Europe according to a study in 2019,
antibiotic resistance is responsible for approximately 33000 deaths per year.!® In the
agriculture sector, antibiotics are extensively used as supplements for livestock.?’ The
rise of AMR challenges the effectiveness of veterinary medicines, causing major im-
pacts on food production and food security. In addition, AMR has huge ramifications
on the economy. The rise of resistance leads to increase in costs associated with spe-
cialised equipments, longer hospital stays and isolation procedures for the patients. In
Europe, the overall economic burden of antibiotic resistance is estimated to be at least
€1.5 billion per year, with more than €900 million corresponding to hospital costs. '
In the US, the approximate costs incurred due to AMR was $ 55 billion per year as
estimated by CDC.'®

Antibiotic resistance can broadly be classified as acquired resistance and intrinsic resis-

tance. The common mechanisms of antibiotic resistance are summarized in Figure 1.3

Acquired resistance is the ability of bacteria to develop resistance against an antibiotic
that was previously an effective treatment. Acquired resistance is usually found in a sub-
populations of a bacterial species. Bacterial mechanisms to acquire resistance include
chemical or enzymatic inactivation of the active molecule, modification of the target and

reduced drug concentration at the target without modification of the compound itself.

The innate ability of certain bacterial types to resist the action of antibiotics due to
the bacteria’s structural or functional characteristic is called intrinsic resistance. It is
typically shown by all strains of a given bacterial species. The most common bacte-

rial mechanisms involved in intrinsic resistance are reduced permeability of the outer




Efflux pumps

Decreased uptake

LA 4

Inactivating enzymes

Bypassing the pathway inhibited
by drug Target modification

Figure 1.3: Resistance mechanism of antibiotics. Adapted from 62!

membrane and the removal of antibiotics by efflux pumps.

Infectious diseases caused by gram-negative Enterobacteriaceae, Acinetobacter, and
Pseudomonas species are becoming increasingly difficult to treat.?> A few examples of
the pertaining to the severity of the problem are detailed below. Infections caused by
P. aeruginosa can be treated by only a few specific fluoroquinolones, 3 -lactams, or
aminoglycosides. However, even these few antibiotics fail against antibiotic-resistant P.
aeruginosa isolates. Infections caused by carbapenem-resistant Klebsiella species. have
a mortality rate of up to 50%.% In the absence of a robust pipeline to treat these multi-
drug resistant infections, there is an urgent need to explore novel therapeutic options

against gram negative infections.




1.3 Pipeline of antibiotics

The rise of antibiotic resistance and increasing awareness campaigns by international or-
ganisations (WHO, UN, CDC etc.) has once again piqued interest in antibiotic research.
Some noteworthy findings regarding the pipeline of antibiotics in clinical development

are?4® :

* The period between 2014-2018 saw an approval of 13 new antibiotics. 6 of these
antibiotics were active against gram negative bacteria. Only two of the approved

antibiotics belonged to a novel class.

* As of December 2019, the current clinical pipeline contains 40 antibiotics, with
15 antibiotics in Phase 1 clinical trials, 12 in Phase 2, 13 in Phase 3. Of the 13

antibiotics in Phase 3 trial, three are based on novel classes.

* 32 of these antibiotics are active against the WHO priority pathogens. At least 17
of the 42 antibiotics in development have the potential to treat infections caused
by Gram-negative bacteria. But, only 1 of these 17 represents a novel class (and

Phase 3 studies have since been terminated).

* The clinical development of antibiotics is primarily driven by small- or medium-
sized enterprises, with only one company ranking among the top 50 pharmaceu-
tical companies by sales. Nearly 75 percent of these companies have no products

on the market.

To summarize, although the pipeline seems to be robust, statistically, only 1 out of 5
infectious disease drugs that reach the initial phase of testing in humans is approved
by the Food and Drug Administration (FDA). Following this trend 8 new drugs can
be expected to be approved in the near future. While the activity of 32 antibiotics

against the priority pathogens listed by WHO is encouraging,® in the absence of novel




antibiotic classes, they provide little advantage over already existing drugs. Also, the
pipeline of antibiotics that are effective against Gram-negative bacteria compared with
the number and type of compounds that inhibit growth of Gram-positive organisms is

limited.

1.4 Bacterial imaging

The conventional methods in microbiology used to diagnose bacterial infection require
clinical samples (blood, urine, etc.). Deep seated infections require biopsy for a defini-
tive diagnosis. The removal of cells or sample from their natural environment give little
information about the precise site of infection. Additionally, these methods can detect

only late-stage infections.?’

A combination of traditional methods with molecular imaging has helped in bridging
these gaps in diagnosis. Molecular imaging allows the visualisation of living sys-
tems in their natural environment, without perturbing the system. Clinically avail-
able imaging techniques such as radiography, ultrasonography, computed tomogra-
phy (CT), and magnetic resonance imaging (MRI) are based on changes in anatomy
or tissue morphology and cannot differentiate between infection and inflammation. 3
Nuclear imaging techniques such as positron emission tomography (PET) and single-
photon emission computed tomography (SPECT) have significantly improved the di-
agnosis of infections due to their high sensitivity. The detection of infection has pre-
dominently been carried out with **F-FDG (2-fluoro-2-deoxy-D-glucose)? or radiola-
belled leukocytes.*® Since these probes rely on imaging the physiological changes in
response to infection rather than targeting bacteria directly, their specificity for bac-
terial infections is low. To overcome this limitation several bacteria specific radionu-

clide probes have been reported. Some examples of these tracers include radiolabelled

sugars (MH'®F),3! nucleosides (FIAU (1-(2’-deoxy-2’-fluoro-3-D-arabinofuranosyl)-5-




iodouracil)),* siderophores, antimicrobial peptides (**"Tc-ubiquicidin),®* antibiotics

(*™Tc-Ciprofloxacin)**

etc. However, nuclear imaging is relatively expensive due to
the cost associated with the labelling and synthesis of these probes. Also, the probes
have short shelf-life due to decay of the radionuclide and therefore need special infras-

tructure.

Recent advancements in fluorophore design (fluorescent proteins, synthetic fluorescent
dyes etc.), microscopy and imaging equipments have led to the development of op-
tical molecular imaging tools. Optical molecular imaging relies on the detection of
fluorescence or bioluminescence at a target site. Bioorthogonal labeling?> and enzy-
matic methods (SNAP-tag, CLIP-tag, HALO-tag, and TMP-tag)* have made it possi-
ble to attach synthetic fluorophores to small molecules that bind to biological targets
in bacteria. A number of bacteria specific targeting moieties have been attached to
fluorescent dyes to image infections. A fragment of the antimicrobial peptide UBI, la-
belled with NIR dye ICGO02 (UBI-ICG02) was used to image infections caused by gram
positive and gram negative bacteria with high selectivity.?” Vancomycin conjugated to
IRDye800 (Vancomycin-IR800)has been used to image S. aureus infection in mice.*® A
siderophore-BODIPY conjugate was shown to label all the tested Gram-negative bac-
teria of the ESKAPE panel*® (Figure 1.4). Maltodextrin based imaging probes will be
discussed towards the end of this chapter (section 1.9). However, due to poor signal
to noise of fluorophores within the body and the inherent issue of light scattering and

absorbance within tissues, these tools are yet to be used the clinical setting. 3¢
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Figure 1.4: Chemical structure of bacteria specific fluorescent imaging agents. a. UBI-
ICG02%7 , b. Vancomycin-IR800, ¢. siderophore-BODIPY.*

1.5 Fluorogen Activating Protein-Malachite
Green(FAP-MG) system

The FAP system involves the utilization of specific proteins to activate the fluorescence

of otherwise non-fluorescent (i.e. fluorogenic) dyes*’ (Figure 1.5).




+ F —_
Fluorogen

Figure 1.5: Schematic representation of FAP-MG system '

The FAP system offers numerous advantages over conventional fluoroscence labelling

techniques. Some of them include:

* Since the unbound dye remains non-fluorescent in solution, fixation and washing
of the fluorophore is not required. This property makes the approach appealing

for live-cell imaging.

* The FAP proteins have affinities towards fluorogens in the nanomolar range. This

results in multiple-fold increase in fluorescence of the fluorogens.
* The genetic engineering of FAPs is easy owing to their small size (<30 kDa).

* The spatial (periplasm or cytoplasm) accumulation of the fluorogens can be
tracked by controlling the expression of the protein as well as by using perme-

able and non-permeable fluorogens.

MG (Figure 1.6) acts as a fluorogen for the FAP system. It is a non fluorescent dye
which when bound to FAP exhibits red fluorescence. The excitation wavelength of
bound MG is 610 nm and its emission wavelength is 665 nm. MG shows nanomolar
affinity to certain FAP proteins. The increase in red fluorescence of MG is thought to be

because of the restricted rotation across the single bond of MG.
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Malachite green

Figure 1.6: Structure of malachcite green

The FAP-MG system can be used as an efficient tool to prove the internalisation of
maltodextrin-conjugates. FAPs can be overexpressed in the periplasm or cytoplasm
of the bacteria.** On treatment with the maltodextrin-MG conjugates, an increase in
fluorescence would be observed only if the probes are internalized, as the complexation

with FAP can take place only inside the bacteria (Figure 1.7).

+ @7 @‘@' &*

@ &

Figure 1.7: Schematic representation FAP-MG system to demonstrate internalisation '®

1.6 Permeability barrier in gram negative bacteria

The development of antibiotics against gram negative bacteria is a major challenge be-
cause they are intrinsically resistant to many antibiotics.*! The cause of this inherent
resistance can be understood by having a closer look at the differences in the cell wall

structure of the gram negative bacteria compared to gram positive bacteria (Figure 1.8).
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The presence of an additional outer membrane (OM) in gram negative bacteria signifi-
cantly hampers the uptake of antibiotics. The OM is made up of an asymmetric bilayer,
with the outer monolayer consisting predominantly of lipopolysaccharides (LPS) and
the inner membrane of phospholipids. The membrane also contains non-specific porins
and specific uptake channels that regulate the movement of substances in and out of the

cell.

—— Lipopolysaccharide (LPS)

i ) ———— Outer membrane
S iy ——  Outermembrane i ¥ AR

Peptidoglycan ~—— EnRmmmmRRE

—— Cell membrane R

gram negative gram positive

Figure 1.8: Differences between gram positive and gram negative cell wall'¢

LPS is an amphiphilic molecule containing a hydrophobic region (lipid A, also known
as endotoxin) that has 5 or 6 fatty acids linked to diglucosamine phosphate. The LPS
carries a net negative charge, resulting in the strong negative surface charge of gram-
negative cells. The lipid A portion of the LPS contributes directly to the bilayer forma-
tion. The phosphate groups on neighbouring lipid A molecules attach non-covalently
through interactions with divalent cations (Mg?" and Ca®"). This cross-bridging pro-
vides extra rigidity compared to normal bilayers, hence slowing the passive diffusion
of hydrophobic compounds. Porins are bacterial 5 -strand proteins that form a water-
filled (8 -barrel pore within the OM that allows passive transport of molecules across the
membrane.*? The porin size in gram negative cell wall limits the penetration of larger
hydrophilic drugs (> 600 Da). The slow uptake of drugs across the OM is further op-

posed by active efflux mediated by pumps which decreases the amount of required drug
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at the target.*’

1.7 Strategies to overcome permeability barrier

As mentioned above, the permeability barrier provided by the outer membrane and ef-
flux of antibiotics are the primary cause of intrinsic resistance in gram negative bacteria.
The most important methods to overcome the permeability barrier will be discussed in

this section.

1.7.1 OM permeabilizers

Permeabilizers of the OM make gram-negative bacteria susceptible to hydrophobic an-
tibiotics which are otherwise an ineffective treatment. These are generally cationic,
amphiphilic molecules that act by destabilizing the LPS layer. The mechanism of action
is thought to involve interaction of the cationic molecules with the negatively charged
outer leaflet of the OM and subsequent displacement of the divalent cations bound on the
lipid A. This disrupts the LPS layer and renders liquidity to the OM, thereby allowing

penetration of the hydrophobic molecules.

The permeabilizing ability of the molecules is quantified by the formula for synergism,

in terms of fractional inhibition concentrations (FICs), which are calculated as follows:

4, (8]

FIC = MIC, ' MICg

where, M IC 4 and M ICp, are the minimum inhibition concentrations (MICs) of com-
pounds A and B, respectively, and [A] and [B] are MIC of compounds A and B, in

combination with each other. FIC values < 0.5 indicate synergistic effects.

Another commonly used method to monitor permeability is based on the uptake of hy-
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drophobic molecules like N-phenylnaphthalen-1-amine (NPN). Permeabilization of the
OM allows NPN to diffuse into the hydrophobic environment of the OM and cytoplas-

mic membrane, which results in an increase in fluorescence intensity of NPN.#
Some of the outer membrane permeabilizers include:
Polymyxins

Polymyxins are membranotropic compounds that increase the susceptibility of bacteria
to a variety of hydrophobic compounds by disrupting the OM. These are pentacationic
amphipathic lipodecapeptide characterized by a cyclic heptapeptide core, linked to a
linear tripeptide with an N-terminal fatty acyl moiety. Their bactericidal activity in-
volves a dual mode of action. Initially polymyxins bind to the anionic LPS layer in the
OM and permeabilize it (this accounts for the sublethal action). Then they enter the
cytoplasmic membrane where the final and lethal damage is caused by the leakage of
the cytoplasmic components.* ™7 Due to the nephrotoxicity of polymixins their clinical
use was abandoned in the 1960s. However, continued research in the field has led to
the development of derivatives that are more efficacious and less toxic. Vaara and co-
workers reported that derivatives of polymyxins lacking the fatty acid tail showed less
or no bactericidal activity but retained the OM-permeabilizing action.**>? The directly
antibacterial polymyxins also exhibit permeabilizing action at sub-inhibitory concentra-
tions. Polymyxin B nonapeptide (PMBN) is one of the best characterised permeabilizer
of the OM and remains the standard by which other OM permeabilizers are measured.
PMBN lacks the fatty acyl tail as well as the N-terminal diaminobutyryl residue. Its
MICs against E. coli and S. typhimurium are 300 pg/ml, but concentration as low as 0.3
to 1 pg/ml are sufficient to permeabilize the OM to otherwise inactive antibiotics like ri-
fampicins (100 fold decrease in MIC), erythromycin and fusidic acid (100 fold decrease
in MIC).*%5%33 Other derivatives of polymyxin B, deacyl polymyxin B (DAPB), the oc-
tapeptide (PMBO) and heptapeptide (PMBH), are also effective permeabilizers, with
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FIC values <0.3 for various antibiotics.’*>* Polymyxin E (colistin) was shown to dis-
play potent synergism with rifampicin against multidrug-resistant A. baumannii (FICs
as low as 0.07).5 The chemical structures of some important polymyxin derivatives is

shown in Figure 1.9

Fattyacid tail Peptide part
Polymyxin B: methylheptanoyl Polymyxin B: as drawn
Colistin: methylheptanoyl Colistin: R4: L-Leu
PMBN: absent PMBN: R1: absent
DAPB: absent DAPB: as drawn
PBOP: absent PBOP: R1, R2: absent
PBHP: absent PBHP: R1, R2, R3: absent

Figure 1.9: Structures of polymyxin derivatives

Cationic peptides

Cationic peptides are endogenous to a wide range of organisms ranging from bacteria
to mammals. Their antimicrobial properties have attracted significant research interest.
Antimicrobial peptides are rich in lysine and arginine and comprise 12 to 45 amino acid
residues. Structurally, these peptides form alpha-helices and beta-sheet motifs in the
presence of bacterial membranes. The common conformation adopted by the peptides

is such that the cationic groups orient towards one face of the molecule and hydropho-
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bic side chains towards the other face. This conformation facilitates the interaction of
the cationic peptide with the LPS layer. Peptides such as buforin II, cecropin P1 and
magainin II resulted in FIC values in the range of 0.250-0.375 when used in combina-
tion with a variety of hydrophobic antibiotics against drug-resistant P. aeruginosa® and
S. maltophilia.>” Vaara and Porro reported a series of synthetic peptides that exhibited
synergism when used in combination with rifampin, erythromycin, fusidic acid, and
novobiocin, with FIC values comparable to PBNP. Peptide P1 (entry 4 Table 1.1), con-
sisting of cationic lysine residues and hydrophobic phenylalanine residues, resulted in a
300 fold decrease in the MIC of rifampicin at the concentration of 3 pg/ml, in E. coli.>®
Sawyer et al. demonstrated that defensins, which exists as 3-sheets, could permeabilize
the outer membrane of P. aeruginosa.” Structural variants of polyphemusin I, another
peptide known to adopt (3-sheet structure, was shown to facilitate the internalization
of the hydrophobic molecule NPN in E. coli. Recently, conjugation of magainin to an
arginine-rich cell penetrating peptide R9 was shown to increase the the antimicrobial
activity (4-16 fold) in gram negative bacteria.®® The sequences and the source of the

peptides is summarized below (Table 1.1).

Table 1.1: Sequences of cationic peptide OM permiabilizers

S. No. | Peptide Sequence Source FIC

1 Buforin IT TRSSRAGLQFPVGRVHRLLRK Toad 0.3-0.5
2 Magainin II SWLSKTAKKLENSAKKRISEGIAIAIQGGPR Frog 0.25-0.5
3 Cecropin P1 GIGKFLHSAKKFGKAWGEIMNS Insects 0.25-0.5
4 P1 KFFKFFKFF Synthetic | 0.03-0.1
6 Polyphemusins | RRWCFRVCYRGFCYRKCR Crab -

7 R9-magainin RRRRRRRRRGGGGIGKWLHSAKKFGKAFVGEIMNS | Synthetic | -

Cationic steroids

Similar to polymyxins, cationic steroid antibiotics (CSAs) exhibit dual antibacterial ac-
tion: the bactericidal activity and OM permeabilizing activity. CSAs can be classified
into two categories: polymyxin mimics and squalamine mimics (a CSA isolated from

the dogfish shark). Polymyxin mimics are characterized by the attachment of three
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amino groups, via tethers, to a steroid nucleus (Figure 1.10). Kikuchi et al. synthesized

an extensive series of squalamine mimics containing 24 compounds.®'

Squalamine mimic

Polymyxin mimics

O
§ HaN

NH

HoN
NH,

Figure 1.10: Structures of representative CSAs

CSAs have been reported to sensitize gram negative bacteria to a number of inactive an-
tibiotics like erythromycin, fusidic acid, novobiocin and rifampicin. Polymyxin mimics
compounds II and III (Figure 1.10), at concentrations of 0.7 and 0.5 pg/mL, respec-
tively, lowered the MIC of erythromycin to 1 pg/mL (FIC values of < 0.057 and <
0.093, respectively). In K. pneumoniae at a concentration of 0.73 pg/mL, II lowered
the MIC of novobiocin from 75 to 1 pg/mL (an FIC of 0.029).°%% Squalamine mimic
I resulted in enhancement of the activity of rifampin by subinhibitory concentrations of

II with E. cloacae, K. pneumoniae, and S. marcescens (FIC values 0.046-0.156).61:62
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Drawbacks of cationic permeabilizers

The main concerns relating to the use of cationic permeabilizers include their selectiv-
ity and toxicity. In addition to destabilizing the bacterial OM, the permeabilizers also
affect the eukaryotic membranes.’® Many of these CPA and CSAs are haemolytic. As

mentioned earlier, the use of polymyxins has been limited due to their nephrotoxicity.

1.7.2 Carriers of antibiotics

Carrier-mediated intracellular delivery of antibiotics is another approach to over-
come the permeability barrier. Several nanotechnology-derived carriers including lipo-

66.67 nanoparticles,®® and hydrogels® have been em-

somes,* micelles,® dendrimers,
ployed for this purpose. Liposomes are one of the most investigated drug carriers due to
their good bio-compatibility and ability to encapsulate both hydrophilic and hydropho-
bic molecules. Liposomes encapsulating fusidic acid (an antibiotic with activity limited
to gram-positive bacteria) interacted with cell membranes and release the enclosed drug
into the cytoplasm.” In another study, vancomycin-gold nanoparticles were shown to
destabilize the LPS membrane in E. coli, thereby increasing the permeability of van-

comycin into the cell and resulting in the lysis of the cell wall.®®

1.8 Trojan horse strategy

The narrow pipeline of antibiotics and lack of novel antibiotic classes to treat gram
negative bacterial infections calls for innovative solutions to overcome the OM perme-
ability barrier in gram negative bacteria. The trojan horse strategy, by conjugating drugs
and other compounds of interest to siderophores, has proved to be an elegant method
to achieve intracellular delivery of antibiotics in gram negative bacteria. A schematic

representation of the trojan horse strategy is is shown in Figure 1.11.
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General construct of conjugates

Linker

Targeting moeity Drug

Trojan horse strategy

Figure 1.11: Trojan horse strategy: Drugs which are excluded due to the OM permeabil-
ity barrier can be intra-cellularly transported by conjugating drugs to nutrients essential
to bacterial growth and metabolism into the cell. '®

This strategy involves smuggling of drugs into gram negative bacteria, similar to the
entry of Greek army into the city of Troy disguised in a wooden trojan horse. The
concept behind this strategy is to hijack the active transport machinery of the bacteria
to obtain facilitated transport of the antibiotics. Essential nutrients, that are actively
transported into the bacteria via specific pathway are conjugated with the antibiotics of

interest, such that the nutrient uptake pathways serve as gates for the antibiotics.
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1.8.1 Siderophore transport systems

Exploiting the iron uptake system has been highly efficient in overcoming the perme-
ability barrier in gram negative bacteria. Iron uptake by bacteria is carried out by small
molecule iron chelators called siderophores, that are secreted by bacteria into the extra-
cellular environment.”! Due to their high affinity for iron, siderophores solubilize and
bind iron in the bacterial environment and transport it to the bacterial periplasm via
specific ferri-siderophore TonB-dependent transporters present in the OM.”? Inspired
from natural sideomycins, a number of synthetic siderophore conjugates with antibiotics
such as f-lactams,”® ciprofloxacin,’ daptomycin,” linezolid”® etc. have been widely
researched. Some of the major advantages of this strategy include decrease in MIC val-
ues up to 1000-fold,”” transforming gram-positive antibiotics into potent gram-negative
antibiotics,”® and enhancing potencies against MDR bacteria.” Recently, Cefiderocol
(Figure 1.12), a siderophore—cephalosporin conjugate, has been approved by US FDA

for the treatment of complicated urinary tract infection.?*

O
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Figure 1.12: Chemical structure of FDA approved Cefiderocol. Catechol part is repre-
sented in red, and the antibiotic cephalosporin in blue.

HO

However, over-dependence on just a few transporters poses the threat of acquired resis-

tance against these conjugates. For example acquired resistance has been observed for
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siderophore conjugated monobactam MB-18" and monocarbam SMC-3176 in P. aerug-
inosa.®' Bacteria avoid uptake of these conjugates by switching to other favourable iron
uptake pathways. Therefore, it is desirable to identify additional pathways to be used to

transport antibiotics in gram negative bacteria.

1.9 Maltodextrin transport system of E. coli

Maltodextrins are oligomers of D-glucose, linked together via «a(1-4) linkage (Fig-
ure 1.13). They occur in nature as breakdown products of starch and amylose degra-

dation. In solution, maltodextrins exist predominantly in a left handed helical confor-

mation. ¥
OH
Hao ° OH
HO 0O
O OH
HO HO o n=0to 16
(@)
OH
n HO HO

Figure 1.13: Structure of maltodextrins.

The maltodextrin transport system is an attractive targeting moiety to be used in the

trojan horse strategy because of the following reasons:

* The transport of maltodextrins by the maltodextrin transport system is well un-
derstood due to the availability of numerous crystal structures, genetic and bio-

chemical data.

* Maltodextrins are the major source of glucose in bacteria, and are actively trans-

ported into the bacteria via the maltodextrin transport pathway.
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* Maltodextrin tranporters are not expressed in mammalian cells, making it a highly

selective and sensitive system to target bacteria.

1.9.1 Components of the maltodextrin transport system

The maltodextrin transport is mediated by a system responsible for the uptake and
catabolism of maltodextrins containing upto 7 glucose units. It consists of three com-
ponents: maltoporin (also called LamB) a porin embedded in the OM; a periplas-
mic substrate-binding protein, MBP (MalE); and an inner membrane ABC transporter,

MalFGK?2 (Figure 1.14).
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Figure 1.14: Maltodextrin transport system '®
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Maltoporin is a homotrimer of S-barrels, each subunit has a wide channel formed by
an 18-stranded antiparallel 5-barrel (Figure 1.15). Each channel is capable of allowing
the passage of substrates across the OM.** About halfway through the channel there is

a constriction due to three inwardly folded loops, rendering it an hourglass shape. ®*

Figure 1.15: Crystal structure of maltoporin malB depicting the homotrimer of J-
barrels®*

The MBP is a water soluble protein present in the periplasm. It consists of two nearly
symmetrical lobes, each formed by parallel 5 sheets flanked by « helices on both sides
(Figure 1.16). The two lobes are connected to each other by two anti-parallel 3 sheets

and an alpha helix. The binding site is in between the two lobes. %%

MBP exists in two conformational forms: Substrate-bound and substrate-free. In the
substrate bound form the lobes exist in a closed conformation, thereby excluding in-
teractions between bulk solvent and bound substrate.®3%° On the other hand, when in

substrate free form the lobes are open and the the bulk solvent can access the substrate-
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Figure 1.16: Co-crystal structure of maltose binding protein malE from E. coli, com-
plexed with maltotriose.®’

binding site.?®” The inner membrane MalFGK?2 is made up of the construct character-
istic of the ABC transporter: two transmembrane domains (TMDs) that are embedded
in the membrane bilayer (Mal F and Mal G), and nucleotide-binding domains (NBDs)

that are located in the cytoplasm (MalK).”’

The hydrophobic MalF protein consisting
of eight membrane-spanning «-helical segments with both the C- and N-terminals of
the polypeptide chain extending into the cytoplasm.”!~>* Between the MSS 3 and 4,
MalF contains a large periplasmic loop (scoop loop), that plays an important role in the
specificity of the system. Similarly, MalG consists of six membrane-spanning a-helical

segments with both terminals protruding into the cytoplasm.”**> The Mal K consists of

two subsites, the A and B domains for the binding of ATP.%

1.9.2 Mechanism of maltodextrin transport

Maltoporin LamB facilitates the passive diffusion of the substrate through the OM to
the periplasmic MBP. The substrates can enter the periplasmic space also through other

porins, eg. OmpC and OmpF porins. At substrate concentrations less than 10~% M,
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transport predominantly operates via the LamB route. Also, lower maltodextrins (mal-
tose and maltotriose), when present in higher concentrations can be transported via the
OmpC/F porins. In the absence of the substrate, the MBP in the periplasm is bound to
the LamB. This interaction facilitates the substrate to gain easy access to the binding site
of the MBP. Substrate binding to the MBP disrupts the interaction between LamB and
MBP, and substrate bound MBP is released in the periplasm. A conformational change
is induced when the maltodextrins bind to MBP, from an substrate unbound open form
to a bound closed form.% The MalFGK2 exists two conformations, depending on its
interaction with the MBP. The first conformation corresponds to an inward facing con-
formation, such that the two NBDs are well separated and the substrate recognition site
is exposed to the cytoplasm.”’ Binding of substrate-loaded MBP triggers a conforma-
tional change of the transporter, such that the NBDs are in closer proximity to one an-
other. This movement of NBDs permits intracellular ATP to bind to the NBD of MalK,
which in turn brings about a concerted motion that opens the substrate binding site to
the periplasmic side (outward-facing conformation).”® Subsequently, MBP releases the
substrate into the cell. The hydrolysis of ATP results in the reversal of the transporter to

its inward-facing conformation, releasing the substrate to the intracellular side.

1.9.3 Substrates of the maltodextrin transport system

The maltose transport system is highly selective towards maltodextrins. Glucose units
linked via a-1, 4 glycosidic bonds are accepted as substrate by the maltodextrin trans-
port system. The smallest substrate maltose contains two glucose units, while the largest
substrate maltoheptaose contains seven glucose units.”’ The transport of closely related
oligosaccharides through LamB is hampered, eg. for sucrose (40 times slower), cel-
lobiose (8 times slower), isomaltose (2 times slower), lactose (11 times slower)*® (Fig-
ure 1.17). Moreover, modification of the anomeric hydroxyl group at the reducing end

of the maltodextrins by residues larger than methyl group results in maltodextrin analogs

25



are no longer transported into the cell.””?°-10!

Substrates
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) fe) n=0; maltose
nonreducingend  Ho OH n=1; maltotriose
HO HO n=2; maltotetrose
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Figure 1.17: Substrates of maltodextrin transport system. Maltodextrins ranging up to
maltohexose serve as the substrates for the maltodextrin transport system. The critical
reducing end of the substrate is shown in red and the non reducing end in green. The
glucose units are numbered from the reducing end as gl,22,...gn.

1.9.4 Ciritical interactions governing specificity of the maltodextrin

transport system

Maltoporin has a millimolar affinity for maltodextrins. The constriction in the middle
of the beta barrel acts as a binding site and is favourable for the binding of the left-
handed helical conformation of the maltodextrins. Its channel lining compliments the

amphipathic nature of saccharides. In the binding site, the hydrophobic regions of the
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pyranose ring of the maltodextrins exerts apolar van der Waals interaction to the “greasy
slide” (a hydrophobic path that is composed of aromatic residues). The greasy slide can
accommodate three consecutive glucosyl units. For example as observed in the crystal
structure of LamB bound to maltohexose, the pyranose rings of the g2, g3, and g4 units

interact with the greasy slide '°* (Figure 1.18).

Y6

W420

W358

F227

Figure 1.18: Schematic view of maltohexose bound to maltoporin depicting the amino
acids involved in the greasy slide.'?

Also, all the equatorial hydroxyl groups of these units form hydrogen bonds with polar
residues inside the channel.!”? The remaining glucosyl units do not interact with the

LamB (Figure 1.19).
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Figure 1.19: Schematic view of the hydrogen bonds between maltohexose and malto-
porin. Adopted from '*?

Coming to the MBP, the shape-complementarity, extensive hydrogen-bonding, and am-
phiphilic nature of binding site of MBP results in the binding of variety of sugar sub-
strates, ranging from maltodextrins, cyclodextrins to amyloses. However, not all of
these sugars are transported inside the cell. The maltodextrins bind in a groove between
the two lobes of MBP. The substrates are recognized from their reducing end. Crystal
structure obtained with the maltoheptose bound to the pre-translocation showed inter-
action between the four glycosyl units of maltoheptose from the reducing end (g1,g2,g3
and g4) with MBP.'*® The substrate specificity is primarily governed by the inner mem-
brane transporter, MalFGK2. In the pre-translocation state, a conserved glutamine
residue (Q256) in the scoop loop of MalG forms hydrogen bonds with the primary
hydroxyl group and the ring oxygen of the gl unit (Figure 1.20).!% This interaction

restricts the modifications at the reducing end of the sugar.
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Scoop loop

Y|

Figure 1.20: Schematic view of the critical interaction between the glutamine residue
(Q256) of MalG and reducing end of maltoheptose. '3

In the outward-facing state, MalG recognizes four units (g1, g2, g3 and g4) from the
reducing end of the sugar, similar to MBP. MalF recognizes three glucosyl units from
the non-reducing end (Figure 1.21). As the MBP and MalG recognize the sugars from
the reducing end of the sugar and MalF interacts with the opposite end, the maltodextrin

transport system is specific to linear malto-oliogosaccharides with the a-1, 4 linkage.

The size limitation for the substrates can be explained by the space constraint in the
binding site of the pretranslocation state. The cavity measuring 2400 A3 can only ac-
commodate dextrins containing up to 7 glucosyl units. '°> Although larger maltodextrins
bind to MPB, they disrupt the interaction between MBP and MalFGK2, thereby prevent-

ing ATP hydrolysis and the transport across the inner membrane.
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pretranslocation Outward facing

Figure 1.21: Representation of substrate recognition in the outward-facing state and the
pre-translocation state. The MBP recognizes the sugar from the reducing end (shown in
red) and malF from the non-reducing end (green). The solid and dased circles represent
the glucosyl units bound and unbound to protein, respectively. Adapted from %192

1.10 Previously reported maltodextrin conjugates

The first maltodextrin conjugates used in the Trojan horse approach was reported in
2011 by Murthy et al.. Two probes, MDP-1 (BOT_10) and MDP-2 (Figure 1.22) bearing
imaging moieties perylene dye and IR786 NIR-dye, respectively, at the reducing end of
maltohexose were synthesized. These probes were shown to be internalized through
the maltodextrin transport system in both gram positive (B. subtilis and S. aureus) and
gram negative (E. coli and P. aeruginosa) bacteria in millimolar concentration. MDP-
1 was also shown to penetrate biofilms of bacteria. In vivo imaging in mice showed
that MDP-1 could image E. coli infection in mice muscle. Additionally, the probes
could distinguish between bacterial infections and other sterile inflammation caused by

injection of LPS.!'%
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Figure 1.22: Structure of MDP-1 and MDP-2 %

In a subsequent study, Murthy and co-workers synthesized a positron emission tomog-
raphy (PET) tracer containing a '®F-labeled maltohexose MH'*®F (Figure 1.23). In E.
coli, the probe was shown to detect infections with better sensitivity and selectivity as
compared to the current standard tracer, fluorodeoxyglucose (**FDG). In vivo imaging
in rats demonstrated that MH'®F could measure drug resistance and also monitor the

therapeutic effect of antibiotics. !
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Figure 1.23: Structure of '®F-labeled maltohexose probe>!
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Galstyan et al. synthesized a maltohexose-functionalized Si’"" phthalocyanine (Fig-
ure 1.24) which has a dual functionality, comprising the fluorescent labeling of bacteria
due to its intrinsic fluorescence and induced killing of bacterial infection by producing
reactive oxygen species (ROS).!® Internalization studies conducted on gram-positive
methicillin-resistant S. aureus (MRSA) and the antibiotic resistant gram-negative E.
coli demonstrated that the probes label both bacterial types, but selectively inactivate
only the gram-positive strain. This result indicates that the probes result in superficial
labelling of bacterial cell wall as opposed to intracellular uptake.'% The failure in in-
ternalization of this probe is speculated to be due to the modification of the anomeric

center at the reducing end of the sugar.'%
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Figure 1.24: Structure of bimodal photoprobe '*°

In a following study by Axer et al., a ®"Tc-labeled maltohexose (Figure 1.25) mimick-
ing MDP-1 was synthesized as a tracer to be used in single-photon emission computed
tomography (SPECT) imaging. In vivo imaging studies of S. aureus infection in mice
revealed specific uptake only in the infected area. However, the sensitivity of the probe

was poor when compared to the ones currently available. The low sensitivity is specu-
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lated to be due to blockage of the anomeric end of the sugar.'%’
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Figure 1.25: Maltohexose based SPECT tracer. '”’

Dumont et al. reported the synthesis of BOT_14, the maltotriose analogue of MDP-1
(Figure 1.26). Intracellular accumulation studies, supported by electrophysiology ex-
periments showed that cpd-2 is transported better than MDP-1. BOT_14 was shown to
auto-induce its own entry into the bacteria by inducing the expression of malE, which

produces the MBP in the periplasm. '%
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Figure 1.26: Structure of maltotriose perylene conjugate '

Recently Murthy et al. synthesized a thiomaltose perylene conjugate, TM-P (Fig-
ure 1.27), to improve the stability of maltodextrin based probes, by preventing the in

vivo degradation by enzymes like amylases and maltases. Uptake of TM-P in wild-type
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E. coli was 2.5-fold higher than that in a lamB knockout mutant, indicating a lamB de-

pendent transport of the probe. Uptake of TM-P in bacteria was 6-fold higher than that

of MDP-1, indicating smaller maltodextrins penetrate better inside the bacteria., %7 '

TM-P

109

Figure 1.27: Structure of thiomaltose-perylene conjugate

The synthesis of a thiomaltose-trimethoprim conjugate, TM-TMP (Figure 1.27) was
also reported. '” Thiomaltose and TMP were linked via a self immolative disulfide link-
age. The application of trimethoprim in treatment of bacterial infection is limited owing

to poor solubility and toxicity.

The conjugate TM-TMP showed significantly improved solubility compared to
trimethoprin and decreased the toxicity. In mice models, it was also used to treat urinary

tract infection.
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Figure 1.28: Structure of thiomaltose- trimethoprim conjugate '”
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1.11 Aim of the thesis

The principal theme of this thesis is to explore the possibility of exploiting the mal-

todextrin transport system as a transporter to be utilized in a Trojan horse strategy.

As explained in the previous section, there are conflicting reports in the literature regard-
ing the uptake of maltodextrin conjugates. While the reports from Murthy et al. suggest
the internalization of probes with modification at reducing end,*"!** reports from Faust
et al. argue that modification at the reducing end of the sugar is detrimental to up-
take. 19197 In addition, previous studies in this regard also emphasize the importance
of the free anomeric end of the sugar for their recognition through the maltodextrin

transport pathway.””-1%

Within this thesis, the possibility of attaching imaging agents and antibiotics at the non-
reducing end of the sugar was explored, such that the reducing end of the maltodextrins

is available for recognition by the maltodextrin transport system (Figure 1.29).
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Figure 1.29: Modifications at the non-reducing end

A first aim of the thesis was to systematically investigate the preferred site of modifica-
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tion for an efficient uptake of conjugates.

To this end, the synthesis of several maltodextrin derivatives containing small modifi-
cations at the reducing and non reducing end was envisioned. Internalization studies
of these maltodextrin analogues should shed better light on the importance of the free
anomeric end of the maltodextrins. It would also give insights on the modifications tol-
erated at the non-reducing end of the maltodextins, which would be instrumental in the

design of the conjugates for treatment and diagnosis.

The thesis also aimed to perform a detailed structure activity relationship study on the

uptake of conjugates.

In this direction, synthesis of a comprehensive series of maltodextrin-fluorescent conju-
gates at the non-reducing end was planned. The compounds should differ by the linker,
the effector moiety and the size of maltodextrin.The uptake efficiency of the probes

should be investigated by subsequent biological assays.

The final aim of this thesis was to translate the knowledge gained from the structure ac-
tivity relationship with maltodextrin-fluorophore conjugates to synthesize maltodextrin-
antibiotic conjugates, which can overcome the permeability barrier in gram negative

pathogens and perform intracellular delivery of antibiotics.
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1.12 Thesis Outline

The remainder of this report is organised as follows:

Chapter 2 — describes the proof of concept that the modification at the non-
reducing end is tolerated by the maltodextrin transport system. The design and
synthesis of maltodextrin analogues containing small modifications is reported in
this chapter. The uptake of the analogues in E. coli and K. oxytoca was shown by

a growth recovery assay.

Chapter 3 — details the design and synthesis of a systematic series of fluorescent
maltodextrin conjugates. Critical parameters essential for uptake were varied to
perform detailed structure activity relationships. The uptake of these molecules

in E. coli was studied using confocal microscopy and growth recovery assays.

Chapter 4 — evaluates the intracellular accumulation of the conjugates by using
a fluorogen activation protein (FAP) system. The synthesis of maltodextrins con-
jugated to a fluorogenic malachite green (MG) dye is described. Transloaction
across the membrane in E. coli was monitored by measuring fluorescence over

time in a plate reader.

Chapter 5 — describes the synthesis of maltodextrin-ampicillin conjugates. An-
tibacterial activity of the synthesized conjugates was assessed against E. coli and

K. oxytoca.
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2| Investigation of maltodextrin uptake

As described in the introduction, the maltose transport system is highly substrate selec-
tive. Maltodextrin analogues with modification of the glucosyl unit at the reducing end
of the sugar are not transported by the maltose transport system.’’” To overcome this
transportation barrier, in this study the modifications were carried out at the primary hy-
droxy group at the non-reducing end. To determine whether the malto-oligosaacharides
modified at the non-reducing end are transported by the maltose system, small mod-
ifications were carried out at the non-reducing end of the sugar. The uptake of these
modified sugars by bacteria was verified by a growth recovery assay. The design and
synthesis of the modified maltodextrins is discussed in detail in the following sections.
The results of the uptake of the modified analogues in the growth recovery assay and

the inferences derived are discussed towards the end of the chapter.

2.1 Design of modified maltodextrins

To investigate the effect of small structural modifications on the uptake pathway, five
maltodextrin analogues with minor modifications (hereafter referred to as intermedi-
ates) were designed (Figure 2.1) that carry a small linker attached to the maltodextrin.
BOT_46 is the intermediate containing modifications at the reducing end of the malto-
hexose. The anomeric hydroxy group of the maltohexose is extended by 3-azidopropane
via a glycosidic linkage. This intermediate would help us verify the existing literature
regarding effect of modification at the reducing end of the sugar on the uptake. The
modification at the non-reducing end involves multi-step reactions requiring optimisa-
tions. Also considering the cost of the higher maltodextrins, the modifications were
carried out on the simplest maltodextrin, maltose. First, propyl azide was attached to

the primary hydroxy group at the non reducing end using an amide coupling to yield
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BOT_41, and an ether formation to yield BOT_42 respectively. BOT_43, a side product
formed during the synthesis of BOT_42, is a useful tool to investigate the effect of a
non polar propyl group on the uptake. BOT_49, containing a long polyethylene glycol

(PEG) linker, was synthesized to study the effect of linker length on the uptake.

Modification at reducing end
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Figure 2.1: Structures of modified maltodextrins
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2.2 Synthesis of intermediates

Synthesis of intermediates with modification at the reducing end

BOT_46 was synthesised in three steps starting from the peracetylated maltohexose as

shown in Scheme 2.1. A Lewis acid promoted glycosylation of peracetylate malto-

hexose at the anomeric carbon was performed with 3-bromopropanol to yield the bro-

mopropyl compound 2.!%

The bromide was converted into an azide by a nucleophilic

substitution. In the last step, Zemplén deacetylation was carried out to yield the desired

intermediate BOT_46.
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Scheme 2.1: a. 3-bromopropanol, BF; - Et,0, 0 °C, CH,Cl,, 24%. b. NaN;, DMF, 60

°C, 92%. c. NaOMe, MeOH, rt, 72%.
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Synthesis of intermediates with modification at the non reducing end
Synthesis of BOT_41 and BOT_49

In order to carry out the modifications at the primary hydroxyl group at the non reducing
end compound 9 was targeted, which was synthesized from commercially available
maltose 4 in five steps (Scheme 2.2). The free 4 ” and 6 * hydroxy groups were protected
with benzylidene acetal under mildly acidic condition, followed by acetylation to yield
6. In the next step the benzylidine acetal was cleaved by acid hydrolysis to yield 7. The
primary hydroxy group was selectively protected with a bulky trityl group, followed by
acetylation of the secondary hydroxy group. Finally, the trityl group was removed by

acid hydrolysis to yield the desired compound 9.
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Scheme 2.2: a. PTSA - H,0, DMF, 50 °C, 39 mbar, 64%. b. Ac,0, pyridine, 81%.
c¢. AcOH/H,0, 95 °C, 67%. d. i. TrCl, pyridine, 95 °C; ii. Ac,0, pyridine, 86%. e.
AcOH/H,0, 95 °C, 76%.
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In the next step, the primary hydroxy group in 9 should be oxidised to the corresponding

carboxylic acid 10 ( Scheme 2.3).
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Scheme 2.3: Trials to oxidise the primary alcohol to carboxylic acid

Table 2.1: Trials to oxidise the primary alcohol to carboxylic acid

S. No | Condition Comments

1 Jones oxidation Poor conversion
2 IBX (1-15 eq.), DMSO 25%

3 TEMPO/ BAIB, DCM/H,0(1:1), rt | 65%

4 TEMPO/ BAIB, DCM/H,0(1:1), 40 | 11

The reaction was attempted using various chromium and periodinane based reagents.
However, the reactions suffered from low yields (Table 2.1). The best yield of 65% was
achieved by TEMPO mediated oxidation in the presence of Bis(acetoxy)iodobenzene

(BAIB) as a secondary oxidant in dichloromethane (DCM) / water as solvent. Further
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attempts to increase the yield were unsuccessful, elevation in temperature yielded the

anhydride 11 as a major product.

The carboxylic acid 10 was treated with the respective amines under standard conditions

using T3P as a coupling reagent to obtain the products 12 and 13 (Scheme 2.4).
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Scheme 2.4: a. 3-azidopropylamine, T3P, Et;N, CH,Cl,, 37%. b. Azide-PEG3-Amine,
T3P, Et;N, CH,Cl,, 62%.

Finally, Zemplén deacetylation was performed on 12 and 13 to deprotect the acetyl
groups. The reactions showed clean conversions to yield BOT_41 and BOT_49 when
monitored by LC-MS, but the isolation of the highly polar compounds was difficult and
resulted in low yields. The compounds were purified by reverse phase flash chromatog-

raphy using an ion exchange amino cartridge.
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Scheme 2.5: a. NaOMe, MeOH, 36%. b. NaOMe, MeOH, 64%.
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Synthesis of BOT_42 and BOT_43

The synthesis of BOT_42 was attempted by the following strategy (Scheme 2.6). The
azide should be obtained from the corresponding bromide. The bromide was intended

to be introduced on compound 9 via a nucleophilic substitution reaction.
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Scheme 2.6: Retrosynthetic analysis of synthesis of BOT_42

In the forward direction, the synthesis of 15 was attempted by performing a nucleophilic
substitution on compound 9 with 1,3 dibromopropane. However, this reaction failed to
yield the desired product. Using a strong base like NaH resulted in deacetylation of
9, whereas using a mild base like K,COj; or Cs,COj resulted in retention of starting
material.

Br” " Br

H NaH/ K,COs/ CsCO3 Br” "o

@)
(o] !
AcO OAc Various temperatures and solvents o]
AcO AcO OAc
AcO 5 /m AcO ACO
ACO OAc
AcO

Due to the limitation of acetate groups as protecting groups to carry out nucleophilic
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substitution, a synthetic route based on benzyl protecting group was proposed. The

benzyl analogue of compound 9 was synthesized as described in Scheme 2.7.

Scheme 2.7: a. BnBr, NaH, DMEF, 0 °C, 67%. b. DIBAL —H, Toluene, —10 °C, 72%.

The introduction of bromopropyl group was a bottleneck even after changing to the ben-
zyl protecting group. Initial trials to introduce the bromopropyl group via nucleophilic
substitution with 1,3 dibromopropane yielded the elimination product 18 as the major

compound.

Bno& m Bno& % @A m

Scheme 2.8: a. 1,3 dibromopropane, BnBr, NaH, DMF, 0 °C, 72% (18), 12% (19).

To overcome the elimination reaction, one bromine atom was replaced by a better leav-
ing group. As shown in Scheme 2.9, 3-bromopropanol was converted into the triflate 21,
which was then used to perform a nucleophilic substitution on 17, to yield the desired

product 19 as a major product and 22 as a minor product.
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Scheme 2.9: a. Tf,0O, Pyridine, CH,Cl,, —78 °C, 89%. b. 21, DIPEA, CH,Cl,, 17.5%.

As shown in Scheme 2.10 the next step was to convert the bromide to an azide through
a nucleophilic substitution to yield 23. Finally, the deprotection of the benzyl groups
was attempted by BCl; in the presence of pentamethyl benzene as a cation scavenger.
Although the formation of the product could be observed by LC-MS, the efforts to purify

it were unsuccessful.
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Scheme 2.10: a. NaN3;, DMF, 60 °C, quant. b. BCl;, PMB, DCM, —78 °C.

Therefore, the route was modified as shown in Scheme 2.11. After extensive optimi-
sation, the ideal condition for debenzylation was found to be palladium catalyzed hy-
drogenation at 10 bar for 12 h to yield 24. Efforts to substitute the bromo group in 24
to azide to directly yield BOT_42 resulted in an undesired product which could not be
characterized. Therefore, acetate group as protecting group was reintroduced, as the
de-protection could be obtained without effecting the azide functionality. Subsequently,

the bromo group was converted into the azide. Finally, the acetate groups were removed
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by Zemplén deacetylation.
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Scheme 2.11: a. Hy, Pd/C, EtOAc/EtOH (2:1), 84% b. Ac,0, pyridine, 78%. ¢. NaNj,
DME, 60 °C, 95%. d. NaOMe, MeOH, 37.2%.

A palladium catalysed hydrogenation was carried out on 22 to yield BOT_43.
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Scheme 2.12: a. H,, Pd/C, EtOAc/EtOH (2:1), 90%.

2.3 Growth recovery assay

To study the uptake of the synthesized intermediates by bacteria, a growth recovery
assay was devised. Bacteria were grown in a carbon-free minimal media to hamper
growth. Carbon source in the form of native substrates or intermediates were added,
and growth recovery was measured as an increase in OD600 at two intervals 24 h and

48 h. The assay was performed on four bacterial strains E. coli WT, E. coli AlamB,
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E. coli ATolC (NCTC8960) and K. oxytoca. The E. coli AlamB is a knockout strain
lacking LamB, the gene encoding for maltoporin, hence cannot transport higher mal-
todextrins. The absence of growth recovery in the mutant AlamB strain would prove
that the uptake of the intermediates is dependent on the maltodextrin transport system.
On the ATolC E. coli strain, a major efflux pump is deleted. The strain was included
as a control to monitor the efflux of the intermediates. K. oxytoca contains an addi-
tional cyclodextrin transporter. On the substrate front, a LB medium (50% LB medium
and 50% minimal medium with no carbon source) was used as a positive control to
compare relative growths. The native substrates of the maltodextrin transport system
maltose (G2), maltotriose (G3) and maltohexose (G6) were used to optimise the assay.
Acarbose is transported by the maltodextrin transport system, but it does not support
growth because it is a poor substrate for maltodextrin metabolic enzymes.''? It was in-
cluded as a negative control to demonstrate that compounds that do not restore growth
may still be transported. A limitation of this assay was that high concentrations of even
the native substrates were required to elicit a response detected by the OD600 measure-
ments. To increase the sensitivity of this assay, an ATP-bioluminescence readout was
multiplexed to the OD600 measurements. This assay involves the addition a BacTiter-
Glo™reagent to bacterial cells. The reagent results in cell lysis and generation of a
luminescent signal. The measured luminescence is proportional to the ATP content,
which is proportional to the number of cells. This assay allows the measurement of
ATP from as few as 10 bacterial cells. This helps in detection of molecules that are
capable of maintaining metabolism, but cannot induce significant growth to elicit an
increase in OD600.!'! The results of the growth recovery assay are summarized in the
Figure 2.2 (OD measurement after 24h), Figure 2.3 (OD measurement after 48h) and

Figure 2.4 (ATP-bioluminescence measurement after 48h).
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Figure 2.2: Bacteria were grown in a carbon free medium and treated with 0.4% w/v of
the carbon source. The recovery of growth after 24 h measured by OD600. G2, G3, G6
and CD6 represent maltose, maltotriose, maltohexose and cyclodextrin, respectively.
n>6, except n=3 for CD6 in K. oxytoca
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Figure 2.3: Recovery of growth after 48 h measured by OD600. n>6, except n=3 for
CD6 in K. oxytoca
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Figure 2.4: Recovery of growth after 48 h measured by ATP-bioluminescence. n>6,
except n=3 for CD6 in K. oxyfoca

As seen in Figure 2.2, the native substrates maltose(G2), maltotriose(G3) and malto-
hexose(G6) recovered growth as effectively as the positive control (LB medium). Mal-
tohexose recovered growth only in E. coli WT indicating uptake dependent on the mal-
todextrin transport system. Cyclodextrin (CD), which is not a substrate for the system,
did not recover growth in E. coli. In K. oxytoca which has an additional cyclodex-
trin transporter, cyclodextrin recovered growth effectively. No recovery in growth was

observed for acarbose which was used as a negative control.
The most notable observations here can be summarized as follows:

* A minor restoration in growth is observed by BOT_41 in E. coli as well as in
AlamB E. coli. In K. oxytoca the recovery of growth by BOT_41 is comparable

to that by the native substrates.
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* BOT_46 restores growth in E. coli and K. oxytoca in a lamB dependent manner.

The restoration of growth by BOT_41 but not by BOT_42 and BOT_43 in E. coli sug-
gests that the amide functionality at the non reducing end is better tolerated by the
transport system as well as the metabolic enzymes compared to the ether linkage. The
comparable recovery of growth in E. coli AlamB is not surprising, as specificity is intro-
duced only in the higher maltodextrins, as evident in recovery of growth by maltose(G2)
and maltotriose(G3). The absence of growth recovery by BOT_49 indicates that the
long PEG linker is detrimental to the uptake or metabolism. The recovery of growth
by BOT_46 only in E. coli WT, indicates specific transport by the maltodextrin trans-
port system. This result is inconsistent with literature reports that blocking the reducing
end results in no uptake.’’ However, it supports the reports that maltodextrin—perylene

conjugates are transported in the bacteria in millimolar concentration. '%41%8

The comparable recovery of growth by BOT_41 and BOT_46 as compared to the native
substrates in K. oxyfoca indicates a possible uptake of these intermediates also through
the cyclodextrin transport in addition to the maltodextrin transport. The results also
indicate that no significant efflux of the intermediates take place, as the restoration of
growth in E. coli ATolC is comparable to that of the E. coli WT and remains unvaried
over the course of time (comparing recovery between 24 h and 48 h).

It should be emphasized here that the growth restoration by the synthesized interme-
diates in the growth recovery assay was not be as efficient as that of native substrates.
This could be due to two reasons: a) The modified maltodextrins may not be as effi-
ciently transported by the transport system, b) the modified intermediates may not serve

as substrates for the metabolic enzymes, as evident from acarbose.

In conclusion, the positive growth recovery by BOT_41 is an encouraging sign that mal-
todextrins modified at the non reducing end can be exploited in the trojan horse strategy.

Recovery of growth exclusively by BOT_41 illustrates that an amide functionalized in-
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termediate with a short linker is a better substrate both for the transport and metabolism
of maltodextrins. While the growth recovery assay is a robust method to prove the up-
take of the intermediates by the bacteria, the absence of recovery does not prove lack of
uptake. To overcome this limitation, the uptake is studied by imaging of fluorescence

probes, as discussed in the next chapter.
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3| Maltodextrin based imaging probes

Fluorescence probes serve as powerful tools in chemical biology, due to the simplicity,
low detection limit and most importantly their utility in bioimaging of cells.!'? In this
Chapter, fluorescent probes have been employed to conduct a detailed structure activity
relationship study, to assess the tolerated modifications on the substrate by the mal-
todextrin transport system. A series of fluorescent conjugates with maltodextrins has
been synthesized by systematically varying important parameters, which will be dis-
cussed in detail in the following sections. The probes have been investigated for uptake
using a growth recovery assay and confocal microscopy. The results have been further

validated using a FACS analysis.

3.1 Design of fluorescent probes

A systematic series of fluorescent probes was designed by varying critical parameters

that could effect the uptake of the conjugates. These parameters include:
* Choice of maltodextrins

Three different maltodextrins i.e maltose, maltotriose and maltohexose, were used
as base sugars to understand the effect of the number a glucose units on the trans-

port of the conjugates.
* Choice of linker

The choice of linker can also be critical in the uptake of the conjugates. Linking
groups are used to attach the maltodextrins to the fluorescent dye and also to
reduce the impact of the fluorescent group on the maltodextrin by acting as a
spacer. In this study, in the most basic form, a three carbon alkyl linker has been

used. In general, the hydrophobic alkyl linker may exhibit non specific binding to
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proteins through hydrophobic interactions. As an alternative, a long PEG linker
has been used. In addition to minimizing the non-specific uptake, it helps to

improve the solubility of the probes.
Choice of fluorescent dyes

It is important that the optical properties of the fluorescent dyes are tailored to-
wards use in biological environments. These properties include photostability,
extinction coefficients and quantum yields in aqueous media, visible or near-
IR excitation and emission profiles to reduce or eliminate sample damage and
autofluoresence from endogenous chromophores. Considering these properties,

BODIPY FL, NBD and perylene were selected.
Attachment site

As previously explained, the attachment site of the linker plays a crucial role
in the transport of the maltodextrins. To further investigate the results obtained
from the growth recovery assay, a series of conjugates were synthesized with
modifications at the non reducing end. In addition, literature-known compounds

with modification at the reducing end were synthesized.
Mode of attachment

Three main reactions have been employed to conjugate the fluorescent dyes to
the maltodextrins, which include classical methods like reductive amination and

amide coupling and more recently developed azide-alkyne cyclo-addition.
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A list of novel fluorescent conjugates with modifications at the non reducing end is
shown in Figure 3.1. BOT_10 and BOT_14, the two perylene containing probes con-
jugated at the reducing end of the sugar and reported to be specifically internalized

through the maltodextrin transport system are also shown in Figure 3.1.

The rationale behind the design of these molecules was to obtain a direct comparison
between a set of probes to understand the effect of critical parameters on the uptake. A
comparison between BOT_10, BOT_14 and BOT_47 will help to understand the effect
of attachment site. BOT_16 and BOT_51 could be compared to show the effect of the
number of sugar units. BOT_15, BOT_16, BOT_18 could be used to explain the effect
of mode of attachment. The effect of linker length can be understood by comparing
BOT_45 with BOT_50, BOT_44 with BOT_48 and BOT_16 with BOT_18. Finally,
comparison between BOT_44, BOT_45 and BOT_47; and BOT_48 and BOT_50 will

give an understanding about the effect of dye on uptake.
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Literature reported probes with modification at the reducing end
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Figure 3.1: Structures of fluorescent conjugates
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3.2 Synthesis of fluorescent conjugates

Synthesis of coumarin based probes

Synthesis of BOT_15

In the first approach, the synthesis of BOT_15 was planned as depicted in Scheme 3.1.
BOT_15 could be obtained from the de-protection of acetylated conjugate 25. Coumarin
343 (26) was planned to be added at a late stage of the synthesis using an amide cou-
pling. A reductive amination of amine 28 and aldehyde 29 could yield the maltose-linker

conjugate 27. The aldehyde 29 could be obtained from the oxidation of 9.

o o
;'N/\é/\o/)\ﬂu Z HN/\é ONH =
3 3
o} o~ o N = o} o~ o N =
Ho OH AcO OAc
o) o)
OH OAc
HO S AcON—
BOT_15 25
o \HN/VONNHZ
g N\ 3
HO™ 7 S
J + Aﬂ% OAc :>H2N”§A N NHBoc  + Ac%o&‘
OAc
~" AcO %) AcO

26 27 28

Scheme 3.1: Retrosynthetic analysis of synthesis of BOT_15

The controlled oxidation of the primary hydroxy group in compound 9 to aldehyde

was attempted by using various oxidising agents. The conditions are summarized in
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Table 3.1. As evident from the table, multiple attempts using standard oxidising agents

resulted either in no or very poor conversion (< 30%). The poor conversion could be

due to the tendency of the acyl groups to undergo intra-molecular migration to the free

hydroxy group. '

OH H

Scheme 3.2: Trials to oxidise the primary alcohol to aldehyde

Table 3.1: Trials to oxidise the primary alcohol to aldehyde

S. No | Condition Comments

1 PCC, DCM, rt Poor conversion
2 DMP, DCM, rt Poor conversion
3 Swern oxidation No reaction

4 Parikh Doering oxidation No reaction

5 IBX (1-15 eq.), EtOAc, 80 °C Poor conversion
6 IBX (1-15 eq.), DMSO, rt Poor conversion
7 TEMPO, NaOCl, -BuOH/ H,O, rt No conversion
8 TEMPO, NaBr, TBAF, t-BuOH/ H,O, rt No conversion
9 TEMPO, 5,5-dimethylhydantoin, -BuOH/ H,O, rt | Carboxylic acid
10 TEMPO/ BAIB, DCM, rt Poor conversion

In addition to the poor conversions, the isolation of the aldehyde was unsuccessful.

Therefore, using a one-pot two-step sequence with the reactants 28 and 9 involving

an oxidation with TEMPO and BAIB, imine formation and reduction was performed

(Scheme 3.3) to give the desired product 30 in 15% yield .
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Scheme 3.3: a. i. 28, TEMPO/ BAIB, DCM, 1i. Na(OAc);BH, 15%.

In the next step, the Boc protecting group was removed to yield the amine 27. The amide
formation between compound 27 and coumarin 343 was unsuccessful using standard

EDC coupling, due to solubility issues (Scheme 3.4).

HNMON NHBoc HNMONNHZ-TFA
3 3
0 0

AcO OAC AcO OAc

I AcO —X—
AcO AcO m AcO o M
(0]
OAc OAc
AcO 0 AcO %)
30 27

X
/\é/\ O/)’\/\ N =
HN . H
0 O O N
AcO
0 OAc
AcO [e)
2o OAc
AcO

C

25

Scheme 3.4: a. TFA/CH,Cl,(1:1), quant. b. EDC/ HOBt, DMF, rt.
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Therefore, an alternate synthetic route was envisioned (Scheme 3.5). This strategy in-
volved the initial conjugation of coumarin 343 with the linker, which could then be used
to perform a nucleophilic substitution on compound 32 to yield the acetylated conjugate

25.

31 32
OH
(0]
AcO c
AOCO ~5 OAc
26 33 9

Scheme 3.5: Retrosynthetic analysis of compound 25

As a first step, 32 was synthesized by converting the hydroxy group in 7 into a bet-
ter leaving tosyl group to facilitate the substitution reaction (Scheme 3.6). Selective
tosylation is achieved at the primary hydroxy group due to the steric hindrance at the

secondary hydroxy group.
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Scheme 3.6: a. i. TsClI (1.1 eq.), pyridine; ii. Ac,0, pyridine, 72%.

The coumarin-PEG conjugate 31 for substitution was synthesized starting from 33 in
three steps in good yield. Initially, selective Boc protection of one of the amine group of
compound 33 was performed to give 28. An amide coupling between 28 and coumarin
343 was performed by employing T3P to yield 34. Finally, the Boc protecting group

was removed under acidic condition to yield the desired amine 31.

3

34 31

Scheme 3.7: a. Boc,O, DCM, rt, 48%. b. T3P, DCM, rt, 82%. c¢. TFA:DCM(1:1), rt,
56%.

The nucleophilic substitution of tosylate 32 by amine 31 was unsuccessful under various
conditions (Scheme 3.8). In the absence of a base, increasing the temperature had no
effect on the reaction (Table 3.2 Entry 1,2). Owing to the base-labile nature of the

acetate groups, only a weak base such as Et;N and a non-nucleophilic base such as DBU
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could be employed to facilitate the reaction. However, adding the base had no effect on
the reaction (Table 3.2 Entry 3-7). Ionic liquids are known to significantly enhance
the reactivity of nucleophilic substitution reactions.''* However the reaction performed
in [bmim]PFg as opposed to conventional solvents resulted in no reaction (Table 3.2
Entry 8,9). Attempts to obtain microwave (MW) assisted substitution to accelerate the
reaction as reported in!'> also remained unsuccessful (Table 3.2 Entry 10-12). A brief

summary of the attempted conditions is provided in table Table 3.2.

OTs HN/\é/\ O/)\/\

3
o] -
AcO OAc Conditions AcO 0 OAC
AcO — X AcO
" ﬁ&ﬂ - &
<O OAc O

O
Al

AcO AcO

33 28

Scheme 3.8: Trials towards nucleophilic substitution

Table 3.2: Trials towards nucleophilic substitution

S No | Conditions

31, DMEF, rt, 24 h

31, DMEF, 100 °C, 24 h

31, DMF, Et;N, rt, 24 h

31, DMF, Et;N, 60 °C, 12 h
31, THE, Et;N, 60 °C, 12 h

31, DMSO, DBU, rt, 12 h

31, DMSO, DBU, 100 °C, 12 h
31, [bmim]PF, rt, 24h

31, [bmim]PFg, CsOH, rt, 24h
31, DMEF, 100 °C, MW

31, DMF, DBU, 100 °C, MW
31, DMF, TBAI, DBU, 100 °C, MW

—_—

O 0| | O\ | K| WD
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=]

—_—
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—
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To overcome the difficulties in oxidation and substitution reaction owing to the labile
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nature of the acetate protecting group, a synthesis based on permanent benzyl protecting
group was envisioned (Scheme 3.9). BOT_15 could be obtained by palladium catalysed
hydrogenation of the benzyl protection groups in conjugate 35, which could be obtained
by coupling the coumarin-linker conjugate 31 with the benzylated aldehyde 36 by means

of a reductive amination. The aldehyde 36 should be prepared from 17.

sy - g

B

BOT 15 35
o H OH
O
(o)
H/\/bo/\% BnO 2 oBn —_— B0 oBn
3 + BnO BnO o
o BnO o) mOBn
(] OB BnO
BnO ~ n BnO
36 17

Scheme 3.9: Retrosyntehtic analysis based on benzyl protecting group

The oxidation of the primary hydroxy group in benzylated compound 17 under different
oxidising conditions gave the aldehyde 36 in markedly better yields as compared to the

acetylated analogue (Table 3.3).

Table 3.3: Trials towards oxidation of 17 to 36

S. No. | Conditions Yields (%)
1 DMP, DCM, rt 45

2 PCC, DCM, rt 30

3 TEMPO, BAIB, DCM, rt 36

4 IBX, EtOAc, rt 42

5 Swern oxidation No reaction
6 EDC.HCI, Pyr, DMSO, CF;CO,H | 48

Yield were determined by LC-MS.

However, the isolation of the aldehyde was not successful. Therefore, reductive amina-
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tion was carried out using the crude mixture of 17 and 36, and the coumarin containing

linker 31 to yield 35 in 20% yield.

[e]
OH N HNMONH =
o} o= 3 N
BnO 0Bn o} Q SIS |
BnO a BnO OBn b BnO OBn
BnO o BnO BnO
_ BnO o BnO o)
OBn 0 o)
BnO OBn BhO OBn
BnO BnO

Bcr)1O
BnO

17 35

Scheme 3.10: a. EDC.HCI, pyridine, DMSO, CF;CO,H, 48%, b. 31, Na(OAc);BH,
MeOH, rt, 20%.

The final step in the synthesis was the deprotection of benzyl groups in 35. Table 3.4
depicts all the conditions screened for this transformation. Anhydrous FeCl; has been
reported to efficiently cleave benzyl ether at room temperature in very good yields. !¢
Employing FeCl; to for deprotection of 35 however resulted in no reaction (Entry 1). A
similar result was observed on attempting Pd/C-induced catalytic transfer hydrogenation
with triethylsilane!'” (Entry 2). Palladium catalysed hydrogenation using 5% Pd/C as
catalyst resulted in no reaction. Increasing the catalyst load to 10% had no effect on
the reactivity (Entry 3). Using Pearlman’s catalyst and increasing the catalyst load up
to 20 % in methanol and ethanol failed to facilitate the reaction (Entry 4 and 5). When
performed in acetic acid, the reaction resulted in de-colouration of solution, indicating
degradation of the fluorophore (Entry 6). When catalytic amount of acetic acid was used
the reaction was extremely slow, with only partially debenzylated products observed
even after 3 days (Entry 7). To accelerate the reaction a pressure of 10 bar was applied.
This did not significantly improve the results of the reaction, however, on increasing the
catalyst load to 20% at 10 bar, degradation of fluorophore was observed (Entry 9). The
reason for the inefficient removal of benzyl group by palladium catalysed hydrogenation
could be because of the poisoning of catalyst by the amine group generated by the

reductive amination. Therefore, the debenzylation was attempted under mildly acidic
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condition with PMB as a cation scavenger.’’ Monitoring the reaction by LC-MS showed
clean conversion to BOT_15 in 4 h. However, the isolation of the product was inefficient

due to solubility issues, accounting for the moderate yield of 40% (Entry 10).

fe) (o]
HN/\Q/\O/)\/\N = HN/\é/\O/)\/\H P
H 3
o 3 oo N 0 0”0 N
BnO OBn Hﬂo OH
BnO e conditions HO o
3 ° 0Bn o OH
BnO HO

BnO

35 BOT_15

Table 3.4: Trials to prepare BOT_15 by deprotecting 35

S. No. | Conditions Comments/ Yields (%)

1 35, FeCl;, DCM, rt , 24h No reaction

2 35, Pd/C (10-20 %), Et;SiH, MeOH, 48 h No reaction

3 35, Pd/C (5-10 %), H,, MeOH, 24 h No reaction

4 35, Pd(OH)/C (10-20 %), H,, EtOH, 24 h No reaction

5 35, Pd(OH)/C (10 %), H,, MeOH, 24 h No reaction

6 35, Pd(OH)/C (10 %), H,, CH;COOH , 24 h Fluorophore decomposed
7 35, PA(OH)/C (10-20 %), H,, MeOH, CH3COOH (cat.), 3 days Partial debenzylation

8 35, PA(OH)/C (5 %), H,, MeOH, CH3COOH (cat.), 10 bar, 12 h | Partial debenzylation

9 35, PA(OH)/C (20 %), H,, MeOH, CH3COOH (cat.), 10 bar, 12 h | Fluorophore decomposed
10 35, BCl;, PMB, DCM, —78 °C 36%

Synthesis of BOT_16

The retrosynthetic approach to BOT_16 is shown in Scheme 3.11. The benzylated pre-
cursor 37 should be obtained by an amide coupling between the amine 31 and benzy-
lated carboxylic acid 38. A TEMPO mediated oxidation of the primary hydroxy group

in 17 was planned to obtained 38.
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Scheme 3.11: Retrosynthesis of BOT_16

The synthesis of BOT_16 was straightforward (Scheme 3.12). TEMPO mediated oxi-
dation of 17 gave 38 in very good yields. Compound 38 was attached to the coumarin-
linker conjugate 31 using T3P as a coupling reagent to obtain 37 which was subse-

quently debenzylated using BCl; to yield BOT_16 in a yield of 60%.

(0]
B
BnO

o]
HO Y/
fo) HO™ o
BnO
s OBn a B"ES] . OBn b
ol A
OBn
BnO ) no OBn

38

(o) (o]
HN/\Q/\O/)V\H Z HN/\MO/)\/\H =
(o] c ) N
o 3 o) (o} N o 3 0% "o N
BnO OBn HO OH
BnO HO

O
BnO OBn
" BnO

37 BOT_16

Scheme 3.12: a. TEMPO/BAIB, CH,Cl,/H,0 (1:1), 85% b. 31, T3P, Etz:N, CH,Cl,,
65% c¢. BCl;, PMB, DCM, —78 °C, 45%.
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Synthesis of BOT_18

The synthesis of the 1,2,3-triazole ring in BOT_18 was planned via a copper catalyzed
click reaction, which required introduction of alkyne and azide functional groups on the

sugar and coumarin 343, respectively.

A Williamson ether synthesis'!® was carried by using propargyl bromide as alkylation

agent and sodium hydride as a base to introduce the alkyne handle on the primary hy-

J|

17 39

droxy group in 17 (Scheme 3.13).

Scheme 3.13: a. propargyl bromide, NaH, THF-DMPU, rt, 95%.

The azide moiety was introduced on the coumarin by means of an amide coupling with

3-azidopropylamine using T3P as a coupling agent.

o
S N/\/\N3
a H
N o~ o
26 40

Scheme 3.14: a. 3-azidopropylamine, T3P, Et;N, CH,Cl,, 74%.

The two building blocks for the triazole 39 and 40 were added to undergo a copper-
catalyzed azide-alkyne cycloadditions (CuAAC). CuSO, -5 H,0 (Cu(Il)) was treated
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with sodium ascorbate to generate the Cu(I) as an active catalyst in situ. To account
for the solubility of 39 a DCM/H,O biphasic solvent was used in the reaction. Tris(
benzyltriazolylmethyl)amine (TBTA) was added as a Cu chelator to stabilize the Cu(I)
species. Under the above-mentioned conditions the reaction resulted in the formation of
the desired product 41 (Scheme 3.15). 41 was subsequently debenzylated using BCl; to
yield BOT_18 in a yield of 28%.
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Scheme 3.15: a. 40, CuSO,4, NaAsc, TBTA, CH,Cl,/H,O (1:1), 1t,73.5% b. BCl;,
PMB, DCM, —78 °C, 28%.
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Synthesis of BOT_44, BOT_45 and BOT_47

BOT_44 (BODIPY conjugate), BOT_45 (NBD conjugate) and BOT_47 (Perylene con-

jugate) could be obtained from a CuAAC between common azide intermediate BOT_42

and the respective fluorophore modified alkynes (Scheme 3.16).
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42 a 42 b 42 ¢

Scheme 3.16: Retrosynthetic analysis of BOT_44, BOT_45 and BOT_47

Standard CuAAC conditions with in situ generation of Cu(I) from CuSO,4 was employed

for the synthesis of of BOT_44 and BOT_45. Since the intermediate BOT_42 is water

soluble, the reactions were performed in a homogeneous DMF/H,0 (1:4) mixture as

solvent. The choice of solvent was also made to simplify the purification process, as

the reaction mixture could be directly injected in the HPLC for purification. BOT_42
was treated with BODIPY FL-alkyne 43a and NBD alkyne 43b to yield BOT_44 and

BOT_45, respectively, in good yields (Scheme 3.17).
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Scheme 3.17: a. 43a, CuSO,4, NaAsc, TBTA, DMF/H,0 (1:4), rt, 85% b. 43b, CuSOy,
NaAsc, TBTA, DMF/H,0 (1:4), rt, 73%.

The synthesis of BOT_47 by treating BOT_42 with the perylene alkyne 43¢ under the
above mentioned conditions, resulted in poor yields due to the insolubility of the pery-
lene alkyne in water. Therefore, the reaction was performed using the acetylated azide
14 in DMF/H,0. The acetylated conjugate 44 was then deprotected using the Zemplén
deacetylation (Scheme 3.18). However due to solubility issues, purificatin by HPLC

resulted in low yields.
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Scheme 3.18: a. 43¢, Cul, DMF, DIPEA, rt, 49% b. NaOMe, MeOH, 15%.

Synthesis of BOT_48 and BOT_50

Similar to the synthesis of BOT_44, a CuAAC between BOT_49 and 43a and
43b using CuSO, and sodium ascorbate yielded BOT_48 and BOT_50, respectively
(Scheme 3.19).
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Scheme 3.19: a. 43a, CuSO,, NaAsc, TBTA, DMF/H,0 (1:4), rt, 17% b. 43b, CuSQOy,
NaAsc, TBTA, DMF/H,0 (1:4), rt, 15%.

Synthesis of BOT_51

The synthesis of the maltohexose-coumarin conjugate BOT_51 was planned according

to the synthesis of its maltose analogue BOT_16 as described in Scheme 3.20.
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Scheme 3.20: Retrosynthesis of BOT_51

The retrosynthesis of the acetylated maltohexose containing a free primary hydroxy

group at the non-reducing end 48 is depicted in Scheme 3.21, similar to the maltose

analogue.
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Scheme 3.21: Retrosynthetic route for the synthesis of 48

As the maltohexose eicosaacetate 49 is an inexpensive starting material as compared to
the commercially available maltohexose, maltohexose was synthesized by performing a

Zemplén deacetylation 49 (Scheme 3.22).
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Scheme 3.22: a. NaOMe, MeOH, 87%.

The protection of the free C-4’ and C-6" hydroxyl groups of maltohexose using

benzylidene dimethyl acetal under mild acidic conditions was attempted to yield 54

(Scheme 3.23).
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Scheme 3.23: Trials towards benzylidene acetal protection

Table 3.5: Trials towards benzylidene acetal protection

S. No Conditions Yield (%)
1 Benzyldehyde dimethyl acetal (5-10 eq.), PTSA, DMF, 50-80 °C, 40mbar 10-12
2 Benzaldehyde dimethyl acetal (5-10 eq.), Amberlyst IR-120, DMF, 50 °C, 150 mbar 7
3 Benzaldehyde dimethyl acetal, PTSA, MW, conditions (Table 3.4) 12-40

Under the conditions optimised for the maltose analogue, the yields of the reaction were
poor (10-15%). We assume that the yield of this reaction was low, because the formation
of the benzylidene acetal is a reversible reaction. Attempts to increase the yield of the

reaction by increasing the temperature and increasing the equivalents of benzaldehyde
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acetal were unsuccessful (Table 3.5 Entry 1). Literature reports involving the use of
Amberlyst ® 15H * as an acid in the reaction to obtain the product in fair yields'"’

could not be reproduced (Table 3.5 Entry 2).

Table 3.6: Optimisation of microwave assisted benzylidene protection

S. No. | Scale (mg) | Source of 53 Temperature (°C) | Eq. of acetal | Time (h) | Yield (%)

1 10 Commercial 60 5 1-5 12-15

2 10 Commercial 60 5-10 1-5 12-15

3 10 Commercial 60 10 1 35

4 10 Commercial 60 20 1 Mixture of products
5 100 Commercial 60 10 1 38

6 100 Commercial 60 10 1 26

7 100 Commercial 80 10 1 40

8 500 deacetylation of 1 | 80 10 1 40

9 g deacetylation of 1 | 80 10 1 10

Finally, attempts were made to improve the yield by performing the reaction in mi-
crowave. At 60 °C with 5 eq. of the acetal, the reaction did not show any improvement
(Table 3.6; Entry 1). Increasing the concentration of the acetal in the same reaction
mixture did not have any positive impact on the reaction (Entry 2). On performing the
reaction with 10 eq. of acetal resulted in improvement of the yield to 35%. Increasing
the acetal concentration to 20 eq. resulted in a mixture of products corresponding to
multiple acetal containing product (Entry 4). Therefore the concentration of the acetal
was optimised to 10 eq. The reaction was scalable up to 500 mg (Entry 5-8). On a
1 g scale the reaction suffered from poor yields. The reaction temperature could be
increased to 80 °C to achieve slightly better yields. Also, the reactivity of commer-
cially available maltohexose and deacetylated maltohexose synthesized according to

(Scheme 3.22) remained consistent.

The next steps were similar to the synthesis of the maltose analogue. The free hydroxy
groups in compound 54 were acetylated to yield 50. In the next step the benzylidene
acetal was cleaved by acid hydrolysis to yield 51. The primary hydroxy group was

selectively protected with a bulky trityl group, followed by acetylation of the secondary
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hydroxy group to yield compound 52. The desired alcohol 48 was synthesized by acidic
removal of the trityl group. Finally, the synthesis of the acid 47 was achieved via a

TEMPO mediated oxidation of the primary hydroxy group in 48 (Scheme 3.24).
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Compound 47 was coupled to the coumarin-linker conjugate 31 using T3P to obtain
the acetylated conjugate 45 in good yields. In the final step, the acetyl protecting
groups were cleaved via a Zemplén deacetylation to yield the desired conjugate BOT_51

(Scheme 3.25).
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Scheme 3.25: a. 31, T3P, Et;N, CH,Cl,, 56%, b. NaOMe, MeOH, 10.7%.

3.3 Characterization of probe uptake

The uptake of the fluorescent probes in bacteria was studied using a growth recovery as-
say and imaging by confocal microscopy. To get quantitative information on the number

of labelled cells a fluorescence-activated cell sorting (FACS) analysis was performed.
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3.3.1 Growth recovery assay

Fluoroscent probes BOT_10, BOT_14, BOT_44, BOT_45 and BOT_48 were tested for
uptake in a growth recovery assay using the same conditions discussed in section 2.3.
Since the ATP- bioluminescence assay is more sensitive than the OD600 measurements,
only the ATP measurements were performed. The results of the growth recovery assay

as observed by the ATP measurement after 48 h are summarized in Figure 3.2.
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Figure 3.2: Recovery of growth after 48 h measured by ATP-bioluminescence. gl, g2,
g6 and CD6 represent maltose, maltotriose, maltohexose and cyclodextrin, respectively.
Acarbose is used as a negative control. n>6, except n=3 for CD6, BOT_44 and BOT_44
in K. oxytoca

It can be seen from Figure 3.2 that no restoration in growth was observed for any of the
conjugates. The small amount of growth observed for BOT_10 was about the same as
that of the negative control acarbose. As discussed earlier, absence of growth recovery

does not rule out the possibility of uptake.
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Also, no ATP content was recorded for the BODIPY conjugates BOT_44 and BOT_48,
indicating decrease in the initial bacterial count. One possible reason could be that the

BODIPY conjugates BOT_44 and BOT_48 are toxic to bacteria.

3.3.2 Confocal microscopy assay

Internalisation of the fluorescent probes in E. coli was further studied by imaging us-
ing confocal microscopy. To determine if the uptake is dependent on the maltodextrin

pathway, the probes were tested on AlamB E. coli.

E. coli WT and A lamB E. coli were incubated at a concentration of 0.2 uM of the
probes. Confocal microscopy was performed after 30 min of incubation with the probes.
Cells were washed twice with PBS to remove any background fluorescence. A 488 nm
laser was used as an excitation wavelength for the BODIPY conjugates and a 405 nm

laser was used for the coumarin, perylene and NBD conjugates.

The results of the experiments are discussed according to the type of dyes used.

Perylene conjugates

The confocal microscopy images of E. coli WT and AlamB E. coli incubated with

perylene conjugates BOT_10, BOT_14 and BOT_47 are summarized in Figure 3.3.

From the overlay of fluorescence microscopy and bright field images, all three conju-
gates could label a sub-population of E. coli WT. This could be because of the differ-
ential staining of cells in different stages of their growth cycle. Also, very few cells
of AlamB E. coli were labelled by these conjugates. This result indicates that all three

probes are transported in a lamB dependent manner.

79



’
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(d) AlamB E. coli, BOT_10 (e) AlamB E. coli, BOT_14 (f) AlamB E. coli, BOT_47

2=0.0um 0 pmi0

Figure 3.3: Confocal microscopy images of labelling by perylene conjugates. 200 L
cellular suspension was incubated with 2 pL of the probes. Excitation wavelength: 405
nm, emission wavelength: 435 nm.

Coumarin conjugates

The confocal microscopy images of E. coli and AlamB E. coli incubated with coumarin

conjugates BOT_15, BOT_16, BOT_18 and BOT_51 are summarized in Figure 3.4.

Of the three maltose based probes BOT_15, BOT_16, BOT_18, only BOT_18 labelled
E. coli WT. AlamB E. coli was labelled to a much lesser extent by BOT_18. The
images obtained for the maltohexose probe BOT_51 indicate equal labelling in both
E. coli WT and AlamB E. coli. This could mean that a) the probes are transported in a
manner independent of lamB, or b) the probes show non specific binding to the bacterial

surface.
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It should be noted that the intensity of fluorescence of the coumarin conjugates is much
lower compared to the perylene conjugate. It could mean that the concentration of the
these conjugates is less inside the cells. The difference in fluorescent intensities could
also be due to the lower quantum yield of coumarin 343 (0.63) as compared to perylene

(0.99).

z=0.0um

(a) E. coli WT, BOT_18 (b) E. coli WT, BOT_51

z=0.0pm

(c) AlamB E. coli, BOT_18 (d) AlamB E. coli, BOT_51

Figure 3.4: Confocal microscopy images of labelling by coumarin conjugates. 200 uL
cellular suspension was incubated with 2 uM of the probes. Excitation wavelength: 405
nm, emission wavelength: 477 nm.

NBD conjugates

BOT_45, the maltose-NBD conjugate bearing a short linker was able to label both E.

coli and AlamB E. coli (Figure 3.5). A closer look at the image shows that the la-
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belling is localized at the surface E. coli (Fig. 3.5c), indicating that the probes bind

non-specifically to the surface.

No imaging was observed for BOT_50, the maltose-NBD conjugate with the longer
PEG linker.

(a) E. coli WT, BOT_45 (b) AlamB E. coli, BOT_45

(c) E. coli WT, BOT_45 (d) E. coli WT, BOT_50

Figure 3.5: Confocal microscopy images of E. coli and AlamB E. coli upon incubation
with NBD conjugates at a concentration of 0.2 yM. Excitation wavelength: 405 nm,
Emission: 440 nm.
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BODIPY conjugates

No labelling of either E. coli WT or AlamB E. coli was observed for the BODIPY con-
jugates BOT_44 and BOT_48 (Figure 3.6). This result supports the speculation made

from the growth recovery assay concerning the toxicity of the BODIPY conjugates.

The confocal microscopy experiment gives only a qualitative understanding of imaging

by these probes. To get a quantitative picture a FACS analysis was performed.

=0 Oprm 4 23 z=0.0pm

(a) E. coli WT, BOT_44 (b) E. coli WT, BOT_48

z=0.0pm

2=0.0um 0 AT

(c) AlamB E. coli, BOT_44 (d) AlamB E. coli, BOT_48

Figure 3.6: Confocal microscopy images of E. coli upon incubation with BODIPY con-
jugates at a concentration of 0.2 M. Excitation wavelength: 405 nm, emission wave-
length: 513 nm.
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3.4 FACS analysis

Selected probes that could label bacteria in the microscopy assay, which include the
perylene conjugates BOT_10, BOT_14, BOT_47 and coumarin conjugate BOT_18 were
also analyzed by FACS. FACS analysis of E. coli WT or AlamB E. coli was performed
after incubating the bacteria with 2 M of the probes for 30 mins. A 405 nm laser was
used as the excitation wavelength. To understand the effect of bacterial morphology
on the labelling, analysis was performed using two different cell gates, a full cell gate
and a small cell gate. The small cell gate contained bacterial population of small cells.
The full gate contains large cells in addition to the small cells. The result of the FACS

analysis is shown in Figure 3.7 and Figure 3.8.
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Figure 3.7: Quantification of uptake by FACS analysis: Small gate
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Figure 3.8: Quantification of uptake by FACS analysis: Full gate. Flow cytometric
analysis of E. coli and AlamB E. coli upon incubation with BOT_10, BOT_14, BOT_47
and BOT_47 at a concentration of 2 ;M for 16 h. FSC-forward scatter, SSC-side scatter.

The results of the % of cells labelled by the probes is summarized in Figure 3.9.
Some important observations are listed below:

* 30-50% of the E. coli WT are labelled by the perylene probes BOT_10, BOT_14
and BOT_47. The results are similar both in both the full cell gate and the small

cell gate.

* Similarly, 30-50% of the AlamB E. coli are labelled by the perylene probes
BOT_10, BOT_14 and BOT_47.

* Only 3-5% of the E. coli WT and AlamB E. coli were labelled by the the
coumarin-probe BOT_18.
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Figure 3.9: FACS analysis showing % of cells labelled by the probe

The FACS analysis confirmed that only a sub-population of the bacteria are labelled by
the probes, as observed by microscopy. However, 30-50% labelling of the AlamB E.
coli is a huge deviation from the cell count as seen from the microscopy. This result
indicates that the uptake of these probes is independent of lamB. The coumarin-probe
BOT_18 showed much lower fluorescence at the detection limit resulting in only 3-
5% of probe-positive cells according to flow cytometry. This is in agreement with the

microscopy images.

The mean fluorescent intensities were calculated and summarized in Figure 3.10. Some

important observations include:
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Figure 3.10: FACS analysis showing mean fluorescence intensity of the labelled cells.

* Significant difference in the fluorescent intensities compared to the unstained con-
trol can only be observed for the perylene probes BOT_10, BOT_14 and BOT_47.

The staining in BOT_18 is almost equal to the unstained control.

* Comparing the mean fluorescence intensities of the probes it can be seen that
the cells of the full cell gate are stained more intensely by most probes. It is
hypothesized that they may represent clusters of cells or elongated dividing cells

which are also observed microscopically.

* As these populations seem to be morphologically distinct, a separate analysis of

only the smaller cell population was performed, which gave qualitatively similar

87



results to the full cell gate analysis (3.10b).

Discrepancies in the results of imaging and FACS

* A difference in background and probe signal is observed between imaging and
FACS. The unstained control in FACS analysis shows a fluorescence signal, which
is not observed in the imaging studies. Also, clear labelling of E. coli is observed
by BOT_18 by imaging (Figure 3.4) but no significant staining is observed by
FACS (Figure 3.9).

FACS is the more sensitive assay compared to microscopy. E. coli exhibits
autofluorescence at shorter light wavelengths under standard conditions in flow
cytometric analysis, with most endogenous fluorophores absorbing at 350-500
nm " (Figure 3.10). As discussed earlier, fluorescence intensity of the coumarin
probe BOT_18 is lower as compared to the perylene probes. Due to the lower
intensity of BOT_18 the signal overlaps with the autofluorescence, resulting in

poor signal to noise ratio according to flow cytometry.

* There is also a significant difference in labelling of the AlamB E. coli by both
the methods. While there was a clear preference in the labelling of E. coli by the
probes in florescence microscopy, 30-50% of both the E. coli and AlamB E. coli

was observed in FACS assay.

This difference could be attributed to non-specific binding of the probes to the
cells. In the microscopy assay, during sample preparation the cells were incubated
with the probes and washed three times with PBS to reduce non-specific binding.
This washing step was not followed in the FACS sample preparation and hence

may result in non-specific binding.
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Insights into the structure activity relationship

Effect of number of sugar units

Qualitatively labelling by maltohexose probe BOT_51 is significantly weak when com-
pared to the maltose probe BOT_18. However, as observed in the microscopy assay,
since BOT_51 is transported in lamB independent manner, it is difficult to comment on

the role of number of sugar units.

Effect of dye

The fluorescence intensity of the perylene and NBD conjugates is higher as compared to
the coumarin conjugates, making them better suited for probe development. However,
the NBD conjugates appear to stick non-specifically to the surface of the bacteria. From
the FACS analysis it can be seen that the cells were labelled with the perylene probes a
in a manner independent of lamB. The BODIPY conjugates show no labelling, possibly

due to their toxicity to the cells .

Effect of linker

On comparing labelling by BOT_45 with BOT_50, BOT_44 with BOT_48 and BOT_16
with BOT_18, it is evident there is no uptake of probes containing the long PEG linker.

Therefore, shorter alkyl liker is favourable for the design of the probes.

Effect of the attachment site

The perylene conjugates modified at reducing end, BOT_10, BOT_14 and the conjugate
modified at the non-reducing end BOT_47 result in similar labelling in the imaging

studies indicating no preference for the non-reducing end probes.
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4| Investigation of intracellular accumulation

This chapter deals with investigating the intracellular translocation of the conjugates.
The fluorogen activating protein (FAP)-malachite green (MG) system is described at
the beginning of the chapter. The next section deals with the design and synthesis of the
maltodextrin-MG conjugates. The internalisation of the maltodextrin-MG conjugates

has been studied by monitoring the fluorescent in a plate reader assay.

4.1 Synthesis of maltodextrin-MG conjugates

Design of MG conjugates

Three maltodextrin-MG conjugates were designed to study the uptake of the conjugates
(Figure 4.1). BOT_17 contains a maltose attached to MG via a small alkyl linker using
a click reaction. BOT_52 contains maltose conjugated to MG through a longer PEG

linker via an amide coupling. BOT_53 is the maltohexose analogue of BOT_52.
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Figure 4.1: Structures of maltodextrin-MG conjugates

Synthesis of MG precursors

Two malachite green precursors were synthesized: The azide containing MG 57 to syn-
thesize BOT_17 and the amine functionality containing MG 59 to synthesize BOT_52
and BOT_53.

Compound 55 was synthesized as reported in the literature.*’ The azide moiety was
introduced in 55 by an amide coupling with 3-azidopropylamine using T3P. Compound
56 was then oxidized with p-chloranil to give the desired MG-azide 57 (Scheme 4.1) in
30% yield.
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57

Scheme 4.1: a. 3-azidopropylamine, T3P, Et;N, CH,Cl,, 37%, b. p-chloranil, CH,Cl,,
1t, 30%.

Similarly, the amine functionality was introduced on 55 by an amide coupling with PEG
linker 28 using T3P. Oxidation followed by removal of boc protecting group gave the
desired MG-PEG precursor 59 (Scheme 4.2) in 43% yield.
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Scheme 4.2: a. 28, T3P, Ei;N, CH,Cl,, 51%, b. i. p-chloranil, CH,Cl,, rt. ii. HCI,

EtOH, rt, 43%.

Compound 60 was synthesized by oxidation of 55 in good yields, to be used as a positive

control in the FAP-MG assay.
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Scheme 4.3: a. p-chloranil, CH,Cl,, rt, 43%.
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Synthesis of maltodextrin MG conjugates

A CuAAC between azide 57 and alkyne 39 using CuSO, and sodium ascorbate gave the
benzylated conjugate 61. The benzyl protection groups were cleaved by BClj; to yield
BOT _17 (Scheme 4.4).

BOT 17

Scheme 4.4: a. 57, CuSO4, NaAsc, TBTA, DMF/H,O0 (1:4), rt, 95% b. BCl;, PMB,
DCM, —78 °C, 28%.

The carboxylic acid 10 was treated with the amine 59 under standard conditions using

T3P to give the acetylated conjugate 62 in 40% yields. Finally, Zemplén deacetyla-
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tion was performed on 62 to deprotect the acetyl groups to yield BOT_52 in 9% yield

(Scheme 4.5).
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Scheme 4.5: a. 57, T3P, Et;N, CH,Cl,, 40%, b. NaOMe, MeOH, 9%.

Similarly, the maltohexose analogue BOT_53 was synthesized by performing an amide
coupling between acetylated carboxylic acid 47 and amine 59, followed by Zemplén

deacetylation (Scheme 4.6).
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The benzylated conjugate 64 was synthesized to verify that the probes are taken up by
the maltodextrin transport system. 64 was synthesized by performing a T3P mediated

amide coupling between 38 and amine 59 (Scheme 4.5).
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Scheme 4.7: a. 57, T3P, E;N, CH,Cl,, 40%.

4.2 FAP-MG assay

The uptake of the conjugates was studied in vitro in a E. coli FAP-knock-In strain (E.
coli_FAP6.2). The FAP expression was induced by addition of IPTG. As a negative
control, bacteria were grown in the absence of IPTG. The assay was performed in a 96
well plate and the fluorescence measured over 16 h with the excitation wavelength at
625 nm and emission wavelength at 665 nm. Compound 60 is a known substrate for the
FAP-MG assay, % therefore it is used as a positive control in the assay. Compound 59
was tested to determine whether the PEG bearing MG acts as a substrate. To determine
whether the conjugates are transported inside the cell, BOT_17, BOT_52 and BOT_53
were tested in the assay. The benzylated version of BOT_52 compound 64 was tested
to determine whether the uptake is mediated by the maltodextrin transport system. The

compounds were tested at two concentrations, 1 M and 10 pM.

The results of the fluorescence measurements have been summarized in Figure 4.2.
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Figure 4.2: Kinetic studies on fluorescence emission of MG conjugates with E.
coli_FAP6.2. The compounds were tested at two concentrations, 1 M and 10 uM.
Excitation wavelength=625 nm, Emission=665 nm.

The notable observations are as following:

* The control compound 60 induces fluorescence emission at 665 nm, in accordance

with the literature. The fluorescence intensity induced by 59 is higher that of 60,

implying that it is taken up more efficiently.

* The fluorescence induction at 10 uM works better than 1 M. Also, the fluores-
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cence was dependent on IPTG induction.

* Of the three test compounds, BOT_52 shows the highest fluorescent intensity. At

10 uM concentration BOT_17 shows a small increase in fluorescence over time.

However the intensities of fluorescence are lower when compared to the control

compounds.

* The benzylated BOT_52 64 also induces fluorescence similar to that of 60 but

with lower intensity.

The normalised uptake of the probes has been shown in Figure 4.3.
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Figure 4.3: Normalized probe uptake observed via FAP-MG assay
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All samples tested in the kinetic study were analyzed individually by non-linear regres-
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sion during the linear phase of the curve using Graph Pad Prism 5.0. The time frame for
linear regression was adjusted according to the uptake kinetics (0-60 min for probes 60
and 58 which were taken up fast, 0-120 min for compound 64, 0-180 min for BOT_52
and 0-300 min for DMSO control, BOT_53 and BOT _17).

From Figure 4.3 it can be concluded that BOT_52 shows most efficient uptake. BOT_17
is taken up slowly over time. The uptake of benzylated control compound 64 suggests
that the uptake is not driven by the maltodextrin transport system. However, it should
be noted that that there is a late increase in the RFU value for BOT_52 (480 — 960
min), which is not observed for the control compound 64. This hints the possibility of a
maltodextrin pathway specific uptake during this time window in the growth curve. The
uptake of the BOT_52 provides further evidence that the amide linked conjugates are
preferentially transported compared to the ether linked conjugates, as observed earlier

in the growth recovery assays.

100



5| Antibiotic conjugates

This chapter deals with the final aim of the thesis, which involves the synthesis of
maltodextrin-antibiotic conjugates to achieve intracellular delivery of antibiotics. The
choice of antibiotics, the design and synthesis of antibiotic conjugates will be discussed
in detail in the following sections. Initial results of MIC assay performed in E. coli and

K. oxytoca are discussed towards the end of the chapter.

5.1 Ampicillin conjugates

Ampicillin, a S-lactam antibiotic was chosen to synthesize the antibiotic conjugates.

Ampicillin is an ideal candidate for drug conjugation due to the following reasons:

* It is a clinically validated low molecular weight antibiotic, which is used to treat

a number of bacterial infections. '?!

* The target for ampicillin, pencillin binding protein (PBP) is located in the
periplasmic space. The advantage of an ampicillin conjugate is that it only needs
to cross through the outer bacterial membrane to access the target, as opposed to

accessing cytoplasmic targets. '??

* Cleavable linkers are not required in synthetic S-lactam antibiotic conjugates for

their active transport and enhanced MIC potencies. '*?

* A number of -lactam conjugates have been successfully synthesized, therefore,

the chemistry is well understood. 3°-12*
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5.2 Design of antibiotic conjugates

The active site of PBP is located in the cleft formed between domain I (shown in red)
and domain III (shown in blue) (Figure 5.1). On binding to PBP, the secondary amine
in the ampicillin is pointing away from the active site. Therefore, there is scope for
modification at this position, without impairing the anti-bacterial activity. In this study,
following the report from Zheng andNolan, an alkyne handle was introduced at the

secondary amine to be used in click reaction.””

(a) Amp PBP

(b) Amp PBP

Figure 5.1: Co-crystal structure of penicillin binding protein 4 (dacB) from E. coli,
complexed with ampicillin. a. Global view b. zoom of global view with ampicillin. >3

Translating the information gained from the previous assays, ampicillin was attached to

intermediates that were shown to be internalised by bacteria (Figure 5.2). BOT_55 con-
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taining maltohexose conjugated to ampicillin at the reducing end was designed as the
maltohexose intermediate BOT_46 was internalised in the growth recovery assay. Mal-
totriose has the best serum stability amongst the maltodextrins. '’ Therefore, BOT_55,
the maltotriose analogue of BOT_54 was envisioned. Maltose-ampicillin conjugate
BOT_56 was synthesized because the fluorescent probes containing shorter alkyl linker

were internalised better.
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Figure 5.2: Structures of maltodextrin ampicillin conjugates

5.3 Synthesis of antibiotic conjugates

Synthesis of ampicillin alkyne

As explained earlier, an alkyne handle was introduced at the secondary amine position

of ampicillin to perform click chemistry. 5-Hexynoic acid was converted into the acyl
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chloride 66 . Ampicillin sodium salt was coupled to 66 to give the desired alkyne 68

(Scheme 5.1).

OH

AN
03

65

67

68

Scheme 5.1: a. Oxalyl chloride, THF, quant. b. 5-hexynoic acid, 78%.

Synthesis of ampicillin conjugates

The [-lactam ring in ampicillin is a labile system. The standard click chemistry proto-

cols resulted in high reaction time and the degradation of the /-lactam ring. Therefore,

stoichiometric amounts of CuSO, and sodium ascorbate were employed to decrease the

reaction time.

Ampicillin conjugate BOT_54 was synthesized by reacting azide intermediate BOT_46

and the ampicillin alkyne 68 in a CuAAC (Scheme 5.2).
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Scheme 5.2: a. 68, CuSO,4, NaAsc, TBTA, DMSO/H,0 (4:1), rt, 50%

For the synthesis of BOT_55, 72 was synthesised in three steps starting from the per-

acetylated maltotriose as shown in Scheme 5.3. A Lewis acid promoted glycosylation of

peracetylate maltotriose at the anomeric carbon was performed with 3-bromopropanol

to yield the bromopropyl compound 70.!%* The bromide was converted into an azide by

a nucleophilic substitution. Zemplén deacetylation was carried out to give the desired

intermediate 72.
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Scheme 5.3: a. 3-bromopropanol, BF; - Et,O, 0 °C, CH,Cl,, 24%, b. NaN;, DMEF,
60 °C, 78% ¢. NaOMe, MeOH, rt, 95%.

BOT_55 could be obtained from a CuAAC between azide intermediate 72 and ampi-

cillin alkyne 68 (Scheme 5.4).
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Scheme 5.4: a. 68, CuSO,4, NaAsc, TBTA, DMSO/H,0 (4:1), rt, 28%.

Similarly, BOT_56 could be obtained from a CuAAC between azide intermediate
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BOT_42 and ampicillin alkyne 68 (Scheme 5.5).
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Scheme 5.5: a. 68, CuSO4, NaAsc, TBTA, DMSO/H,0 (4:1), rt, 12.2%.

5.4 The minimum inhibitory concentration (MIC) assay

MIC assays determine the quantitative measure of antimicrobial activity of a given com-
pound. Since the maltodextrin probes were shown to be able to penetrate into E. coli
and K. oxytoca, the compounds BOT_54, BOT_55, and BOT_56 were tested on the

following bacterial strains: E. coli WT, E. coli AlamB, and K. oxytoca.

However, no antibacterial activity was observed for any of the compounds in the initial

assay.

One reason for lack of antibacterial activity could be because the assay was performed
in a sugar rich LB medium, which acts as a repressor of the maltodextrin transport

pathway.
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6| Summary and outlook

The goal of the thesis was to investigate the possibility of synthesizing maltodextrin

based conjugates modified at the non-reducing end with free reducing end.

A first aim of the thesis was to systematically investigate the preferred site of mod-
ification for an efficient uptake of conjugates. Six maltodextrins conjugates with a
linker attached to the reducing or non-reducing end of the maltodextrin were synthe-
sized. Growth recovery assays enabled the comparison of the uptake of the modified
maltodextrins compared to the natural substrates of the maltodextrin transport system.
BOT_41, a maltose conjugated to a small alkyl linker through an amide linkage at the
non-reducing end was internalised by the E. coli and K. oxytoca. The major limitation
of the growth recovery assay is that an absence of growth recovery does prove lack of

uptake.

Secondly, a detailed investigation on the critical structural requirements for an efficient
transport of the conjugates was performed. 12 novel fluorescent conjugates with mod-
ification at the non-reducing end of maltodextrins were successfully synthesized. A
number of parameters including the type of linker, type of dye, position of modification
and the choice of maltodextrin were modified in order to optimize and understand their

effect on the uptake via the maltodextrin transport system.

Characterisation of uptake of these probes was performed by fluorescence microscopy
and flow cytometry studies. Confocal microscopy showed that perylene conjugate
BOT_47, Coumarin conjugate BOT_18 and NBD conjugate BOT_45 could label E.
coli WT preferentially over AlamB E. coli. The NBD conjugate however appears to
stick to the surface of the cells. The fluorescence intensity of the coumarin conjugate
was much lower than that of the perylene and NBD conjugates. BODIPY conjugates

appear to be toxic to the bacteria. On the linker front, short alkyl linkers proved to be
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better suited for probe uptake compared to the PEG linker. Similar labelling was ob-
served for BOT_47 with BOT_10, BOT_14, the literature reported perylene conjugates
modified at reducing end. Therefore no clear conclusion on the effect of the attachment
site could be made. The synthesis of the maltohexose conjugate BOT_51 was tedious
due to poor yields. However, a microwave assisted synthesis of benzylidine acetal in
maltohexose has been optimized to obtain enhanced yields. Only a weak labelling of E.

coli was observed when incubated with BOT_51.

To get a quantitative understanding of the uptake FACS analysis was performed. The
results showed significant labelling only for the perylene conjugates. However, 30%
to 50% staining was observed for E. coli WT and AlamB E. coli indicating an uptake
independent of lamB. However, this result could be due to the non specific binding to

the surface of the cells.

To study the intracellular translocation of the probes two malachite green conjugates
were synthesized. The uptake of the conjugates was studied in a FAP system. One of

the probes BOT_52 showed efficient uptake.

Finally, three novel maltodextrin-ampicillin conjugates were synthesized and tested for
antibiotic activity in E. coli and K. oxytoca. However, the MIC assay needs to be opti-

mized, and the compounds should be re-tested for antibacterial activity.

In the future, the scope of the conjugates can be studied by testing them in medically

important bacterial pathogens of the ESKAPE panel.

As maltotriose modified at the non-reducing end has been shown to have better serum

0

stability compared to other maltodextrins, '’ novel maltotriose based conjugates could

be synthesized for practical purposes.

Finally, the Trojan horse strategy using maltodextrins could be extended to antibiotics

having cytoplasmic targets. Some of the antibiotic to be considered could be:
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Linezolid
Linezolid is an oxazolidinone antibiotic that inhibits protein synthesis by prevent-
ing tRNA from binding to the ribosome. Linezolid is exclusively active against

gram-positive bacterial making it an ideal candidate.

Rifampicin
Rifampin,inhibits the bacterial RNA polymerase by forming a stable drug-enzyme
complex. It could be a suitable candidate for the trojan horse strategy as its activity

against gram-positive bacteria is about 10° times more as compared to E. coli.
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7| Experimental

General

The solvents and reagents were purchased from commercial suppliers and used without
further purification. All reactions were performed under nitrogen atmosphere unless
otherwise mentioned. The reactions were monitored by Thin Layer Chromatography
(TLC), LC-MS or by NMR. Purification was carried out by column chromatography,
flash chromatography or HPLC.

For microwave assisted reaction, Biotage® Initiator+ was used.
Thin Layer Chromatography

Analytical thin-layer chromatography was performed on TLC Silica gel 60 F254
(Merck, Darmstadt) and visualized by UV and/or vanillin, CAM, DMP, bromocresol

green or permanganate staining solution.
Purification

Flash chromatography was performed using Grace Reveleris® X2 flash chromatogra-
phy system or via column chromatography using silica gel 60M MACHEREY-NAGEL
(0.040-0.063 mm).

Preparative reversed phase high performance liquid chromatography was carried out
with a Thermo Scientific Dionex (UltiMate 3000 HPLC system) with a Phenomenex
006-4252-P0 Luna C18 (250 mm * 21.2 mm, 5 x ) column with acetonitrile and water

as eluent.
Nuclear Magnetic Resonance (NMR)

'H-NMR spectra are measured on “Bruker WP-200 SY”, “Bruker AM-400" and
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“Bruker AM-500" spectrometers. The chemical shifts are given in ppm on the J-scale.
The coupling constants are measured in hertz (Hz). The multiplets are labeled as: s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet, dd = doublet of doublets, dt

= doublet of triplets, br = broad.
High Resolution Mass spectrometry

High resolution mass spectrometry (HRMS) data were recorded using a Waters instru-
ment equipped with a Waters Acquity detector and Waters QTof Premier mass detector

with electrospray ionization (ESI).
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Experimental procedure

B-D-glucopyranose,2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl-(1—4)-O-2,3,6-tri-
O-acetyl-a-D-glucopyranosyl-(1—4)-0O-2,3,6-tri-O-acetyl-a-D-glucopyranosyl-
(1—4)-0-2,3,6-tri-O-acetyl-a-D-glucopyranosyl-(1—4)-0-2,3,6-tri-O-acetyl-a-D-
glucopyranosyl-(1—4)-2,3,6-triacetate 1-(3’-bromopropyl), 2
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To a solution of maltohexose eicosaacetate 1 (500 mg, 0.27 mmol) in CH,Cl, (10 mL)
was added 3-bromopropanol (0.071 ml, 0.81 mmol). The solution was cooled to 0
°C and BF; - OEt, (0.16 mL, 1.3 mmol) was added drop-wise. The RM was stirred ON.
The reaction was quenched with saturated NaHCOj; solution and extracted with CH,Cl,.
The combined organic extracts were washed with H,O and brine, dried using Na,SOy,
and concentrated under reduced pressure. The crude material was purified by column
chromatography on silica gel (PE/EtOAc: 40% to 60%) to afford 2 (128 mg, 24%) as a

white solid.

'H NMR (400 MHz, CDCl;) 6 5.43 — 5.21 (m, 11H, anomeric protons), 5.06 (t, J =
9.9 Hz, 1H, 4-H), 4.82 (dd, J = 9.9, 6.0 Hz, 1H, 2-H), 4.75 — 4.68 (m, 3H), 4.56 —
4.43 (m, 6H), 4.27 — 3.85 (m, 20H, skeletal protons), 3.75 — 3.65 (m, 1H, —OCH,),
3.59 (m, 1H, —OCH,), 3.34 (t, J = 4.0 Hz, 2H, —CH;N3), 2.29 — 1.90 (m, 59H, CH3,
—OCH,CH,CH;Ns).
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13C NMR (101 MHz, CDCl3) § 170.75, 170.70, 170.67, 170.58, 170.48, 170.46,
170.41, 170.40, 170.15, 169.79, 169.71, 169.66, 169.59, 169.57, 169.51, 169.49 (19
x C=0), 100.26, 95.72, 95.62, 77.35, 77.04, 76.72, 75.31, 73.72, 73.42, 73.25, 72.28,
72.20,72.15,71.64,70.50, 70.43, 70.05, 69.35, 68.95, 68.44, 67.91, 66.44, 62.84, 61.35
(skeletal carbons), 47.98 —CH,;N3;, 28.96 —OCH,CH,CH,;N3, 23.83, 20.92, 20.89,

20.87, 20.82, 20.69, 20.61, 20.56, 17.49 (19 x CHj3).
MS ESI m/z calculated for C77H;¢sBrOs, [M+Na]* 1931.4755, found 1931.5129.

B-D-glucopyranose,2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl-(1—4)-0O-2,3,6-tri-
O-acetyl-a-D-glucopyranosyl-(1—4)-0-2,3,6-tri-O-acetyl-a-D-glucopyranosyl-
(1—4)-0-2,3,6-tri-O-acetyl-a-D-glucopyranosyl-(1—4)-0-2,3,6-tri-O-acetyl-a-D-
glucopyranosyl-(1—4)-2,3,6-triacetate 1-(3'-azidopropyl) , 3
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The bromide 2 (125 mg, 65 pmol) was dissolved in DMF (1 mL) and sodium azide (6.3

mg, 98.2 ymol) was added to it. The solution was stirred ON at 60 °C . The RM was

cooled to 0 °C, diluted with water, extracted with EtOAc. The residue was purified by

flash column chromatography on silica gel (CH,Cl,/ MeOH: 5%) to give 3 (65.8 mg,

92%) as a white solid.

! H NMR (400 MHz, CDCI;) ¢ 5.42 — 5.18 (m, 11H, anomeric protons), 5.04 (t, J =
9.8 Hz, 1H, H-4), 4.80 (dd, J = 10.0, 5.9 Hz, 1H, H-2), 4.70 (m, J = 10.4, 3.4 Hz, OH),
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4.53 —4.42 (m, 1H), 4.38 — 4.09 (m, 1H), 3.92 (dt, J = 14.8, 5.6 Hz, 1H), 3.77 — 3.63
(m, OH), 3.62 — 3.53 (m, OH), 3.49 (t, J = 6.0 Hz, OH), 3.39 — 3.28 (m, OH), 2.31 — 1.94
(m, 5H), 1.89 — 1.74 (m, 2H).

13C NMR (101 MHz, CDCl;) § 20.7, 20.7, 20.7, 20.8, 20.9, 21.0, 21.0, 21.1 —CHj),
30.1, 32.4, 53.6, 61.5, 62.3, 62.4, 62.5, 62.6, 62.6, 63.0, 67.4, 68.0, 68.6, 69.1, 69.5,
70.2, 70.5, 70.6, 71.8, 71.9, 72.3, 72.3, 72.4, 73.3, 73.4, 73.9, 75.4, 95.7, 95.9, 100.6,
128.0, 128.3, 128.6, 128.6, 136.8, 136.8, 169.6, 169.6, 169.6, 169.7, 169.7, 169.9,
170.2, 170.5, 170.5, 170.6, 170.7, 170.8, 170.8, 170.8 ppm.

MS ESI m/z calculated for C77H;0sN3O0s9 [M+Na]t 1894.5664, found 1894.5942.

1,2,3,6,2°,3’-hexa-O-acetyl-4’,6’-O-benzylidene-4-O-(a-D-glucopyranosyl)-5-D-

o
© O
5
AcO | 4. L8 ¢
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glucopyranose, 6

o (@]

2
AcONS o
AcO 1

Maltose (10.0 g, 29.2 mmol), benzaldehyde dimethylacetal (10.0 g, 65.7 mmol) and
PTSA (500 mg, 2.63 mmol, 9.0 mol%) were dissolved in dry DMF (76 mL). The mix-
ture was rotated for 6 hours on a rotary evaporator under reduced pressure (39 mbar)
at 50 °C. The solution was neutralised with Et;N (0.50 mL). Subsequently, the solvent
was removed under reduced pressure to yield S as a viscous liquid. The crude product
was used further without any purification. Pyridine (185 mL) was added to a solution
of the § in Ac,O (125 mL). The RM was allowed to stir overnight. The solvent was

removed and the residue dissolved in EtOAc (100 mL). The solution was washed with
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1 M Na,COj solution , 0.1 M HCI and brine. The organic phase was dried over Na,SOy
and the solvent evaporated to give the crude product. The crude product was then pu-
rified by column chromatography (PE/EtOAc: 60%) to give 6 (16.2 g, 81%) as a white
solid.

' H NMR (400 MHz, CDCl3) § 7.42 (dd, J = 6.8, 2.9 Hz, 2H, Ar-CH), 7.39 — 7.31 (m,
2H, 3H, Ar-CH), 6.22 (d, J =3.7 Hz, 0.05H, H-1 «), 5.74 (d, J = 8.2 Hz, 0.95 H, H-1
B),5.51 = 5.40 (m, 2H, Bn-H, H-3"), 5.35 (d, J = 4.1 Hz, 1H, H-1"), 5.30 (t, J = 9.0 Hz,
1H, H-3), 4.97 (dd, J = 9.2, 8.3 Hz, 1H, H-2), 4.88 (dd, J = 10.2, 4.2 Hz, 1H, H-2"),
4.49 (dd, J =12.3, 2.4 Hz, 1H, H-6a), 4.33 — 4.20 (m, 2H, H-6b, H-6a’), 4.04 (t, J =9.2
Hz, 1H, H-4), 3.84 (ddd, J = 9.8, 7.0, 4.3 Hz, 2H, 5-H, H-5’), 3.72 (t, J = 10.2 Hz, 1H,
H-6b’), 3.62 (t,J =9.6 Hz, 1H, H-4"), 2.15 - 1.91 (m, 18H, —CH3).

13C NMR (101 MHz, CDCl;) § 170.84, 170.25, 170.06, 169.72, 169.67, 168.80 (C=0),
136.67, 129.14, 128.23, 126.21 (Ar-CH), 101.65 (C-1 «), 96.62 (C-153), 91.25 (C-1"),
78.76, 77.35, 77.03, 76.71, 75.34, 73.04, 72.52, 71.01, 70.84, 68.43, 68.41, 63.78,
62.36, 20.90, 20.83, 20.77, 20.64, 20.58 (—CH3).

HRMS (ESI) m/z calculated for C3;H330,7 [M+Na]* 705.2007, found 705.2007.

1,2,3,6,2’,3’-hexa-O-acetyl-4-O-(a-D-glucopyranosyl)- 3-D-glucopyranose, 7

HO o
HO
ACO OAc
A
O
AcO OAcC
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To a solution of 6 (16.17 g, 23.7 mmol) in acetic acid (150 mL), water (100 mL) was
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added in small portions. The RM was heated at 95 °C for 10 min. The RM was allowed
to cool to room temperature (RT) and the solvent was removed under reduced pressure.
Traces of water and acetic acid were removed by co-distillation with toluene. The prod-
uct was purified by column chromatography (CH,Cl,/MeOH: 5%) to yield compound
7 (9.48 g, 67%) as colourless solid.

' H NMR (400 MHz, CDCl;) § 6.24 (d, J = 3.7 Hz, 0.3H, H-1 «), 5.74 (d, J = 8.2 Hz,
0.7H, H-1 j3), 5.50 (dd, J = 10.1, 8.6 Hz, 1H, H-3), 5.36 (dd, J = 11.2, 4.0 Hz, 1H, H-I"
), 5.32 —5.14 (m, 1H, H-3"), 5.08 — 4.92 (m, 1H, H-2), 4.77 (dt, J = 10.5, 4.3 Hz, 1H,
H-2°), 4.53 - 4.39 (m, 1H, H-6a), 4.29 — 4.16 (m, 1H, H-6b), 4.09 — 3.99 (m, 2H, H-5,
H-4), 3.89 — 3.76 (m, 2H, H-6’a, H-6’b), 3.66 (t, ] = 7.6 Hz, 2H, H-4’, H-5’), 2.16 —
1.98 (m, 18H).

13C NMR (101 MHz, CDCl3) § 171.44, 171.37, 171.15, 171.13, 170.83, 170.79,
170.12, 169.99, 169.91, 169.67, 169.02, 168.87 (C=0), 95.93 (C-1" «), 95.82 (C-1" 3),
91.28 (C-1 B), 88.88 (C-1 «v), 77.35, 77.03, 76.71, 75.37, 73.16, 72.69, 72.38, 72.11,
71.99, 71.85, 70.94, 70.29, 70.20, 70.14, 69.89, 69.84, 69.70, 62.70, 62.62, 62.22,
60.42, 21.07, 21.04, 20.94, 20.91, 20.88, 20.83, 20.70, 20.66, 20.56, 20.46 (—CHj3).

HRMS (ESI) m/z calculated for Co4H3,0,7 [M+Na]™ 617.1694, found 617.1694.

1,2,3,6,2’,3’-hexa-O-acetyl-6’-O-trityl-4-O-(a-D-glucopyranosyl)- 3-D-

TrtO o
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AcO QAC
A
O
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glucopyranose, 8
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To a solution of compound 7 (9.48 g, 16.0 mmol) in dry pyridine (60 mL) was added
trityl chloride (4.45 g, 16.0 mmol). The RM was stirred for 1.5 h at 80 °C after which
the RM was cooled to 0 °C. Ac,0 (110 mL) was added and the RM was allowed to stir
ON at RT, The RM was poured into ice cold water (500 mL) and stirred for 5 min. The
precipitate was filtered to give the crude product as a yellow solid. The crude product
was purified by column chromatography (PE/EtOAc: 30% to 50%) to give 8 (12.3,
86%) as white solid.

' H NMR (400 MHz, CDCl;) § 7.41 (dt, J = 8.2, 1.3 Hz, 5H, Ar-CH), 7.34 — 7.18 (m,
10H, Ar-CH), 6.23 (d, J = 3.7 Hz, 0.5H, H-1 «), 5.73 (d, J = 8.2 Hz, 0.5H, H-1 ), 5.58
—5.42 (m, 1H, H-3"), 5.37 - 5.23 (m, 2H, H-3, H-1’), 5.08 — 4.86 (m, 2H, H-2, H-4’),
4.40 (m, 1H, H-6a), 4.22 — 4.14 (m, 1H, H-4), 4.13 — 4.04 (m, 2H, H-6b, H-6a’), 3.89
—3.75 (m, 2H, H-5, H-5"), 3.25 (ddd, J = 10.6, 4.0, 1.9 Hz, 1H, H-6’b), 2.97 (dd, J =
10.6, 3.4 Hz, 1H, H-4), 2.28 — 1.68 (m, 21H, —CHj).

13C NMR (101 MHz, CDCl3) § 170.66, 170.31, 170.29, 170.19, 170.16, 170.11,
170.07, 169.95, 169.72, 168.98, 168.93, 168.88, 168.83 (C=0), 143.36, 129.69, 128.73,
127.94, 127.87, 127.73, 127.27, 127.10, 127.09 (Ar-CH), 95.99 (C-1" «), 95.86 (C-1’
3),91.33 (C-1 3), 88.95 (C-1 ), 86.51,77.35,77.03, 76.71, 75.22, 73.15, 72.22, 72.17,
72.10, 70.95, 70.46, 70.36, 70.28, 69.96, 69.92, 69.71, 68.09, 68.06, 62.37, 62.29,
60.78, 60.74 (skeletal protons), 21.03, 20.97, 20.83, 20.70, 20.67, 20.58, 20.57, 20.51,
20.48, 20.44 (CH,).

HRMS (ESI) m/z calculated for C4sHsoO;5 [M+Na]™ 901.2895, found 901.2892.
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1,2,3,6,2’,3’,4’-hepta-O-acetyl-4-O-(«a-D-glucopyranosyl)- 5-D-glucopyranose, 9

HO o
AcO
ACO OAc
A
O
AcO OAcC
AcO

Tritylated compound 8 (12.3 g, 19.4 mmol) was dissolved in acetic acid (80%, 480 mL)
heated at 100 °C for 1 h. The solvent was removed under reduced pressure. The residue
was dissolved in a minimum amount of methanol and water was added until incipient
turbidity was observed. The suspension was cooled to 0 °C and the precipitated trityl
alcohol filtered. The filtrate was concentrated and traces of water were removed by
co-distillation with toluene. The crude product was purified by column chromatography

(PE/EtOAc: 50% to 70%) to yield 9 (6.7 g, 76%) was obtained as colourless solid .

'H NMR (400 MHz, CDCl3) 6 6.24 (d, J = 3.7 Hz, 0.3H, H-1 o), 5.74 (d J = 8.2 Hz,
0.7H, H-1 ), 5.52 — 5.16 (m, 3H, H-3, H-1’, H-3"), 5.13 — 491 (m, 1H, H-2’), 4.91
—4.72 (m, 1H, H-4’), 4.48 (dd, J = 17.2, 8.2 Hz, 1H, H-6a), 4.21 (m, 2H, H-6b, H-4),
4.05 - 3.89 (m, 1H, H-5), 3.89 — 3.45 (m, 3H, H-5’, H-6a, H-6b), 2.18 — 1.90 (m, 21H,
—CHj).

I3C NMR (101 MHz, CDCl;) § 171.42, 171.13, 170.77, 170.10, 169.65, 168.85 (C=0),
95.92 (C-1a), 95.81 (C-1p), 91.27 (C-1"), 88.87, 75.36, 73.15, 72.68, 72.37, 72.10,
71.98, 71.84, 70.93, 70.28, 70.19, 70.13, 69.88, 69.69, 62.69, 62.21, 60.42 (skeletal
protons), 21.03, 20.90, 20.88, 20.83, 20.70, 20.66, 20.56, 20.45 (CH3).

HRMS (ESI) m/z calculated for CycH360,3 [M+Na]* 659.1787, found 659.1792.
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1,2,3,6,2’,3’,4’-hepta-O-acetyl-4-O-(«-D-glucopyranuronosyl)-5-D-glucopyranose, 10

O
HO
(@)
AcO
ACO OAc
AN
O
AcO OAc
AcO
10

TEMPO (3.29 g, 21.0 mmol) and BAIB (6.78 g, 21.0 mmol) were added to a solution of
alcohol 9 (6.7 g, 10.5 mmol) in CH,Cl,/H,0 (1:1, 60 mL). The RM was ON at RT and
quenched with saturated Na,S,0; (10 mL). The resulting solution was extracted with
EtOAc. The combined organic extracts were washed with H,O and brine, dried using
Na,S0O,, and concentrated under reduced pressure. The crude product was purified by
column chromatography (CH,Cl,/MeOH: 5% to 10%) to yield 10 (4.4 g, 64.7%) as a

white solid.

HRMS (ESI) m/z calculated for CosH340,9 [M+Na]™ 673.1592, found 673.1592.

1,2,3,6,2°,3’ 4’ -hepta-O-acetyl-6’-O-((3-azidopropyl)carbamoyl)4-O-(«-D-
glucopyranuronosyl)-3-D-glucopyranose, 12
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The carboxylic acid 10 (500mg, 0.769 mmol) and 3-azidopropan-1-amine (0.087 mL,
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0.845 mmol) were dissolved in CH,Cl, (0.461 mL). T3P (0.337 mL, 1.153 mmol) was
added followed by Et;N (1.07 mL, 7.69 mmol). The RM was allowed to stir ON. The
RM was washed with saturated NaHCO; and extracted with CH,Cl,. The combined or-
ganic extracts were washed with H,O and brine, dried using Na,SO,, and concentrated

under reduced pressure. The crude product was purified by column chromatography

(CH,Cl1,/MeOH: 5%) to yield 12 (207 mg, 37%) as a white solid.

' H NMR (400 MHz, CDCl3) § 6.24 (d,J =3.7 Hz, 0.6 H, H-1 o), 5.74 (d, ] = 8.2 Hz,
0.3H, H-1 ), 5.58 — 5.23 (m, 3H, H-3, H-1’, H-3"), 5.21 — 5.07 (m, 1H, H-4), 5.03 —
4.92 (m, 1H, H-2),4.86 (ddd, J =104, 6.1,4.1 Hz, 1H, H-2"), 4.42 (dd, J = 12.2, 2.5 Hz,
1H, H-5°),4.22 (dd, J = 12.2, 4.4 Hz, 1H, H-6a), 4.12 — 3.95 (m, 2H, H-4, H-4"), 3.90 —
3.79 (m, 1H, H-5), 3.56 (dd, J =5.7, 3.7 Hz, 1H, H-6’a), 3.53 — 3.35 (m, 6H, —CH;,Nj,
—NHCH, -, H-6b, H-6’b), 2.04 (m, 21H, CH3), 1.83 (m, 2H, CH,CH,CH;N3).

13C NMR (101 MHz, CDCl;) ¢ 170.62, 170.59, 170.55, 170.47, 170.00, 169.88,
169.82, 169.70, 169.64, 169.60, 169.59, 168.86, 168.75, 166.69, 166.63 (C=0), 162.57
(C=N), 95.51 (C-1" o), 95.43 (C-1" ), 91.25 (C-1 ), 88.81 (C-1 «), 77.37, 77.05,
76.74, 74.82, 72.85, 72.33, 71.89, 70.90, 70.24, 70.12, 69.64, 69.46, 68.32, 68.26,
62.17, 62.04, 48.97 (-NHCH,), 36.68 (-CH;,N3), 28.44 (-CH,CH,CH,Nj3), 20.98,
20.92, 20.86, 20.77, 20.65, 20.63, 20.58, 20.53, 20.51, 20.40 (CH3).

HRMS (ESI) m/z calculated for CooH4N4O;5 [M+Na]™ 755.2236, found 755.2237.

1,2,3,6,2°,3’ ,4’-hepta-O-acetyl-6’-((2-(2-azidoethoxy)ethyl)carbamoyl)-4-O-(a-D-
glucopyranuronosyl)-5-D-glucopyranose, 13

To a solution of the carboxylic acid 10 (500mg, 0.769 mmol) in CH,Cl, (0.5 mL) was
added 1-azido-PEGs-amine (0.168 mL, 0.845 mmol). T3P (0.337 mL, 1.153 mmol)
was added to it, followed by triethylamine (1.07 mL, 7.69 mmol). The RM was allowed

to stir ON. The RM was washed with saturated Na,CO3 and extracted with CH,Cl,.
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The combined organic extracts were washed with H,O and brine, dried using Na,SOy,
and concentrated under reduced pressure. The crude product was purified by column

chromatography (CH,Cl,/MeOH: 5%) to yield 13 (405 mg, 62%) as a white solid.

' H NMR (400 MHz, CDCl;) § 6.79 (t,J = 5.5 Hz, 1H, N-H), 6.23 (d, J = 3.8 Hz, 0.2H,
H-1 «),5.73 (d,J =8.2 Hz, 0.8H, H-1 ), 5.52 (dd, J = 7.2, 3.9 Hz, 1H, H-3), 5.40 (t,J
=10.2 Hz, 1H, H-17), 5.30 (t, J = 9.1 Hz, 1H, H-3"), 5.06 (t, ] = 9.9 Hz, 1H, H-2), 5.01
—4.92 (m, 1H, H-2’), 4.82 (dd, J = 10.5, 3.8 Hz, 1H, H-6a), 4.57 (dt, J = 12.7, 2.5 Hz,
1H, H-6b), 4.21 — 4.01 (m, 4H), 3.72 — 3.61 (m, 12H), 3.53 (tq, J = 10.2, 5.8, 4.5 Hz,
3H), 3.38 (dt, ] = 10.6, 5.1 Hz, 3H), 2.13 - 1.96 (m, 21H).

HRMS (ESI) m/z calculated for C34HsoN,O,; [M+Na]™ 873.2866, found 873.2866.

1,2,3,6,2’,3’-hexa-O-benzyl-4’,6’-O-benzylidene-4-O-(a-D-glucopyranosyl)-3-D-

glucopyranose, 16

°© O
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16

A solution of § (12.5 g, 0.29 mmol) in dry DMF (120 mL) was stirred with NaH (14.4
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g, 0.354 mol) for 2 h at rt. The RM was cooled to 0 °C and benzyl bromide (43.8 mL,
0.368 mol) was added dropwise to the mixture and stirring was continued ON at RT.
The mixture was cooled to 0 °C and excess NaH decomposed by dropwise addition
of MeOH. The solution was concentrated and extracted with EtOAc. The combined
organic layers were washed with water and brine, dried over Na,SO,,and concentrated.
The residue was purified by column chromatography (n-pentane/Et,O: 30%) to give 16
in (19.1 g, 67 %).

' H NMR (400 MHz, CDCl3) § 7.63 — 7.02 (m, 35H, Ar-CH), 5.76 (d, J = 3.8 Hz, 0.3H,
H-1«),5.71 (d,J=3.9 Hz, 0.7H, H-1 5), 5.52 (d, ] =4.1 Hz, 1H, Bn-CH), 5.02 — 4.44
(m, 14H, Bn-CH,, H-17), 4.17 — 3.40 (m, 12H, skeletal protons).

13C NMR (101 MHz, CDCl;) ¢ 138.64, 138.55, 138.11, 138.08, 138.00, 137.80,
137.30 (Bn-CH,), 128.41, 128.35, 128.34, 128.32, 128.31, 128.26, 128.22, 128.17,
128.11, 127.97, 127.94, 127.92, 127.76, 127.73, 127.70, 127.69, 127.67, 127.65,
127.60, 127.57, 127.53, 127.50, 127.46, 127.44, 127.08, 126.82, 126.65, 126.53 (Ar-
CH), 102.22 (C-1 «),101.28 (C-1 (), 96.31 (C-1"), 84.73, 82.12, 81.66, 79.31, 77.46,
77.32, 77.00, 76.68, 75.40, 74.99, 74.58, 74.46, 73.81, 73.40, 73.19, 72.29, 71.66,
70.91, 68.56, 61.53 (skeletal carbons).

HRMS (ESI) m/z calculated for Cg;HesO;; [M+Na]™ 993.4149, found 993.4182.

1,2,3,6,2’,3’ 4’ -hepta-O-benzyl-4-O-(a-D-glucopyranosyl)- 3-D-glucopyranose, 17

OH
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17
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DiBAI-H (29.3 mL, 29.3 mmol) was added to the solution of the acetal 16 (19 g, 19.56
mmol) in toluene (98 mL) at - 10 °C and the solution was stirred at room temperature.
After 40 h the reaction was stopped at - 10 °C with MeOH. The reaction mixture was
washed with 10 % KOH solution and the aqueous layer extracted with Et,O. The com-
bined organic layers were dried over Na,SO, and concentrated. The crude product was
purified by column chromatography (n-pentane/Et,0:30% to 50%) to yield 17 (9.3 g,

72 %) as a viscous liquid.

' H NMR (400 MHz, CDCl3) 6 7.50 — 7.05 (m, 35H, Ar-CH), 5.62 (d, J = 3.7 Hz, 1H,
H-1),5.00 —4.41 (m, 15H, Bn-CH,, H-1"), 4.20 — 3.36 (m, 1H, skeletal protons).

13C NMR (101 MHz, CDCl3) 6 138.79, 138.69, 138.25, 138.24, 138.15, 137.95, 137.45
(Bn-CH,), 128.53, 128.48, 128.47, 128.39, 128.35, 128.30, 128.23, 128.10, 128.05,
127.90, 127.85, 127.80, 127.78, 127.73, 127.69, 127.66, 127.62, 127.59, 127.20,
126.79, 126.67 (Bn-CH), 102.36 (C-1 «), 96.46 (C-1), 84.86, 82.27, 81.80, 79.47,
77.62, 77.40, 77.08, 76.76, 75.53, 75.12, 74.71, 74.62, 73.93, 73.56, 73.32, 72.47,
71.78,71.05, 68.72, 61.71, 53.47 (skeletal protons).

HRMS (ESI) m/z calculated for Cs;Hg>O1; [M+Na]t 995.4346, found 995.4346.

3-bromopropyl trifluoromethanesulfonate, 21

TIO~ > Br

21

Pyridine (3.49 mL, 43.2 mmol) was added to a solution of 3-bromopropan-1-ol (3.25
ml, 36.0 mmol) in CH,Cl, (55.4 mL) at -78 °C. Tf,0 (6.14 mL, 36.3 mmol) was added
dropwise over 1 min, and stirring continued at -78 °C for 5 min. The solution was then

warmed to 0 °C for 40 min. The RM was diluted with pentane (40 mL) and cold 1 M
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aq.H,SO,. The layers were separated and organic layer dried over Na,SOy, filtered and
concentrated. The colourless liquid was dried under high vacuum for 30 s to yield 21

(8.7 g, 89 %) as a colourless liquid.

'H NMR (400 MHz, CDCl;) 6 4.71 (t, J = 5.9 Hz, 2H), 3.58 - 3.47 (m, 3H), 2.36 (p, J
= 6.0 Hz, 2H).

1,2,3,6,2’,3’,4’-hepta-O-benzyl-6’-O-(3-bromopropyl)-4-O-(a-D-glucopyranosyl)-3-
D-glucopyranose, 19
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To a solution of 17 (9.30 g, 9.56 mmol) in CH,Cl,(47.8 mL), the triflate 19 (5.18 g,
19.11 mmol) was added followed by and DIPEA (1.83 g, 10.51 mmol). The RM was
stirred ON. The solvent was evaporated and the crude product purified by column chro-
matography (PE/EtOAc: 20-40% ) to yield 19 (1.80 g, 17.2 %) as a viscous colourless

oil.

' H NMR (400 MHz, CDCl3) 6 7.60 — 7.12 (m, 35H, Ar-H), 5.75 — 5.67 (m, 1H, H-1),
5.05 - 4.43 (m, 15H, Bn-CH,, H-1’), 4.30 — 3.24 (m, 16H, skeletal protons, —CH,O—,
—-CH,Br), 2.31 - 1.82 (m, 2H, -CH,CH,CH,Br).

13C NMR (101 MHz, CDCl3) § 139.09, 138.85, 138.79, 138.74, 138.66, 138.59,
138.43, 138.29, 138.25, 138.02, 138.00 (Bn-CH,), 128.56, 128.49, 128.46, 128.45,
128.43, 128.42, 128.40, 128.36, 128.33, 128.31, 128.29, 128.27, 128.10, 128.07,
127.95, 127.92, 127.89, 127.86, 127.85, 127.79, 127.76, 127.72, 127.70, 127.63,
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127.62, 127.60, 127.55, 127.48, 127.39, 127.15, 127.12, 126.76, 126.65 (Ar-CH),
102.42 (C-1 a), 96.75 (C-1 f3), 96.66 (C-1°), 95.15, 84.86, 82.37, 82.03, 79.40, 77.76,
77.44, 77.12, 76.80, 75.64, 75.13, 74.74, 74.66, 73.98, 73.49, 73.31, 73.27, 72.67,
71.08, 71.04, 69.20, 69.16, 68.80 (skeletal protons, —OCHS,), 32.70 (- CH,Br), 30.72
(- CH,CH,CH,Br).

HRMS (ESI) m/z calculated for C¢sHgoBrO,; [M+Na]* 1115.3921, found 1115.3921.

1,2,3,6,2°,3’ ,4’-hepta-O-benzyl-6’-O-(3-trifluoromethylsufonylpropyl)-4-O-(a-D-
glucopyranosyl)-3-D-glucopyranose, 22
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22 (250 mg, 3%) was obtained as a side product during the synthesis of 19.

HRMS (ESI) m/z calculated for Cs;Hg,O1; [M+Na]t 1185.4258, found 1185.4258.

6’-O-(3-bromopropyl)-4-O-(a-D-glucopyranosyl)- 3-D-glucopyranose, 24
Br” "0
HO

HO
" M
o)
o OH
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24
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To a solution of the bromide 19 (1.7 g, 1.55 mmol) in EtOH/EtOAc (4:1, 50 mL) was
added Pd(OH),/C (0.218 g, 0.155 mmol) and hydrogenated for 24 h under 10 bar. The
RM was filtered over a pad of celite and concentrated to give the desired product 24
(684 mg, 84 % yield) as a colourless solid. The crude product was used further without

any purification.

I H NMR (400 MHz, CDCl;) § 5.38 (d, J = 3.5 Hz, 0.8H, H-1«), 522 (d, J = 3.6
Hz, 0.2H, H-1/5), 4.64 (d, J = 8.0 Hz, 1H, H-1"), 4.09 — 3.50 (m, 14H, skeletal protons,
—~OCH,-), 3.50 - 3.19 (m, 2H, CH,Br), 2.25 - 2.06 (m, 2H, —CH,CH,CH,Br).

1,2,3,6,2’,3’ ,4’-hepta-O-acetyl-6’-O-(3-bromopropyl)-4-O-(a-D-glucopyranosyl)-3-
D-glucopyranose, 15
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24, (684 mg, 1.476 mmol) was dissolved in Ac,0(0.30 mL, 3.17 mmol) and sodium
acetate (133 mg, 1.624 mmol) was added to the suspension. RM was heated to 100
°C for 2 h. The RM was poured onto ice-cold water (50 mL) with vigorous stirring
to precipitate the expected product. The crude product was collected by filtration, and
purified by column chromatography (CH,Cl,/MeOH: 5%) to yield 15 (873 mg, 78%)

as a white solid.

'"H NMR (400 MHz, CDCl;) ¢ 6.23 (d, J = 3.7 Hz, 0.6H, H-1 ), 5.73 (d, ] = 8.2 Hz,
0.3H, H-1 ), 5.54 - 5.23 (m, 3H, H-3, H-1’, H-3"), 5.20 — 5.08 (m, 1H, H-4), 5.00 —
491 (m, 1H, H-2), 4.85 (m, 1H, H-2"), 4.42 (dt, J = 12.2, 2.3 Hz, 1H, H-5"), 4.21 (dd,
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J=12.3,3.8 Hz, 1H, H-4), 4.16 — 3.97 (m, 2H, H-4’, H-5), 3.88 — 3.78 (m, 1H, H-6a),
3.66 — 3.56 (m, 1H, H-6’a), 3.53 — 3.33 (m, 6H, —CH,Br, —OCH,, H-6b, H-6’a), 2.15
—1.93 (m, 21H, CH;, —CH,CH,CH;Br).

13C NMR (101 MHz, CDCl3) § 170.56, 170.55, 170.48, 170.12, 170.09, 170.03,
169.98, 169.88, 169.63, 169.42, 169.38, 168.99, 168.83 (C=0), 95.82 (C-1 «), 95.75
(C-1),91.28 (C-1’ B3), 88.86 (C-1" ), 77.37,77.05, 76.73, 75.30, 73.01, 72.30, 72.12,
70.97, 70.13, 70.12, 70.07, 69.79, 69.74, 69.59, 69.54, 69.20, 68.80, 68.57, 68.20,
62.70, 62.58, 32.55, 30.67, 21.03, 20.93, 20.87, 20.85, 20.82, 20.68, 20.65, 20.63,
20.59, 20.55, 20.45.

HRMS (ESI) calculated for C;sH,sBrO,, [M+Na]* 779.1374, found 779.1371.

1,2,3,6,2’,3’,4’-hepta-O-acetyl-6’-O-(3-azidopropyl)-4-O-(a-D-glucopyranosyl)- 3-D-

glucopyranose, 14
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The bromide 14 (873 mg, 1.15 mmol) was dissolved in DMF (2 mL) and sodium azide
(112 mg, 1.73 mmol) was added to it. The solution was stirred at 60 °C ON. The RM
was cooled to 0 °C, diluted with water, extracted with EtOAc. The residue was purified
by flash column chromatography on silica gel (CH,Cl,/ MeOH: 5%) to give 14 (788
mg, 95%) as a white solid.

' H NMR (400 MHz, CDCl3) § 6.24 (d,J = 3.7 Hz, 0.6 H, H-1 ), 5.74 (d, J = 8.2 Hz,
0.3H, H-1 ), 5.58 — 5.23 (m, 3H, H-3, H-1’, H-3"), 5.21 — 5.07 (m, 1H, H-4), 5.03 —
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4.92 (m, 1H, H-2),4.86 (ddd, J =10.4,6.1,4.1 Hz, 1H, H-2"),4.42 (dd, J = 12.2, 2.5 Hz,
1H, H-5%), 4.26 — 3.95 (m, 4H, H-4, H-4’, H-5, H-6a), 3.51 — 3.16 (m, 6H, —CH,Nj,
—NCH,;, H-6b, H-6’), 2.04 (m, 21H, CHj3), 1.83 (m, 2H, —CH,CH,CH;N3).

13C NMR (101 MHz, CDCl3) § 170.56, 170.55, 170.47, 170.10, 170.09, 170.01,
169.97, 169.87, 169.62, 169.40, 169.36, 168.98, 168.83 (C=0), 95.81 (C-1 «), 95.74
(C-1),91.27 (C-1’ B), 88.84 (C-1" «0), 77.37,77.05, 76.74, 75.29, 73.00, 72.33, 72.29,
72.15, 70.96, 70.12, 70.10, 70.06, 69.78, 69.73, 69.53, 69.48, 68.71, 68.67, 68.46,
68.44, 68.21, 68.19, 62.72, 62.60, 48.14, 29.04, 21.02, 20.92, 20.86, 20.84, 20.83,
20.82, 20.66, 20.64, 20.63, 20.59, 20.55, 20.44 (CHs).

HRMS (ESI) m/z calculated for CyoHyN3;O15 [M+Na] ™ 742.2280, found 742.2283.

6’-O-((3-azidopropyl)carbamoyl)4-O-(a-D-glucopyranuronosyl)-3-D-glucopyranose,
BOT_41

N3
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To a solution of 12 (150 mg, 0.204 mmol) in methanol (2 mL) was added catalytic
amount of sodium methoxide (5 pL, 0.008 mmol). The RM was stirred ON at RT,
acidified with Amberlyst IR-120 until pH 2 and filtered. The filtrate was concentrated
to give the crude product. The crude product was purified by flash chromatography
using an amino column (MeCN/H,0: 95% to 70% over 30 min) to give BOT_41 (35

mg, 36%) as a colourless liquid.
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' H NMR (400 MHz, D,0) § 5.48 (d, ] = 3.5 Hz, 1H, H-1a), 5.22 (d, J = 3.7 Hz, 1H,
H-1°), 4.24 — 3.50 (m, 10H, skeletal protons), 3.43 — 3.15 (m, 4H, —OCH,, —CH;N3),
1.99 — 1.66 (m, 2H, CH,CH;N3).

13C NMR (101 MHz, D,0) § 170.83 (C=0), 99.76 (C-1 ), 99.65 (C-1 3), 95.71 (C-
1), 76.78, 76.54, 76.11, 74.32, 73.95, 73.15, 72.44, 72.22, 71.26, 71.19, 69.74, 69.53,
68.57, 64.77, 60.49, 60.39 (skeletal carbons), 48.52 (—OCH,), 36.53 (—CH;Nj3), 27.48
(CH,>CH;N;3).

HRMS (ESI) m/z calculated for C;sHysN;0y, [M+Na] ™ 461.1489, found 461.1489.
6’-0-(3-azidopropyl)-4-O-(a-D-glucopyranosyl)- 3-D-glucopyranose, BOT_42

Ng >0
Ho/& OH
A
0
OH
HO A
BOT 42

To a solution of 15 (300 mg, 0.416 mmol) in methanol (3 mL) was added catalytic
amount of sodium methoxide (8 uL, 0.016 mmol). The RM was stirred ON at RT,
acidified with Amberlyst IR-120 until pH 2 and filtered. The filtrate was concentrated
to give the crude product. The crude product was purified by flash chromatography
using an amino column (MeCN/H,0: 95% to 70% over 30 min ) to give BOT_42 (66.3

mg, 37.2%) as a colourless liquid.

' H NMR (400 MHz, CDCl;) 6 5.40 (d, J =3.9 Hz, 1H, H-1), 4.48 (d, J = 8.0 Hz, 1H,
H-17), 4.08 — 3.56 (m, 10H, skeletal protons), 3.56 — 3.22 (m, 4H, —OCH,, —CH;N3),
1.92 (p, J = 6.5 Hz, 2H; CH,CH,N3).

HRMS (ESI) m/z calculated for C;5H,7N30;; [M+Na]™ 448.1543, found 448.1543.
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6’-O-propyl-4-O-(a-D-glucopyranosyl)-3-D-glucopyranose, BOT_43

~o

HO

O
© OH
HO
(@)
HO OH
HO

BOT 43

To a solution of the triflate 22 (250 mg, 0.214 mmol) in EtOH/EtOAc (4:1, 50 mL)
was added Pd(OH),/C (0.218 g, 0.155 mmol) and hydrogenated for 24 h under 10 bar.
The RM was filtered over a pad of celite and concentrated to give the desired product

BOT_43 (77.6 mg, 94 % yield) as a colourless solid.

I'H NMR (400 MHz, D,0) § 528 (d, J = 3.9 Hz, 1H, H-1), 5.12 (d, J = 3.8 Hz,
0.5H, H-1 "), 4.54 (d, ] = 8.0 Hz, 0.5H, H-1 ), 3.98 — 3.12 (m, 14H, skeletal protons,
-OCH,CH,), 1.50(q, J =7.2 Hz, 2H, —C'H,CH3;), 0.80 (t, J = 7.4 Hz, 3H, —CH3).

13C NMR (101 MHz, CDCl3) § 99.50, 99.43, 95.71, 91.83, 76.95, 76.77, 76.14, 74.53,
73.94, 73.29, 73.15, 72.79, 71.66, 71.62, 71.53, 71.47, 71.23, 71.08, 69.91, 69.77,
69.53, 69.49, 69.08, 68.94, 66.76, 60.70, 60.56, 21.87, 9.65.

HRMS (ESI) m/z calculated for C;5H,30;; [M+Na]™ 407.1529, found 407.1529.
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6’-((2-(2-azidoethoxy)ethyl)carbamoyl)-4-O-(a-D-glucopyranuronosyl)- 3-D-
glucopyranose, BOT_49

N3
H A~
NX0 '3
(0]
HO % oH
HO
OH 0
0]
2 OH
© OH
BOT 49

To a solution of 13 (158 mg, 0.186 mmol) in methanol (2ml) was added catalytic amount
of sodium methoxide (4 uL, 0.007 mmol). The RM was stirred ON at RT, acidified with
Amberlyst IR-120 until pH 2 and filtered. The filtrate was concentrated to give the
crude product. The crude product was purified by flash chromatography using an amino
column (MeCN/H,0: 95% to 70% over 30 min) to give BOT_49 (66.3 mg, 64%) as a

colourless liquid.

'H NMR (400 MHz, D,0) § 5.46 (s, 0.6H, H-1 «), 5.20 (d, J =3.7 Hz, 1H, H-1" ), 4.63
(d, J=7.9 Hz, 1H, H-1 ), 4.20 — 3.14 (m, 26H, skeletal protons, —OCH,).

13C NMR (101 MHz, D,0) § 171.07 (C=0), 99.61 (C-1 «), 95.80 (C-1 j3), 91.83 (C-
1’), 76.82, 76.58, 76.11, 74.33, 73.97, 73.14, 72.39, 72.18, 71.31, 71.25, 69.75, 69.62,
69.54, 69.48, 69.17, 68.69, 65.68, 60.49, 60.39 (skeletal carbons, —OCHy), 50.11 (-
NHCH2-), 38.85 (—CH;Ns).

HRMS (ESI) m/z calculated for CooHzsN4O4 [M+Na]™ 579.2126, found 579.2126.
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B-D-glucopyranose,2,3,4,6-tetra-hydroxy-a-D-glucopyranosyl-(1—4)-2,3,6-tri-
hydroxy-a-D-glucopyranosyl-(1—4)-2,3,6-tri-hydoxy-a-D-glucopyranosyl-(1—4)-
2,3,6- tri-hydroxy-a-D-glucopyranosyl-(1—4)-2,3,6-tri-hydroxy-a-D-glucopyranosyl-
(1—4)-2,3,6- trihydroxy 1-(3’-azidopropyl), BOT_46

W%\“ HOéN i,
OH
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HO
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O HO
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0] 0] o OH
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BOT_46

To a solution of 13 (158 mg, 0.186 mmol) in methanol (2ml) was added catalytic amount
of sodium methoxide (4 uL, 0.007 mmol). The RM was stirred ON at RT, acidified with
Amberlyst IR-120 until pH 2 and filtered. The filtrate was concentrated to give the
crude product. The crude product was purified by flash chromatography using an amino
column (MeCN/H,0: 95% to 70% over 30 min) to give BOT_49 (66.3 mg, 72%) as a

colourless liquid.

! H NMR (400 MHz, D,0) 6 5.44 — 5.34 (m, 5H, H-1, H-1), 4.44 (d, ] = 8.0 Hz, 1H,
H-17),4.13 — 3.89 (m, 6H, skeletal protons), 3.88 — 3.70 (m, 19H, skeletal protons), 3.70
—3.50 (m, 13H, skeletal protons), 3.47 — 3.35 (m, 3H, —OCH, -, —CH,N3), 3.27 (dd, J
=9.5,8.0 Hz, 1H, —CH;N3), 1.88 (q, J = 6.5 Hz, 2H, —C'H,CH,N3).

HRMS (ESI) m/z calculated for C30Hg7N303; [M+Na] ™ 1096.3657, found 1096.3657.
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tert-butyl (3-(3-aminopropoxy)propyl)carbamate, 28

HzN/\/(\O/\a/\NHBOC

3
28

The diamine 33 (20.0 mL, 91.2 mmol, 10 eq.) was dissolved in anhydrous CH,Cl,
(65 mL) and cooled to 0 °C. Boc,O (2.00 g, 9.12 mmol, 1.00 eq.) was dissolved in
anhydrous CH,Cl, (6.5 mL) and added dropwise over 45 min and stirred ON at RT. The
reaction was quenched with H,O and the aqueous layer extracted with CH,Cl,. The
combined organic layers were dried over Na,SO,4 and concentrated. The crude product
was purified by column chromatography (CH,Cl,/MeOH/Et;N- 1:0:0 to 9:0.5:0.5) to
give the product 28 (1.40 g, 4.06 mmol, 48%).

I'H NMR (400 MHz, CDCl3) § 5.11 (t, J = 5.9 Hz, 1H, -NHBoc), 3.58 (s, 12H,
—OCH;-), 3.21 (q, J = 6.4 Hz, 2H, —-C'H,CH,NH,), 2.88 (t, ] = 6.5 Hz, 2H,
CH,CH,NHBoc), 1.77 (m, 4H, CH,NH,, CH,NHBoc), 1.42 (s, 9H, Boc-CHj3).

13C NMR (101 MHz, CDCl;) 156.09 (C=0), 70.62, 70.60, 70.25, 70.20, 69.50
(-=OCH-2)), 39.65 (CH,;NH,), 33.28 (CH,NHBoc), 29.63 (CH2CH,NHBoc), 28.46
(Boc-CHs3).

tert-butyl (3-(3-(11-0x0-2,3,6,7-tetrahydro-1H,5H, 1 1H-pyrano[2,3-f]pyrido[3,2,1-

ijlquinoline-10-carboxamido)propoxy)propyl)carbamate, 34

34
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A solution of the linker 28 (203 mg, 0.69 mmol) in CH,Cl, (5 mL) was added to a
solution of coumarin 343 (200 mg, 0.63 mmol) in CH,Cl, (16 mL). T3P (0.54 mL, 1.5
mmol, 50% w/w) was added to it followed by EtzN (0.4 mL, 3.4 mmol). The bright
yellow solution was stirred ON at RT. The reaction was quenched with NaHCO; (3 x
20 mL) and the aqueous layer extracted with CH,Cl,. The combined organic phases
were dried over Na,SO, and concentrated. The crude product was purified by column
chromatography (CH,Cl,/MeOH/Et;N- 98:1:1 to 96:3:1) to give the product 34 (290
mg, 0.49 mmol, 82%) as a yellow oil.

! H NMR (400 MHz, CDCl3) § 8.62 (s, 1H, Ar-CH), 7.01 (s, 1H, ArC-H), 3.77 — 3.47
(m, 12H, —OCH,), 3.33 (dd, J = 11.1, 4.7 Hz, 4H, 2 x coumarin CH,N), 3.22 (t, J
= 6.5 Hz, 2H, CH,NHCO), 2.77 (t, J = 6.2 Hz, 2H, CH,NH,), 2.04 — 1.70 (m, 8H,
CH2CH,NH,, CH2CH,NHCO, 2 x coumarin CH2CH;N), 1.43 (s, 9H, Boc-CH,).

HRMS (ESI) m/z calculated for CyH33N306 [M+Na]™ 610.3104, found 610.3104.

N-(3-(2-(2-(3-aminopropoxy)ethoxy)ethoxy)propyl)-11-0x0-2,3,6,7-tetrahydro-
1H,5H,11H-pyrano[2,3-f]pyrido[3,2,1-ij]quinoline-10-carboxamide, 31

31

The Boc-protected amine 34 (75 mg, 0.12 mmol) was dissolved in TFA / CH,Cl, (1:1,
2 mL) and stirred for 2 h at RT. The RM was partitioned between CH,Cl, and NaHCO3
solution and extracted with CH,Cl, (3 x 10 mL).The combined organic phases were

dried over Na,SO, and concentrated. The crude product was purified by column chro-

matography (CH,Cl,/MeOH/Et;N- 8.9:1.0:0.1) to give the desired amine 31 (48 mg, 56
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%) as an orange oil.

' H NMR (400 MHz, CD3;0D) ¢ 8.45 (s, 1H, Ar-CH), 7.28 (s, 1H, Ar-CH), 3.66-3.54
(m, 12H, —OCH,), 3.50 (t, J = 6.6 Hz, 2H, CH,NHCO), 3.37-3.34 (m, 4H, 2 X
coumarin CH,N), 2.84-2.74 (m, 6H, CH,NH, 2 x coumarin Bn-CH,), 2.00-1.92 (m,
4H, 2 x coumarin CH,CH,N), 1.89-1.84 (m, 2H, PEG C'H,CH,NHCO), 1.77-1.71
(m, 2H, PEG C'H,CH,NH,).

13C NMR (101 MHz, CD;0D) § 165.7, 164.2, 154.0, 150.1, 149.1, 128.4, 121.7, 109.3,
108.5, 106.5, 71.5,71.5, 71.4, 71.2, 70.5, 70.2, 51.3, 50.8, 40.2, 38.3, 32.7, 30.5, 28.4,
22.2,21.2,21.0.

HRMS (ESI) m/z calculated for 26 H3;N;04 [M+H] T 488.2761, found 488.2760.

1,2,3,6,2’,3’,4’-hepta-O-acetyl-4-O-(a-D-1,5-glucohexodialdo)- 5-D-glucopyranose,
36

2,2-dicholo acetic acid (121 mg, 0.935 mmol) and EDC (448 mg, 0.935 mmol) were
added to a solution of the alcohol (455 mg, 0.468 mmol) in DMSO/toluene (1:1, 1.4
mL) and stirred ON at RT. The RM was fractioned between water and CH,Cl,. The
organic layer was sequentially washed with water and with aq. NaHCO3, dried with
Na,SO, and concentrated. The crude product was used in the next step without further

purification.

'H NMR (400 MHz, CDCl;) ¢ 9.45 (d, J = 28.8 Hz, 1H, CHO), 7.73 — 6.98 (m, 37H,
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Ar-CH), 5.89 - 5.63 (m, 1H, H-1), 5.29 — 4.47 (m, 16H, Bn-CH,), 4.41 — 3.26 (m, 12H,

skeletal protons).

13C NMR (101 MHz, CDCl3) 6 197.70 (CHO), 138.73, 138.43, 138.39, 138.19, 138.13,
137.98, 137.91, 137.72, 137.68, 137.44 (Bn-CH,), 128.56, 128.51, 128.48, 128.45,
128.43, 128.41, 128.38, 128.36, 128.35, 128.27, 128.24, 128.22, 128.11, 128.08,
127.89, 127.86, 127.84, 127.77, 127.63, 127.60, 127.46, 127.23, 126.66, 126.59 (Bn-
CH), 102.42 (C-1a), 96.46 (C-1p3), 95.27 (C-1"), 84.67, 82.26, 81.83, 81.52, 80.24,
78.74, 78.66, 77.92, 77.45, 77.13, 76.81, 75.71, 75.10, 74.99, 74.74, 74.42, 73.93,
73.42,73.32,72.99, 72.74, 72.54, 71.06, 69.77, 69.36, 68.67.

HRMS (ESI) m/z calculated for CeuHeO;; [M+Na]™ 993.4190, found 993.4189.

Benzylated BOT_15, 35

To a solution of aldehyde (181 mg, 0.08 mmol) in CH,Cl, (2 mL), the amine 31 (181
mg, 0.310 mmol) was added, followed by NaBH(OAc); (656 mg, 3.10 mmol). The
RM was stirred ON at RT. The RM was fractioned between water and CH,Cl,. The
organic layer was sequentially washed with water and with aq. NaHCO3, dried with

Na,SO, and concentrated. The product was was purified by column chromatography

(CH,Cl1,/MeOH- 5%) to give 35 (45 mg, 20%).

'H NMR (400 MHz, CDCl;) 6 8.94 (d, J = 5.5 Hz, 1H, coumarin O=CNH), 8.61 (s,
1H, coumarin Ar-CH), 7.54 — 7.09 (m, 35H, Bn-CH), 7.02 (s, 1H, coumarin Ar-CH),
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5.70 (dd, J = 29.4, 3.3 Hz, 1H, H-1), 5.21 — 4.43 (m, 14H, Bn-CH,) 4.29 — 3.38 (m,
23H, skeletal protons, —OCH,), 3.29 (dd, J = 11.2, 5.6 Hz, 4H, 2 x PEG —-CH,NH),
3.00 — 2.67 (m, 6H, coumarin CH,N, 2 x coumarin Bn-CH,), 2.14 — 1.59 (m, 8H, 2 x
coumarin —CH,CH,N, 2 x PEG —-CH,CH,NH ).

13C NMR (101 MHz, CDCl3) 163.64, 163.00 (C=0), 148.11, 148.10, 138.51, 138.46,
138.22, 138.18, 138.04, 137.82, 137.42 (Bn-CH,), 128.53, 128.49, 128.46, 128.42,
128.36, 128.27, 128.17, 128.06, 128.03, 127.98, 127.92, 127.87, 127.85, 127.81,
127.71, 127.69, 127.67, 127.65, 127.63, 127.56, 127.40, 127.13, 127.00, 126.94 (Bn-
CH), 119.62, 108.98, 108.30, 105.60, 102.43 (C-1), 96.19 (C-1), 84.69, 82.29, 81.55,
79.16, 78.65, 77.45, 77.34, 77.13, 76.81, 75.33, 74.90, 74.66, 74.61, 74.09, 73.57,
71.09, 70.47, 70.45, 70.31, 70.12, 69.63, 69.07, 50.22, 49.79, 47.38, 36.96, 29.59,
27.43, 21.14, 20.20, 20.12.

HRMS (ESI) m/z calculated for Cg7HgoN3O,¢ [M+Na]t 1442.7104, found 1442.7107.

1,2,3,6,2’,3’,4’-hepta-O-benzyl-4-O-(«a-D-glucopyranuronosyl)-5-D-glucopyranose,
38
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To a solution of the alcohol 17 (150 mg, 0.15 mmol) in CH,Cl,/H,O (2:1, 1.5 mL),
were added TEMPO (8 mg, 30 pmol) and BAIB (145 mg, 0.45 mmol). The RM was
stirred ON at RT. The RM was quenched with saturated Na,S,0; (2 mL), extracted with

EtOAc, dried over Na,SO, and concentrated. The crude product was purified by column
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chromatography (CH,Cl,/MeOH- 2% to 5%) to give the desired acid 38 (126 mg, 85

%) as a viscous oil.

' H NMR (400 MHz, CDCl3) § 7.58 — 6.99 (m, 35H, Ar-CH), 5.81 (dd, J = 7.4, 3.6 Hz,
1H, H-1), 5.17 — 4.47 (m, 15H, Bn-CH,, H-17), 4.43 — 3.44 (m, 11H, skeletal protons).

I3C NMR (101 MHz, CDCl;) § 172.11 (C=0), 139.01, 138.72, 138.39, 138.36, 138.15,
137.89, 137.78, 137.77, 137.74, 137.72, 137.61, 137.51, 137.39, 137.12 (Bn-CH,),
128.58, 128.53, 128.50, 128.46, 128.44, 128.41, 128.38, 128.37, 128.35, 128.34,
128.32, 128.31, 128.28, 128.26, 128.11, 128.07, 128.04, 127.98, 127.94, 127.88,
127.83, 127.80, 127.75, 127.71, 127.69, 127.64, 127.22, 126.57, 126.50 (Ar-CH),
102.45 (C-1 o), 97.49 (C-1 ), 95.22 (C-1"), 84.53, 82.27, 80.93, 80.23, 78.77, 78.39,
77.47, 77.15, 76.83, 75.51, 75.27, 74.76, 74.53, 74.23, 73.96, 73.74, 73.61, 73.50,
72.97,71.22,71.15, 70.05, 69.46, 68.15.

HRMS (ESI) m/z calculated for Cg7Hg7N30,7 [M+Na]* 1478.6716, found 1478.6714.

Benzylated BOT_16, 37

The acid 38 (60 mg, 60 xmol) and the amine 31 (35 mg, 60 pmol) were dissolved in dry
CH,Cl, (2.0 mL). T3P (50 % in DMEF, 60 pL, 91 pmol) followed by Et;N (85 uL, 0.6
mmol) were added to the RM. The RM was stirred at RT for 4 h. The RM was washed
with saturated bicarbonate and extracted with CH,Cl,. The combined organic extracts

were washed with H,O and brine, dried using Na,SO,, and concentrated under reduced
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pressure. The crude product was purified by column chromatography (CH,Cl,/MeOH:
10%) to yield 37 (96 mg, 65%) as a white solid.

'H NMR (400 MHz, CDCl3) § 8.93 (t, J = 5.6 Hz, 1H, amide-NH), 8.59 (s, 1H,
coumarin Ar-CH), 7.54 —7.13 (m, 35H, Bn-CH), 6.99 (s, 1H, coumarin Ar-CH), 6.64
(t, J =59 Hz, 1H, NH), 5.77 (d, J = 3.6 Hz, 1H, H-1), 5.09 — 4.43 (m, 16H, Bn-CH,,
H-17), 4.22 — 3.42 (m, 23H, skeletal protons, —OCH,), 3.41 — 3.24 (m, 6H, coumarin
CH,N, 2 x coumarin Bn-CH,), 3.16 — 2.66 (m, 4H, 2 x PEG —CH,NH), 2.11 - 1.79
(m, 8H, 2 x coumarin —CH,CH;,N, 2 x PEG —-CH,CH,NH).

13C NMR (101 MHz, CDCl;) § 168.63, 163.58, 162.98 (C=0), 152.66, 148.04, 147.99,
138.67, 138.55, 138.41, 138.18, 137.98, 137.77, 137.40, 128.58, 128.52, 128.47,
128.35, 128.33, 128.31, 128.29, 128.21, 128.16, 127.97, 127.91, 127.90, 127.87,
127.75, 127.70, 127.64, 127.52, 127.26, 127.01, 126.68, 126.61, 119.56, 109.23,
108.28, 105.68, 102.55, 96.83, 84.92, 82.36, 81.30, 79.58, 78.64, 77.39, 77.27, 77.07,
76.75, 75.53, 75.17, 74.94, 74.78, 74.39, 74.02, 73.55, 72.11, 71.42, 71.14, 70.58,
70.56, 70.36, 70.11, 69.15, 68.97, 68.37, 50.23, 49.81, 36.95, 36.81, 29.62, 29.44,
27.47,21.17, 20.24, 20.14.

HRMS (ESI) m/z calculated for Cg;Hyg7N30;7 [M+Na]™ 1487.6716, found 1478.6716.

1,2,3,6,2’,3’-hexa-O-benzyl-6’-O-propargyl-4-O-(«a-D-glucopyranosyl)-5-D-

J\
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o

glucopyranose, 39

BnO © OB
Bn :
BnO (@)
(@)
BnO OBn
BnO

39

140



A solution of the alcohol 17 (500 mg, 0.50 mmol) and NaH (42 mg, 1.03 mmol) in THF
(4.1 mL) was stirred for 20 min at RT. The RM was cooled to 0 °C, DMPU (1.4 mL)
was added to the RM and allowed to stir for 10 min. Propargyl bromide (97 L, 1.03
mmol) was added and the RM was stirred ON at RT. The reaction was quenched with
water (10 mL) and extracted with EtOAc. The combined organic layer was washed with
brine and water, dried over Na,SO,4 and concentrated. The crude product was purified
by column chromatography (PE/EtOAc: 20%) to give the alkyne 39 (480 mg, 95 %) as

a viscous oil.

'"H NMR (400 MHz, CDCl3) § 7.49 —7.06 (m, 35H, Ar-CH), 5.68 (dd, ] = 15.4, 3.7 Hz,
1H, H-1), 5.11 — 4.42 (m, 15H, Bn-CH,, H-1), 4.22 — 3.36 (m, 14H, skeletal protons,
propargyl CH,), 2.31 (dt, J = 10.8, 2.3 Hz, 1H, propargyl CH).

HRMS (ESI) m/z calculated for CesHeO;; [M+Na]™ 1033.4503, found 1033.4501.

N-(3-azidopropyl)-11-0x0-2,3,6,7-tetrahydro-1H,5H, 1 1H-pyrano[2,3-f]pyrido[3,2,1-

ij]quinoline-10-carboxamide, 40

O

H
N @) @)

40

Coumarin 343 (142 mg, 0.5 mmol) and 3-azido-1-propyl-amine (50 pL, 0.5 mmol)
were dissolved in dry CH,Cl, (5.0 mL). T3P (50 % in DMF, 0.43 mL, 0.74 mmol)
followed by Et;N (0.7 mL, 4.9 mmol) were added to the RM. The RM was stirred at
RT for 4 h. The RM was washed with saturated bicarbonate and extracted with CH,Cl,.

The combined organic extracts were washed with H,O and brine, dried using Na, SOy,

141



and concentrated under reduced pressure. The crude product was purified by column

chromatography (CH,Cl,/MeOH: 10%) to yield 40 (137 mg, 74%) as a white solid.

! H NMR (400 MHz, CDCl3) 6 8.95 (s, 1H, O=C-NH), 8.60 (s, 1H, Ar-CH), 7.01 (s,
1H, Ar-CH), 3.53 (q, J = 6.6 Hz, 2H, coumarin Bn-CH,), 3.49 — 3.25 (m, 6H, coumarin
Bn-CH,, 2 x coumarin CH,N), 2.89 (t, J = 6.4 Hz, 2H, —CH;,N3), 2.77 (t, ] = 6.2 Hz,
2H, -NHCH,-), 2.09 — 1.77 (m, 6H, —CH,CH;Nj3, 2 x coumarin NCH,CH>).

13C NMR (101 MHz, CDCl;) § 163.83 (ester C=0), 163.12 (amide C=0), 152.68,
148.18, 148.13, 127.04, 119.66, 108.82, 108.25, 105.68 (Ar-CH), 50.24, 49.83,
49.26, 36.84, 29.07, 2747 ( 2 x coumarin Bn-CH,, 2 X coumarin CH,;N),
—NHCH, -, —CH;,Nj3), 21.14 (coumarin NCH,CH,), 20.20 (coumarin NCH,CH,),
20.12 (-CH,CH;,N3).

HRMS (ESI) m/z calculated for CooHzsN4O;4 [M+Na]™ 579.2126, found 579.2126.

Benzylated BOT_18, 41

(@)
BnO © OB
Bno n
BnO o O
BnO OBn
BnO
41

The alkyne 39 (100 mg, 0.1 mmol) and azide 40 (33 mg, 0.09 mmol) were dissolved
in CH,CI,/H,0 (1:1, 2 mL). Freshly prepared solution of CuSO, - HO (45 pL, 0.1 M)
and NaAsc (134 pL, 0.1 M) were mixed until brown colour turns yellow. The mixed

solution was added to the RM and the reaction allowed to stir ON. The RM was extracted
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with CH,Cl,, organic layer dried over Na,SO, and concentrated. The crude product
was purified by column chromatography (CH,Cl,/MeOH: 2%) to yield the benzylated
conjugate 41 (100 mg, 73.5%) as an orange oil.

' H NMR (400 MHz, CDCl;) § 8.96 (t, J = 5.9 Hz, 1H, O=C-NH), 8.58 (s, 1H,
Coumarin Ar-CH), 7.59 (s, 1H, Pyrazole C-H), 7.48 — 7.09 (m, 35H, Benzyl Ar-CH),
6.98 (s, 1H, Coumarin Ar-CH), 5.68 (dd, J = 18.2, 3.5 Hz, 1H, H-1), 5.03 — 4.41 (m,
18H, 7 x Bn-CH,, 2 x coumarin Bn-CH,), 4.30 — 3.22 (m, 18H, 13 X skeletal protons,
2 x coumarin CH;N, propargyl —OCH,), 2.89 (t,J = 6.3 Hz, 2H, -NHCH, -), 2.76 (t,
J=6.0 Hz, 2H, —CH;,N3), 2.12-1.98 (m, 6H, —CH,CH,Nj3, 2 x coumarin NCH,CH>).

13C NMR (101 MHz, CDCl;) § 164.13 (O=C-0), 163.10 (O=C-NH), 152.75, 148.31,
148.18 (coumarin Ar-CH), 144.64, 138.81, 138.46, 138.37, 138.27, 138.02, 137.49
(maltose Bn-CH,), 128.51, 128.43, 128.39, 128.36, 128.33, 128.31, 128.30, 128.26,
128.23, 128.20, 128.02, 127.83, 127.78, 127.75, 127.70, 127.62, 127.52, 127.45,
127.11, 126.74, 126.65, 123.11 ( maltose Bn-CH), 119.73, 108.57, 108.25, 105.70
(coumarin Ar-CH), 102.36 (maltose C-1), 96.84 (maltose C-1), 84.80, 82.32, 81.98,
79.33, 77.39, 77.08, 76.76, 74.67, 73.40, 73.25, 72.93, 71.00, 64.81 (maltose skele-
tal protons), 50.27, 49.85, 47.87, 36.37, 30.64, 27.47 (2 x coumarin Bn-CH,,
2 x coumarin CH,N, —NHCH,-, —CH;N3;), 21.13 (coumarin NCH,CH,), 20.19
(coumarin NCH,CH,), 20.12 (- CH,CH,N3).

HRMS (ESI) m/z calculated for Cg3HggNsO14 [M+Na] ™ 1402.6304, found 1402.6299.
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Acetylated BOT_47, 44

The azide 14 (39.9 mg, 0.054 mmol) and Perylene-azide 43¢ (15.6 mg, 0.049 mmol)
were dissolved in DMF (0.6 ml). Freshly prepared solution of CuSO, - HO (27 uL, 0.1
M) and NaAsc (325 uL, 0.1 M) were mixed until brown colour turns yellow. The mixed
solution was added to the RM and the reaction allowed to stir ON. TBTA (271 uL, 20
mM) was added to the above mixture. The mixed solution was added to the RM and
the reaction allowed to stir ON. The RM was directly injected into HPLC and purified
(MeCN/H,0: 20% to 95% over 90 min) to yield 44 (28 mg, 49%) as an yellow solid.

! H NMR (400 MHz, CDCl;) ¢ 8.38 — 8.07 (m, 4H, perylene C-H), 7.94 (d, J = 8.1
Hz, 1H), 7.68 (t, J = 7.7 Hz, 3H, perylene C-H), 7.61 — 7.44 (m, 4H, perylene C-H),
7.37 (d, J =4.5 Hz, 1H, pyrazole CH), 6.23 (d, J = 3.6 Hz, 0.7H, H-1«), 5.73 (d, ] = 8.2
Hz, 0.3H, H-15), 5.59 - 5.13 (m, 4H, H-1’, H-3’, H-4, H-2), 5.13 — 4.76 (m, 6H, H-2",
H-5’,2 x-0CH,), 4.65 — 4.35 (m, 3H, H-4, H-4’, H-5), 4.21 (dd, J = 12.1, 3.3 Hz, 1H,
H-6a), 4.15 — 3.96 (m, 2H, H-6b, H-6’a), 3.83 (d, J = 9.8 Hz, 1H, H-6’b), 3.41 (dd, J =
46.5,39.0 Hz, 4H, —CH;N3, —NCH,), 2.38 — 1.76 (m, 23H, CH;), —-CH,CH,CH;N3).

13C NMR (101 MHz, CDCl;) § 170.56, 170.50, 170.09, 169.97, 169.62, 168.84 (C=0),
144.98, 134.62, 133.05, 133.01, 131.59, 131.22, 131.05, 129.18, 129.01, 128.46,
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128.10, 127.95, 127.90, 127.58, 126.82, 126.59, 123.89, 123.22, 120.39, 120.35,
120.31, 119.61 (perylene Ar-CH), 95.86 (C-1)a, 91.28 (C-1/), 88.85 (C-1°), 77.37,
77.05, 76.74, 75.28, 72.99, 72.50, 72.30, 71.00, 70.06, 69.68, 69.55, 68.59, 68.04,
67.80, 63.75, 62.75, 60.41, 46.99, 30.31, 21.06, 20.87, 20.85, 20.81, 20.71, 20.63,
20.61, 20.56 (CHj3).

HRMS (ESI) m/z calculated for Cs3Hs7;N30,9 [M+Na]™ 1062.3484 found 1062.3485.

Maltose-PEG-Coumarin 343 conjugate, BOT_15

BOT 15

Benzylated conjugate (20 mg, 13.8 pmol)and pentamethylbenzene (43 mg, 0.290
mmol) were dissolved in 2 mL of anhydrous CH,Cl,. The solution was cooled to -
78 °C and BCl; (0.58 mL, 0.58 mmol)was added slowly along the flask wall. After the
solution was stirred for 1.5 h, DIPEA (0.11 mL, 0.67 mmol) was added to the flask,
followed by MeOH (2 mL) to quench the reaction. The reaction was then warmed to
RT, and the solvents were removed under reduced pressure. The resulting solid was dis-
solved in 5:3 MeOH/1,4-dioxane and purified by preparative HPLC (MeCN/H,0: 20%
to 95% over 90 min) yielding the desired conjugate BOT_15 (4 mg, 36%).

'H NMR (500 MHz, MeOD) 6 8.56 (s, 1H, coumarin Ar-CH), 7.17 (s, 1H, coumarin
Ar-CH), 5.52 (dd, J = 12.2, 3.9 Hz, 1H, H-1), 5.12 (d, ] = 3.8 Hz, 1H, H-1"), 4.51 (d,
J =78 Hz, 1H, ), 4.04 — 3.38 (m, 27H, skeletal protons, —OCH,, coumarin CH;N),
3.28 —3.11 (m, 6H, coumarin CH,N, 2 x coumarin Bn-CH,), 2.85 (dt, J =31.5, 6.2 Hz,
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4H, 2 x PEG —CH,;NH), 2.10 — 1.80 (m, 6H, 2 x coumarin —CH,CH;N, 2 x PEG
—-CH,CH;NH).

I3C NMR (101 MHz, MeOD) ¢ 164.39, 162.99 (C=0), 152.67, 148.80, 147.87, 127.62,
127.09, 126.11, 120.40, 107.99, 107.02, 105.15, 99.33 , 99.22 (C-1«), 96.83 (C-17),
92.49 (C-1"), 76.77, 75.96, 75.01, 74.62, 73.64, 73.14, 72.54, 72.19, 72.07, 72.04,
70.08, 69.89, 69.84, 69.82, 69.69, 68.71, 68.50, 68.41, 60.61, 36.82, 29.07, 27.03,
20.77, 19.82, 19.63.

HRMS (ESI) m/z calculated for C33Hs7N30;6 [M+Na] ™ 834.3637 found 834.3637.

Maltose PEG coumarin 343 conjugate, BOT_16
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Benzylated conjugate (65 mg, 0.04 mmol) and pentamethylbenzene (285 mg, 1.2
mmol) were dissolved in 6 mL of anhydrous CH,Cl, to give a light yellow solution.
This solution was cooled to -78 °C and BCl; (0.94 mL, 0.84 mmol)was added slowly
along the flask wall. After the solution was stirred for 1.5 h, DIPEA (0.357 mL, 2.04
mmol) was added to the flask, followed by MeOH (2 mL) to quench the reaction. The
reaction was then warmed to RT, and the solvents were removed under reduced pressure.
The resulting solid was dissolved in 5:3 MeOH/1,4-dioxane and purified by preparative
HPLC (MeCN/H,0: 20% to 95% over 90 min) yielding the desired conjugate BOT_16
(16 mg, 45% ) as an orange solid.

'H NMR (500 MHz, D,0) 6 8.20 (s, 1H, NH), 7.84 (s, 1H, coumarin Ar-CH), 6.95 (s,
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1H, coumarin Ar-CH), 5.38 (d, J = 2.5 Hz, 1H, H-1), 5.11 (d, J = 3.8 Hz, 1H, H-1"),
4.52 (d,J=8.0Hz, 1H, H-5"), 3.96 — 2.95 (m, 24H, skeletal protons, —OCH,, coumarin
CH;,N), 2.78 —2.46 (m, 6H, coumarin CH,N, 2 x coumarin Bn-CH,), 1.83 (dd, J =12.5,
6.3 Hz, 4H, 2 x PEG —CH,NH), 1.27 - 1.09 (m, 8H, 2 x coumarin —CH,CH,N, 2 x
PEG -CH,CH,;NH).

13C NMR (101 MHz, D,0) § 170.68, 164.81, 164.80, 163.33 (4 x C=0), 151.60,
148.90, 148.88, 127.02, 120.62, 107.53, 104.44, 104.38, 99.87, 95.78 (C-1), 91.85 (C-
1), 77.24, 77.01, 76.09, 74.39, 74.38, 73.95, 73.93, 73.14, 72.49, 72.15, 71.27, 69.85,
69.67, 69.65, 69.61, 69.59, 69.54, 69.38, 69.01, 68.98, 68.19, 68.17 (skeletal protons,
-OCH,), 60.54, 49.90, 49.33, 37.08, 36.19, 28.50, 28.17, 26.66, 20.08, 19.03.

HRMS (ESI) m/z calculated for CigHsssN30,7 [M+Na]* 848.3429, found 848.3429.

Maltose triazole coumarin conjugate, BOT_18
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BOT 18

Benzylated conjugate (22.0 mg, 15.9 pmol) and pentamethylbenzene (66.2 mg, 0.45
mmol) were dissolved in 2 mL of anhydrous CH,Cl, to give a light yellow solution.
This solution was cooled to -78 °C and BCl; (0.45 mL, 0.45 mmol)was added slowly
along the flask wall. After the solution was stirred for 1.5 h, DIPEA ( 0.11 mL, 0.34
mmol) was added to the flask, followed by MeOH (2 mL) to quench the reaction. The
reaction was then warmed to RT, and the solvents were removed under reduced pressure.

The resulting solid was dissolved in 5:3 MeOH/1,4-dioxane and purified by preparative
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HPLC (MeCN/H,0: 20% to 95% over 90 min) yielding the desired conjugate BOT_18
(3.3 mg, 28%) as a orange solid.

! H NMR (400 MHz, D,0) ¢ 8.38 (br, 1H, NH), 8.03 (s, 1H, pyrazole-CH), 7.84 (s,
1H, couamrin Ar-CH), 6.64 (s, 1H, coumarin Ar-CH), 5.19 (br, 1H, maltose H-1), 4.67
—4.48 (m, 4H, —OCH,C—-, — NCH2-), 4.06 — 3.12 (m, 19H, maltose skeletal protons, 2
x coumarin —NCH, —, linker —NCH,-), 2.44 (d, J = 38.3 Hz, 4H, 2 x Bn-CH,), 2.33
—2.13 (m, 2H, linker —-NCH,CH,-), 1.78 (s, 4H, 2 x coumarin —-NCH,CH,-).

HRMS (ESI) m/z calculated for C3,HysNsOy4 [M+Na]* 770.2861, found 770.2861.

Maltose triazole BODIPY conjugate, BOT_44
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The azide BOT_42 (10.0 mg, 0.024 mmol) and BODIPY-alkyne 43a (6.96 mg,
0.021 mmol) were dissolved in DMF/H,0 (1:4, 2 mL). Freshly prepared solution of
CuSOy - H,O (100 mM, 11.8 pL) and NaAsc (100 mM, 141 pL) were mixed until
brown colour turns yellow. TBTA (100 mM, 47.0 pL) was added to mixture. The
resulting mixture was added to the RM and allowed to stir ON at RT. The RM was di-
rectly injected into HPLC and purified (MeCN/H,0O: 20% to 95% over 90 min) to yield
BOT_44 (15 mg, 85%) as an yellow solid.

! HNMR (400 MHz, D,0) 6 7.62 (s, 1H, pyrazole C-H), 7.03 (s, 1H, BODIPY Ar-CH),
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6.72 (s, IH, BODIPY Ar-CH), 6.13 (s, 1H, BODIPY Ar-CH), 5.92 (s, 1H, BODIPY Ar-
CH), 5.33 - 5.06 (m, 1H, maltose H-1), 4.60 (d, J = 7.7 Hz, 1H, maltose H-1"), 4.32 (d,
J=22.6 Hz, 4H, linker —CH,N -, BODIPY —NHCH,-), 4.10 — 3.44 (m, 12H, skeletal
protons, linker —OH,—), 3.30 (dd, J = 36.1, 8.0 Hz, 4H, skeletal protons), 3.15 (d, J
= 60.2 Hz, 2H, BODIPY -COCH,-), 2.59 (s, 2H, BODIPY -CH,CH,C-), 2.28 (s,
3H, BODIPY -CH3), 1.94 (s, SH, BODIPY-CH3;, maltose —OCH,CH,-).

13C NMR (101 MHz, CDCl;) § 174.06 (C=0), 160.51, 160.40, 155.99, 145.27, 144.59,
134.95, 133.00, 128.57, 124.28, 123.66, 101.88, 100.41, 99.90, 98.24, 98.23 (mal-
tose C-1), 95.81 (maltose C-1), 91.90, 91.86, 78.39, 77.82, 77.64, 76.07, 74.60,
74.58, 73.93, 73.89, 73.12, 7291, 71.76, 71.68, 71.55, 71.26, 70.06, 70.01, 69.55,
69.47, 69.35, 67.57, 66.78, 60.72, 53.86, 47.17, 34.35, 29.32, 29.27, 24.14, 14.15
(BODIPY —-CH3), 10.42 ( BODIPY —CHas).

HRMS (ESI) m/z calculated for C;,HysBF;NgO;, [M+Na]™ 777.3055, found
777.3054.

Maltose triazole NBD conjugate, BOT_45

BOT 45

The azide BOT_42 (20.0 mg, 0.047 mmol) and NBD-alkyne 43b (9.23 mg, 0.042
mmol) were dissolved in DMF/H,O (1:4, 1.2 mL). Freshly prepared solution of
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CuSO4-H,0 (100 mM, 23.5 pL) and NaAsc (100 mM, 282 uL) were mixed until
brown colour turns yellow. TBTA (100 mM, 47.0 uL) was added to mixture. The
mixed solution was added to the RM and the reaction allowed to stir ON. The RM was
directly injected into HPLC and purified (MeCN/H,0: 20% to 95% over 90 min) to
yield BOT_45 (22 mg, 72.7%) as an red solid.

'H NMR (400 MHz, CDCl;) § 8.01 (s, 2H, NBD-CH, pyrazole C-H), 6.10 (s, 1H,
NBD-CH), 5.16 (dd, J = 29.1, 3.9 Hz, 1H, H-1), 3.97 — 2.99 (m, 20H, skeletal protons,
—OCH, -, —CH,N, —NHCH,), 2.09 (d, ] = 5.3 Hz, 2H, —OCH,CH,CH,N.

13C NMR (101 MHz, CDCl3) § 144.06, 142.53, 138.29, 137.78, 124.66, 101.86,
100.35, 99.71, 98.21, 95.75, 94.27, 91.84, 77.38, 76.07, 74.54, 74.07, 73.91, 73.08,
72.81, 71.69, 71.58, 71.45, 71.23, 71.08, 69.92, 69.68, 69.43, 69.38, 69.08, 67.87,
67.64, 66.77, 60.74, 47.49, 38.69, 29.11.

HRMS (ESI) m/z calculated for C»4H33N;0;4 [M+Na]™ 666.1983, found 666.1983.

Maltose PEG BODIPY conjugate, BOT_48
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The azide BOT_42 (25.0 mg, 0.045 mmol) and BODIPY-alkyne 43a (13.3 mg, 0.040
mmol) were dissolved in DMF/H,O (1:4, 1.2 mL). Freshly prepared solution of
CuSO4 - H,0 (100 mM, 22.46 pL) and NaAsc (100 mM, 270 pl.) were mixed until
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brown colour turns yellow. TBTA (100 mM, 47.0 uL) was added to the above mixture.
The mixed solution was added to the RM and the reaction allowed to stir ON. The RM
was directly injected into HPLC and purified (MeCN/H,0: 20% to 95% over 90 min)
to yield BOT_48 (6.6 mg, 17%) as an red solid.

! H NMR (400 MHz, D,0) § 7.59 (d, J = 15.0 Hz, 1H, BODIPY-CH), 7.25 (d, ] = 6.2
Hz, 1H, BODIPY-CH), 6.83 (s, 1H, pyrazole-CH), 6.32 (d, J = 14.6 Hz, 1H, BODIPY-
CH), 6.14 (d, J = 4.1 Hz, 1H, BODIPY-CH), 5.32 (s, 1H, maltose H-1), 5.09 (s, 1H,
maltose H-1"), 4.61 — 4.44 (m, 1H, maltose H-3), 4.43 — 4.22 (m, 4H, maltose skeletal
protons), 4.19 — 3.10 (m, 27H, maltose skeletal protons, —OCH,), 2.98 (dd, J = 14.3,
7.1 Hz, 2H, BODIPY-COCH,), 2.59 (dd, J = 11.0, 6.8 Hz, 2H, BODIPY-CH,C), 2.35
(d, J =20.2 Hz, 3H, CH3), 2.15 (d, J =40.8 Hz, 3H, CH,).

13C NMR (101 MHz, D,0) § 174.64 (C=0), 174.20 (C=0), 170.96, 163.27, 163.04,
162.80, 162.57, 159.91, 150.66, 144.34, 132.94, 127.94, 125.68, 124.56, 124.21,
124.11, 119.28, 119.19, 117.26, 115.32, 113.39, 99.83, 99.79, 99.75, 99.67, 95.76
(BODIPY Ar-CH) (maltose C-1), 91.87 (maltose C-1"), 76.99, 76.88, 76.78, 76.60,
76.12, 74.36, 74.01, 73.99, 73.15, 72.45, 72.41, 72.16, 71.35, 71.29, 71.24, 69.79,
69.63, 69.61, 69.55, 69.51, 69.41, 69.35, 68.64, 68.61, 60.52, 60.43, 50.12, 49.93,
38.82, 34.20, 34.15, 34.05, 24.16, 24.00, 14.12 BODIPY-COCH,, 13.87 (BODIPY-
CH,C), 11.26 (-CH3), 10.48 (-CH3), 10.45 (-CH3).

HRMS (ESI) m/z calculated for C;;HssBF;N,;0;5 [M+Na]™ 908.3625, found
908.3621.
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Maltose PEG NBD conjugate, BOT_50
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The azide BOT_49 (25 mg, 0.045 mmol) and NBD-alkyne 43b (8.82 mg, 0.040 mmol)
were dissolved in DMF/H,0 (1:4, 2 mL). Freshly prepared solution of CuSO, - H,O
(100 mM, 22.46 pLL) and NaAsc (100 mM, 270 pLL) were mixed until brown colour turns
yellow. TBTA (100 mM, 47.0 uL) was added to the above mixture. The mixed solution
was added to the RM and the reaction allowed to stir ON. The RM was directly injected
into HPLC and purified (MeCN/H,0: 20% to 95% over 90 min) to yield BOT_50 (5
mg, 15%) as an yellow solid.

'H NMR (400 MHz, CDCl;) 6 8.49 (d, J = 8.9 Hz, 1H, NBD-CH), 8.03 (s, 1H,
pyrazole-CH), 6.39 (d, J =9.0 Hz, 1H, NBD-CH), 5.38 (d, J =3.8 Hz, 1H, H-1), 5.12 (d,
J=3.8 Hz, 1H, H-1"), 4.64 — 4.45 (m, 2H, —NHCH, -), 4.26 — 3.04 (m, 27H, skeletal
protons, —OCH,).

13C NMR (101 MHz, CDCI;) 6 170.96 (C=0), 144.61, 144.09, 138.90, 124.77, 99.78,
99.66 (NBD-CH), 95.75 (maltose C-1), 91.86 (maltose C-1’), 76.86, 76.60, 76.13,
74.37, 74.00, 73.15, 72.44, 72.40, 72.14, 71.34, 71.28, 71.23, 69.78, 69.59, 69.50,
69.42,69.34, 68.71, 68.64, 60.54 (skeletal protons, —OCH,), 60.44 ((-CH,N-)), 50.14
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NBD (-NHCH,-) , 38.80 PEG (-NHCH, -).
HRMS (ESI) m/z calculated for C29H4,NsO,7 [M+Na]* 797.2566, found 797.2562.

Acetylated maltohexose benzylidene acetal, S0
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Maltohexose (500 mg, 0.505 mmol), benzaldehyde dimethylacetal (738 uL, 5.05 mmol)
and PTSA (28.8 mg, 0.151 mmol) were dissolved in dry DMF (76 mL). The mixture
was rotated for 6 hours on a rotary evaporator under reduced pressure (39 mbar) at 50
°C. The solution was neutralised with EtzN (0.50 mL). The solvent was removed under
reduced pressure to yield 54 as a viscous liquid. The crude product was used further
without any purification. The crude product was dissolved in acetic anhydride (1 mL)
and the reaction heated to reflux. Sodium acetate (78 mg, 0.918 mmol) was added
portion-wise to the refluxing reaction. The RM was stirred for 1.5 h under reflux then
poured onto ice-cold water (500 mL) with vigorous stirring to precipitate the expected
product. The crude product was collected by vacuum filtration and purified by column

chromatography (PE/EtOAc: 60%) to give 50 (197 mg, 53%) as a white solid.

'H NMR (400 MHz, CDCl3) 6§ 7.56 — 7.16 (m, 6H, Ar-CH), 5.70 (d, J = 8.0 Hz, 1H,
H-1), 5.59 — 5.13 (m, 10H, skeletal protons), 5.05 — 3.49 (m, 31H, skeletal protons),
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2.41 - 1.66 (m, 54H, 18 x CH3).

13C NMR (101 MHz, CDCl;) § 170.96, 170.68, 170.41, 170.25, 169.60, 168.83 (C=0),
136.64, 129.12, 128.20, 126.21 (Bn-CH), 101.64 (C-1), 96.30, 95.64, 91.25 (Anomeric
C), 78.78, 77.43, 77.11, 76.79, 75.19, 72.95, 71.90, 70.80, 70.46, 68.97, 68.38, 63.69,
61.97, 40.87, 33.80 (skeletal C), 28.42, 23.86, 20.84, 20.81, 20.76, 20.73, 20.54, 17.48,
17.26 (CH3).

MS (ESI) m/z calculated for C79H;0,049 [M+H]™ 1834.54, found 1834.40.

maltohexose tritylated , 52
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To a solution of 50 (197 mg, 23.7 mmol) in acetic acid (2 mL), water (1.6 mL) was added
in small portions. The RM was heated at 95 °C for 10 min. The RM was allowed to cool
to room temperature (RT) and the solvent was removed under reduced pressure. Traces
of water and acetic acid were removed by co-distillation with toluene. The product was
purified by column chromatography (CH,Cl,/MeOH: 5%) to yield compound 52 (9.48
g, 67%) as colourless solid. To a solution of compound 52 (188 mg, 0.108 mmol) in dry
pyridine (6 mL) was added trityl chloride (45 mg, 0.161 mmol). The RM was stirred
for 1.5 h at 80 °C after which the RM was cooled to 0 °C. Ac,O (11 mL) was added and
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the RM was allowed to stir ON at RT, The RM was poured into ice cold water (50 mL)
and stirred for 5 min. The precipitate was filtered to give the crude product as a yellow
solid. The crude product was purified by column chromatography (PE/EtOAc: 30% to
50%) to give 49 (180 mg, 81%) as white solid.

MS (ESI) m/z calculated for Co3H;14050 [M+H]™ 2030.63, found 2030.65.
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Maltohexose 6’0OH , 48
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Tritylated compound 49 (300 mg, 0.148 mmol) was dissolved in acetic acid (80%, 5 mL)
heated at 100 °C for 1 h. The solvent was removed under reduced pressure. The residue
was dissolved in a minimum amount of methanol and water was added until incipient
turbidity was observed. The suspension was cooled to 0 °C and the precipitated trityl
alcohol filtered. The filtrate was concentrated and traces of water were removed by
co-distillation with toluene. The crude product was purified by column chromatography

(PE/EtOAc: 50% to 70%) to yield 48 (150 mg, 56.8%) was obtained as colourless solid

MS (ESI) m/z calculated for C74H,00O5o [M+H]™ 1788.52, found 1788.64.
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Maltohexose 6’ glucuronic acid , 47
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TEMPO (11.79 g, 0.075 mmol) and BAIB (81 mg, 0.251 mmol) were added to a so-
lution of alcohol 48 (150 mg, 10.5 mmol) in CH,Cl,/H,0 (1:1, 300 pL). The RM was
ON at RT and quenched with saturated Na,S,03 (2 mL). The resulting solution was ex-
tracted with EtOAc. The combined organic extracts were washed with H,O and brine,
dried using Na,SO,, and concentrated under reduced pressure. The crude product was
purified by column chromatography (CH,Cl,/MeOH: 5% to 10%) to yield 47 (75 g,
50%) as a white solid.

'"H NMR (400 MHz, CDCl;) 6 10.02 (s, 1H, COOH), 5.75 (d, J = 8.1 Hz, 1H, H-1),
5.57 — 5.18 (m, 10H, skeletal protons), 5.17 — 3.52 (m, 31H, skeletal protons), 2.35 —
1.85 (m, 54H, 18 x CH3).

13C NMR (101 MHz, CDCl3) § 170.69, 170.69, 170.40, 170.40, 170.24, 169.67,
169.67, 169.59, 169.59, 168.84, 168.84 (C=0), 101.67 (C-1), 96.32, 95.66, 95.66, 91.27
(anomeric C), 77.35, 77.35, 77.04, 77.04, 76.72, 76.72, 75.22, 72.98, 72.98, 71.77,
70.46, 70.46, 68.98, 68.98 (skeletal C), 20.87, 20.87, 20.80, 20.80, 20.58, 20.58 (CH3).

MS (ESI) m/z calculated for C74HogOs; [M+H]™ 1803,5153, found 1803,5153.
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Acetylated maltohexose-coumarin conjugate, 45
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The acid 47 (14.0 mg, 7.76 pmol) and the amine 31 (4.49 mg, 8.59 pmol) were dis-
solved in dry CH,Cl, (51.7 pL). T3P (50 % in DMF, 6.51 pL, 0.012 pmol) followed
by EtN (10.91 pL, 0.078 mmol) were added to the RM. The RM was stirred at RT
for 4 h. The RM was washed with saturated bicarbonate and extracted with CH,Cl,.
The combined organic extracts were washed with H,O and brine, dried using Na, SOy,
and concentrated under reduced pressure. The crude product was purified by column

chromatography (CH,Cl,/MeOH: 10%) to yield 45 (10 mg, 56%) as a white solid.

ESI m/z calculated for C;o0H;35N30s5 [M+H]" 2258,79, found 2258,82.

Maltohexose coumarin conjugate, BOT_51

HO it
0
07 on HS H/\V\ONQ ~
HO. o 3 0“0 N
) HO
g
OH o
°© oH
A G Hol.0
o

To a solution of 45 (10 mg, 5.28 umol) in methanol (2 ml) was added catalytic amount
of sodium methoxide (4 pL, mmol). The RM was stirred ON at RT, acidified with

Amberlyst IR-120 until pH 2 and filtered. The filtrate was concentrated to give the
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crude product. The crude product was purified by flash chromatography using HPLC
(MeCN/H,0: 20% to 95% over 90 min) to give BOT_51 (0.7 mg, 10.4%) as a colourless
liquid.

MS (ESI) m/z calculated for C¢;Hy;N3036 [M+H] ™ 1482.5751, found 1482.5751.

N-(3-azidopropyl)-4-(4-(bis(4-(dimethylamino)phenyl)methyl)phenoxy)butanamide,
56

The acid 55 (225 mg, 0.520 mmol) was dissolved in CH,Cl, (1 mL) and 3-
azidopropylamine (56.2 pL, 0.572 mmol) was added to it. T3P (0.456 mL, 0.780 mmol)
followed by Et;N (0.725 mL, 5.20 mmol) was added to the RM. The RM was stirred ON
at RT. RM was diluted with DCM (2 mL), extracted with Bicarbonate (2 mL), followed
by water (2 x3 mL). The OL was dried with Na,SO,4 and concentrated to give 58 (100
mg, 37%).

' H NMR (400 MHz, MeOD) § 7.36 (dt, J = 9.6, 5.7 Hz, 6H, Ar-CH), 7.27 — 7.20 (m,
2H, Ar-CH), 7.20 — 7.10 (m, 4H, Ar-CH), 5.71 (s, 1H, CH), 4.39 (t, J = 6.1 Hz, 2H,
—0CH,), 3.77 - 3.63 (m, 4H, —-NHCH,, —CH;,N3), 3.31 (s, 12H, NCH3), 2.88 — 2.74
(m, 2H, —CH,CO), 2.58 - 2.40 (m, 2H, —-OCH,CH,—-), 2.17 (dp, J = 20.2, 6.7 Hz, 2H,
CH,CH,CH;N3).

HRMS (ESI) m/z calculated for C3yH33N¢O, [M+Na]™ 537.2954, found 537.2954.
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N-(4-((4-(4-((3-azidopropyl)amino)-4-oxobutoxy)phenyl)(4-(dimethylamino)phenyl)
methylene)cyclohexa-2,5-dien-1-ylidene)-N-methylmethanaminium, 57

| | i
Cl

To a light blue solution of 56 (100 mg, 0.194 mmol) in EtOAc (1.0 mL) was added
p-chloranil (71.7 mg, 0.291 mmol). The reaction mixture was refluxed for 1 h, filtered
and concentrated to yield dark blue oil. The crude material was dissolved in EtOH/HCI
(1:1, 1 mL) and stirred for 2 h at 25 °C. The resulting red solution was purified by HPLC
to yield 57 (30 mg, 30%) as a dark blue solid.

HRMS (ESI) m/z calculated for C30H37NO, " [M+H]" 513.2973, found 513.2973.

tert-butyl  (3-(3-(4-(4-(bis(4-(dimethylamino)phenyl)methyl) phenoxy)butanamido)
propoxy)propyl)carbamate, 58

The acid 55 (84.0 mg, 0.274 mmol) was dissolved in CH,Cl, (0.548 mL) and the PEG
linker 28 (0.130 g, 0.302 mmol) was added to it. T3P (0.120 mL, 0.411 mmol) followed
by Et;N (0.382 mL, 2.74 mmol) was added to the RM. The RM was stirred ON at RT.
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RM was diluted with DCM (2 mL), extracted with Bicarbonate (2 mL), followed by
water (2 x3 mL). The OL was dried with Na,SO, and concentrated to give 58 (75.0
mg, 51%).

! H NMR (400 MHz, CDCl3) § 6.99 (dd, J = 21.3, 8.6 Hz, 6H, Ar-CH), 6.77 (d, ] = 8.6
Hz, 2H, Ar-CH), 6.66 (d, J = 8.7 Hz, 4H, Ar-CH), 5.31 (s, 1H, CH), 3.96 (t, ] = 5.9 Hz,
2H, —-OCH,), 3.56 (ddt, J = 20.0, 11.9, 4.9 Hz, 12H, PEG —OCH,), 3.37 (dd, J = 12.0,
6.0 Hz, 2H, —CH,NH), 3.20 (d, J = 5.9 Hz, 2H, —-NHCH,), 2.90 (s, 12H, —NCH3),
2.35(t,J =7.3 Hz, 2H, O=CCH,), 2.10 (dd, J = 13.4, 6.3 Hz, 2H, —-OCH,CH,-), 1.86
—1.62 (m, 4H, PEG —NHCH,CH>), 1.43 (s, 9H, Boc-CH3).

13C NMR (101 MHz, CDCl;) § 172.31 (C=0), 156.99, 148.91, 133.20, 130.22, 129.85,
114.01, 112.54 (Ar-C-H), 77.38, 77.34, 77.06, 77.02, 76.75, 76.70, 70.52, 70.22, 70.13,
66.95 (-OCHy;), 54.16, 40.77 (-NCH3), 33.07, 28.47 (Boc-CH3), 25.36 .

HRMS (ESI) m/z calculated for C37HgN4O; [M+Na] ™t 757.4516, found 757.4517.

N-(4-((4-(4-((3-azidopropyl)amino)-4-oxobutoxy)phenyl)(4-(dimethylamino)
phenyl)methylene)cyclohexa-2,5-dien-1-ylidene)-N-methylmethanaminium chlo-
ride, 59

To a light blue solution of 58 (26.5 mg, 0.036 mmol) in EtOAc (1.0 mL) was added
p-chloranil (19.5 mg, 0.079 mmol). The reaction mixture was refluxed for 1 h, filtered
and concentrated to yield dark blue oil. The crude material was dissolved in EtOH/HCI

(1:1, 1 mL) and stirred for 2 h at 25 °C. The resulting red solution was diluted in water
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(30 mL) and washed with EtOAc (3 x 20 mL). The aqueous layer was lyophilized to
yield a blue solid. The crude material was purified by HPLC to yield 59 (9.5 mg, 43%)

as a dark blue solid.

'H NMR (400 MHz, CDCl;) ¢ 7.39 (d, J = 9.4 Hz, 4H, Ar-CH), 7.36 — 7.22 (m, 2H,
Ar-CH), 7.12 (d, J = 8.2 Hz, 2H, Ar-CH), 6.88 (d, J = 9.0 Hz, 4H, Ar-CH), 4.20 (d,
J =6.4 Hz, 2H, MG -OCH,), 3.83 — 3.40 (m, 12H, PEG -OCH,), 3.27 (d, J = 33.0
Hz, 12H, -NCH,), 2.47 (s, 2H, PEG-NHCH,CH)>), 2.18 (s, 2H, PEG-CH,CH,;NH),
1.81 (d, J =20.1 Hz, 2H, O=NHCH,), 1.25 (s, 2H, —-CH,CH,0).

HRMS (ESI) m/z calculated for C37Hs4N4Os+ [M+Na]™ 633.4106, found 633.4106.

N-(4-((4-(3-carboxypropoxy)phenyl)(4-(dimethylamino)phenyl)methylene) cyclohexa-

2,5-dien- 1-ylidene)-N-methylmethanaminium, 60

60

To a light blue solution of compound 42 ( 200 mg , 462 pmol ) in CH,Cl, (5 mL) was
added p-chloranil ( 100 mg , 691 umol ). The RM was stirred at RT for 2 h , filtered
and concentrated to yield a dark blue coloured solid . The crude material was dissolved
in MeOH and purified by HPLC (MeCN/H,0: 20% to 95% over 90 min). The fractions
were lyophilized to yield 60 (85 mg, 43%) as a dark blue colored solid.
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! H NMR (400 MHz, DMSO) § 7.21 (dd, J = 24.7, 8.9 Hz, 6H, Ar-CH), 7.00 (d, J = 8.7
Hz, 3H, Ar-CH), 6.87 (d, ] = 9.2 Hz, 3H, Ar-CH), 4.04 (s, 2H, —OCH,), 3.15 (s, 12H,
NCH3), 2.32 (d,J =7.2 Hz, 2H, —CH,COOH), 2.05 - 1.90 (m, 2H, —CH,CH,COOH).

13C NMR (101 MHz, CDCl3) § 177.42 (C=0), 163.50 (C=N), 156.14, 139.65, 136.69,
130.97, 126.06, 113.79, 112.23 (Ar-CH), 38.66 (—NCH3).

HRMS (ESI) m/z calculated for Cp7H3N,O3™ [M+H] ™ 431.2329, found 431.2329.

Benzylated BOT_17, 61

The alkyne 39 (58.5 mg, 0.058 mmol) and azide 40 (27 mg, 0.053 mmol) were dissolved
in CH,Cl,/H,0 (1:1, 2 mL). Freshly prepared solution of CuSO, - H,O (473 uL, 0.1 M)
and NaAsc (526 pL, 0.1 M) were mixed until brown colour turns yellow. The mixed
solution was added to the RM and the reaction allowed to stir ON. The RM was extracted
with CH,Cl,, organic layer dried over Na,SO, and concentrated. The crude product

was purified by column chromatography (CH,Cl,/MeOH: 2%) to yield the benzylated
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conjugate 61 (76 mg, 95%) as an green oil.

! H NMR (400 MHz, CDCl3) § 7.44 (s, 1H, pyrazole-CH), 7.40 — 7.05 (m, 35H, Bn-
CH), 7.07 - 6.87 (m, 6H, MG-CH), 6.78 (dd, ] =8.9, 2.7 Hz, 3H, MG-CH), 6.68 (m, 3H,
MG-CH), 5.79 - 5.67 (m, 1H, H-1), 5.31 (d, ] =9.4 Hz, 1H, H-1), 5.02 — 4.35 (m, 16H,
Bn-CH,, -OCH,C-), 4.26 — 3.28 (m, 17H, skeletal protons, —CH,O—, —CH,NH-),
3.22 -3.02 (m, 2H, —CH,NH-), 2.98 — 2.85 (m, 12H, N-CHj3), 2.36 (dt, J = 18.1, 7.3
Hz, 2H, O=C-CH,), 2.08 (dd, J = 13.9, 6.5 Hz, 2H, CH,CH,CH,07), 2.02 — 1.85 (m,
2H, CH,CH,CH,NH").

13C NMR (101 MHz, CDCl;) § 172.77 (C=0), 156.96, 145.18, 138.74, 138.70, 138.44,
138.31, 138.18, 137.93, 137.40 Bn-CH,), 130.28, 129.91, 128.51, 128.45, 128.41,
128.38, 128.35, 128.34, 128.32, 128.29, 128.25, 128.20, 128.04, 128.02, 127.84,
127.79, 127.73, 127.68, 127.62, 127.57, 127.55, 127.40, 127.15 , 126.74, 126.64,
122.77, 114.03 (Bn-CH, MG-CH), 102.37 (C-1), 96.66 (C-2), 84.83, 82.35, 81.97,
79.29,71.59,77.36,77.05, 76.73,75.54, 74.95, 74.68, 74.49, 73.94, 73.39, 73.26, 71.05
(skeletal protons), 66.77, 64.89, 54.20, 47.43, 36.28, 32.97, 30.03, 25.23 (CH,, CH3).

HRMS (ESI) m/z calculated for CosH;(3NgO ;3 [M+H]" 1524.7661, found 1524.7660.

Acetylated BOT_52, 62
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The acid 10 (20.4 mg, 0.032 mmol) was dissolved in CH,Cl, (0.548 mL) and the amine
28 (20.0 mg, 0.302 mmol) was added to it. T3P (13.9 uL, 0.047 mmol) followed by
Et;N (27.5 pL, 0.159 mmol) was added to the RM. The RM was stirred ON at RT. RM
was diluted with DCM (2 mL), extracted with Bicarbonate (2 mL), followed by water
(2 x 3mL). The OL was dried with Na,SO, and concentrated to give 62 (20 mg, 50%).

HRMS (ESI) m/z calculated for C¢3HgsN4Oo3 " [M+H] T 1265.5599, found 1265.5599.

Benzylated BOT_52, 64

The acid 38 (14.7 mg, 0.015 mmol) was dissolved in CH,Cl, (0.548 mL) and the amine
28 (9.50 mg, 0.015 mmol) was added to it. T3P (6.55 pL, 0.022 mmol) followed by
Et;N (13.1 L, 0.075 mmol) was added to the RM. The RM was stirred ON at RT. RM
was diluted with DCM (2 mL), extracted with Bicarbonate (2 mL), followed by water
(2 x 3mL). The OL was dried with Na,SO, and concentrated to give 64 (9.6 mg, 40%)

as a dark blue solid.

'H NMR (400 MHz, CDCl3) § 8.04 (d, J = 7.4 Hz, 1H, N-H), 7.48 — 6.99 (m, 44H,
Bn-CH, MG-CH), 6.88 (d, J] =9.2 Hz, 4H, MG-CH), 5.75 (d, J = 3.4 Hz, 1H, malose
H-1), 5.06 — 4.39 (m, 16H, Bn-CH,, H-1"), 4.29 — 3.40 (m, 28H, skeletal protons,
—OCH,), 3.31 (d, J = 15.3 Hz, 12H, —NCH3;), 2.88 (s, 2H, PEG-CH,NH-), 2.43 (m,
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2H, PEG-NHCH,-), 2.18 — 2.09 (m, 3H, PEG-NHCH,CH>), 1.82 — 1.73 (m, 2H,
PEG-CH,CH,;NH), 1.53 — 1.42 (m, 2H, O=NHCH,), 1.22 (s, 2H, -CH,CH,0).

13C NMR (101 MHz, CDCl3) § 156.62 (C=0), 140.84 (C=N), 138.76, 138.58, 138.48,
138.36, 138.18, 138.03, 138.00, 137.93, 137.68, 137.51, 137.41, 137.39, 137.32 (Bn-
CH,), 128.58, 128.46, 128.34, 128.32, 128.27, 128.17, 128.08, 127.94, 127.90, 127.69,
127.09, 126.60 (Bn-CH), 115.29, 113.28 (MG-CH), 102.51 (maltose C-1), 96.91 (mal-
tose C-17), 85.10, 84.05, 82.71, 81.59, 80.02, 78.45, 77.35, 77.03, 76.71, 75.54, 74.04,
73.59, 70.48, 70.04, 68.88, 68.20, 40.90, 39.51, 38.74, 37.95, 36.37, 32.18, 29.49,
29.11, 27.77, 25.08 (N-CHs).

HRMS (ESI) m/z calculated for CogH;13N;016™ [M+H] T 1601.8152, found 1601.8146.

Acetylated maltohexose-MG conjugate, 63

The acid 63 (14 mg, 7.76 pmol) was dissolved in CH,Cl, (0.548 mL) and the amine 28
(7.38 mg, 0.012 mmol) was added to it. T3P (4.67 uL, 8.00 mmol) followed by Et;N
(10.8 pL, 0.078 mmol) was added to the RM. The RM was stirred ON at RT. RM was
diluted with DCM (2 mL), extracted with Bicarbonate (2 mL), followed by water (2 x
3 mL). The OL was dried with Na,SO, and concentrated to give 63 (8 mg, 43%).

MS (ESI) m/z calculated for C111H149N4055+ [M+Na]™ 2417,90, found 2417.85.
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Maltose triazole MG conjugate, BOT_17

BOT 17

Benzylated conjugate (22.0 mg, 15.9 pmol) and pentamethylbenzene (66.2 mg, 0.45
mmol) were dissolved in 2 mL of anhydrous CH,Cl, to give a light yellow solution.
This solution was cooled to -78 °C and BCl; (0.45 mL, 0.45 mmol)was added slowly
along the flask wall. After the solution was stirred for 1.5 h, DIPEA ( 0.11 mL, 0.34
mmol) was added to the flask, followed by MeOH (2 mL) to quench the reaction. The
reaction was then warmed to RT, and the solvents were removed under reduced pressure.
The resulting solid was dissolved in 5:3 MeOH/1,4-dioxane and purified by preparative
HPLC (MeCN/H,0: 20% to 95% over 90 min) yielding the desired conjugate BOT_18
(3.3 mg, 28%) as a orange solid.

HRMS (ESI) m/z calculated for C45H61N6013+ [M+H]" 893.4301, found 893.4299.
Maltose PEG MG conjugate, BOT_52

To a solution of 62 (20 mg, 0.016 mmol) in MeOH (1 mL), was added NaOMe (7 uL,
0.013 mmol). The RM was stirred ON at RT, acidified with Amberlyst IR-120 until

pH 2 and filtered. The filtrate was concentrated to give the crude product. The crude
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BOT_52

product was purified by HPLC (MeCN/H,0/0.005% TFA: 20% to 95% over 90 min) to
give BOT_52 (1.2 mg, 20%) as a colourless liquid.

' H NMR (600 MHz, D,0) 6 7.19 (dd, J = 36.6, 8.8 Hz, 6H, MG-CH), 6.98 (d, ] = 8.7
Hz, 2H, MG-CH), 6.83 (d, J = 9.1 Hz, 4H, MG-CH), 5.33 (d, J = 3.8 Hz, 1H, maltose
H-1), 5.11 (d, J = 3.8 Hz, 1H, maltose H-1"), 4.53 (d, J = 8.0 Hz, 1H), 4.08 (t, ] = 5.8
Hz, 2H, MG--0CH,), 4.05 — 3.26 (m, 24H, maltose skeletal protons, PEG —OCH,),
3.26 — 3.05 (m, 14H, —CH;N, NHCH,), 2.36 (t, ] = 6.9 Hz, 2H, NHCH,), 2.10 — 2.02
(m, 2H, CH,CO), 1.69 — 1.57 (m, 4H, —-NHCH,CH,-), 1.26 (dd, J = 6.5, 2.0 Hz, 2H,
—-CH,CH,CO-).

13C NMR (101 MHz, CDCl3) § 176.53 (C=0), 175.69 (C=0), 170.66, 163.12, 156.48,
140.47, 137.57, 131.84, 129.81, 126.58, 120.07, 114.60, 113.14, 99.89, 99.78 (MG Ar-
CH), 95.75 (maltose C-1), 91.86 (maltose C-17), 77.08, 76.82, 76.10, 74.39, 73.98,
73.13, 72.49, 72.46, 72.12, 71.36, 71.29, 69.81, 69.52, 69.33, 68.46, 68.13, 67.73,
60.55, 60.45, 46.28 (skeletal carbons, PEG —OCH,;), 40.04 (-NCHj3), 38.69 (-NCHa,),
36.43 (NHCH,), 36.16 (NHCH,), 32.59 (CH,CO), 28.19 —NHCH,CH, -, 28.15
—-NHCH,CH, -, 24.65 (-CH,CH,CO).

HRMS (ESI) m/z calculated for C49H70N30,74+ [M+Na] " 973.4561, found 973.4561.
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Maltohexose-MG conjugate, BOT_53

To a solution of 63 (8 mg, 3.3 umol) in methanol (66 ul) was added catalytic amount
of sodium methoxide (4 pL, 0.007 mmol). The RM was stirred ON at RT, acidified
with Amberlyst IR-120 until pH 2 and filtered. The filtrate was concentrated to give the
crude product. The crude product was purified by flash chromatography using HPLC
(MeCN/H,0: 20% to 95% over 90 min) to give BOT_51 (0.5 mg, 9%) as a colourless
liquid.

HRMS (ESI) m/z calculated for C73H;;;N4O36" [M+Na]* 1619,69, found 1619,73.

ClI
= >

O

hex-5-ynoyl chloride, 66

66

hex-5-ynoic acid 65 (0.5 g, 4.46 mmol) and oxalyl chloride (0.585 ml, 6.69 mmol) were
dissolved in THF (5.14 mL) to give a colorless solution. A few drops of DMF were
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added, resulting in formation of HCI gas. The solution turned yellow and finally to
purple in a few minutes. The RM was stirred at RT for 2h. The solvent was removed
under reduced pressure and the crude material was distilled by vacuum distillation at 63

°C and 22 mbar pressure to afford 66 (44mg, 7.56%) as a pale yellow oil.

' H NMR (400 MHz, CDCl3) 6 3.06 (t, J = 7.2 Hz, 2H, 2 x H-5),2.29 (td, ] = 6.8, 2.7
Hz, 2H, 2 x H-4), 2.01 (t, J = 2.7 Hz, 1H, H-6), 1.90 (p, J =7.1 Hz, 2H, 2 x H-3).

13C NMR (101 MHz, CDCl3) § 173.46 (C=0), 82.16 (C-1), 70.01 (C-6), 45.58 (C-5),
23.63 (C-4), 17.22 (C-3).

Ampicillin alkyne, 68

68

Hex-5-ynoyl chloride 66 (262 mg, 2.003 mmol) was dissolved in acetone (1 mL) .
Ampicillin sodium salt 67 (372mg, 1.002 mmol)was dissolved in a solution of sodium
hydrogen carbonate (421 mg, 5.01 mmol) in Water/Acetone (4:1, 2.5 mL) and cooled
on ice. The acyl chloride was added slowly to the above mixture with continuous stir-
ring. The reaction was subsequently warmed to RT and stirred for 1 h. Water (3 mL)
was added to the reaction, and the aqueous phase was washed with EtOAc (2 x 10 mL),

acidified to pH 2 by addition of HCI, and extracted with EtOAc (20 mL). The resulting
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organic phase was washed with cold water (2 x 5 mL), dried over Na,SO,, and concen-
trated under reduced pressure. The crude reaction was triturated with hexanes, to yield
68 (345 mg, 78%). The crude product was used in the following steps without further

purification.

'H NMR (400 MHz, DMSO) § 9.11 (d, J = 8.0 Hz, 1H, O=C-NH), 8.57 (d, J = 8.0
Hz, 1H, O=C-NH), 7.25 - 7.43 (m, SH, Ar-CH), 5.70 (d, J = 8.0 Hz, 1H, Bn-CH), 5.52
(dd, J = 4.0, 8.0 Hz, 1H, lactam O=C-CH-), 5.39 (d, J = 4.0 Hz, 1H, -CH-COOR),
4.20 (s, 1H, lactam -SCH-), 2.77 - 2.78 (m, 1H, alkyne C-H), 2.29 - 2.32 (m, 2H,
ampicillin -CCH,CH,-), 2.13 - 2.16 (m, 2H, sugar —-CH,CH,CH,-), 1.64 - 1.69 (m,
2H, ampicillin -CH,CH,CH,-), 1.55 (s, 3H, CH3), 1.41 (s, 3H, CHj3).

13C NMR (101 MHz, DMSO) § 174.43, 171.89, 170.81, 170.67, 169.38 (C=0),
138.61, 128.65, 128.00, 127.64 (Ar-CH), 84.27 (Bn-CH), 72.08 (lactam O=C-CH-),
70.76 (-CH-COOH), 67.69 (lactam -SCH-), 64.17, 60.23, 55.95, 34.24, 32.85, 30.82,
27.07,23.95, 21.23 (CH3), 17.60 (CH3).

HRMS (ESI) m/z calculated for C,HsN3;05S [M+H] ' 444.1595, found 444.1593.
B-D-glucopyranose,2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl-(1—4)-0O-2,3,6-tri-O-

acetyl-a-D-glucopyranosyl-(1—4)-2,3,6-triacetate 1-(3’-bromopropyl), 70

OAc

AcO o OA
AcO ¢
AcO o
OAc

L0
O
AcO O,

AcO NN__Br
70

To a solution of maltotriose peracetate 69 (3 g, 0.3 mmol) in CH,Cl, (10 mL) was
added 3-bromopropanol (0.071 ml, 0.9 mmol). The solution was cooled to 0 °C and
BF; - OEt; (0.16 mL, 1.5 mmol) was added drop-wise. The RM was stirred ON. The
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reaction was quenched with saturated NaHCOj; solution and extracted with CH,Cl,.
The combined organic extracts were washed with H,O and brine, dried using Na,SOy,
and concentrated under reduced pressure. The crude material was purified by column
chromatography on silica gel (PE/EtOAc: 40% to 60%) to afford 2 (770 mg, 24%) as a

white solid.

! H NMR (400 MHz, CDCl;) § 5.50 — 5.20 (m, 5H, skeletal protons), 5.07 (t, ] =9.9
Hz, 1H, skeletal protons), 4.93 — 4.68 (m, 3H, skeletal protons), 4.57 — 4.39 (m, 3H,
skeletal protons), 4.33 — 4.12 (m, 6H, skeletal protons), 4.11 — 3.85 (m, 1H, skeletal
protons), 3.71 (ddd, J = 9.6, 4.0, 3.2 Hz, 1H, —-OCH,CH,-), 3.60 (ddd, J = 9.9, 7.6,
5.0 Hz, 1H, -OCH,CH,-), 3.44 — 3.23 (m, 2H, CH;N3;), 2.26 — 1.96 (m, 30H, CH,),
1.93 - 1.75 (m, 2H, CH,CH,Br).

HRMS (ESI) m/z calculated for C4;Hs7BrOy [M+Na]* 1067.2219, found 1067.2219.
B-D-glucopyranose,2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl-(1—4)-0-2,3,6-tri-O-
acetyl-a-D-glucopyranosyl-(1—4)-2,3,6-triacetate 1-(3'-azidopropyl), 71
OAc
ACO& OAc
AcO A0 O%
OAc
A%O o
AcO \/\/N3

71

To a solution of 70 (500 mg, 0.564 mmol) in DMF (1 mL) was added NaNj; (55.0
mg, 0.847 mmol) and stirred ON at 60 °C. The solvent was evaporated. The resulting
residue was dissolved in DCM (5 mL) and washed with cold water (3 x 10 mL). The OL
was dried with Na,SO,4 and concentrated. The crude product was purified by column

chromatography 71 (375 mg, 78%).
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! H NMR (400 MHz, CDCl;) § 5.50 — 5.20 (m, 5H, skeletal protons), 5.07 (t, ] =9.9
Hz, 1H, skeletal protons), 4.93 — 4.68 (m, 3H, skeletal protons), 4.57 — 4.39 (m, 3H,
skeletal protons), 4.33 — 4.12 (m, 6H, skeletal protons), 4.11 — 3.85 (m, 1H, skeletal
protons), 3.71 (ddd, J = 9.6, 4.0, 3.2 Hz, 1H, —-OCH,CH,-), 3.60 (ddd, J = 9.9, 7.6,
5.0 Hz, 1H, -OCH,CH,-), 3.44 — 3.23 (m, 2H, CH;N3), 2.26 — 1.96 (m, 30H, CH,),
1.93 — 1.75 (m, 2H, CH,CH;N3).

13C NMR (101 MHz, CDCl3) § 170.64, 170.60, 170.54, 170.49, 170.37, 170.12,
169.85, 169.72, 169.70, 169.45 (C=0), 100.26 (C-1), 95.75 (C-1), 95.68 (), 75.27,
73.81, 72.51, 72.18, 72.13, 71.76, 70.46, 70.08, 69.38, 68.93, 68.52, 67.90,
66.47, 62.91, 62.34, 61.38 (skeletal protons, —OCH,CH,-), 47.98 (CH;,N3), 28.97
(CH,CH;N3), 20.89, 20.60, 20.59 (CH3).

HRMS (ESI) m/z calculated for C4; H5;BrOy [M+Na]* 1030.3128, found 1030.3128.

[-D-glucopyranose-a-D-glucopyranosyl-(1—4)-a-D-glucopyranosyl-(1—4)1-(3'-
azidopropyl), 72

OH

HO
20 OH
HO o
20 OH
HO o
o ©
HO \/\/N3
72

To a solution of 70 (379 mg, 0.447 mmol) in MeOH (1 mL) was added sodium methox-
ide (24.15 mg, 0.447 mmol). The RM was stirred ON at RT. The RM was stirred ON
at RT, acidified with Amberlyst IR-120 until pH 2 and filtered. The filtrate was concen-
trated to give the crude product. The crude product was purified by flash chromatogra-

phy using an amino column (MeCN/H,0: 95% to 70% over 30 min) to give 72 (250
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mg, 95 %) as a viscous oil.

' H NMR (400 MHz, D,0) § 5.40 (d, J =3.2 Hz, 2H, H-1°, H-1"), 4.48 (d, ] = 8.0 Hz,
1H, H-1), 4.05 — 3.57 (m, 19H, skeletal protons), 3.53 — 3.24 (m, 4H, —-OCH,CH,—,
CH2N3), 1.92 (p, J=6.5 HZ, 2H, CﬂzCHgNg)

13C NMR (101 MHz, CDCl;3) § 102.10, 99.72, 99.44, 76.96, 76.72, 76.13, 74.49,
73.27, 72.94, 72.83, 72.67, 71.70, 71.43, 71.16, 69.28, 67.30, 60.63, 60.43, 48.84
(-OCH,CH;-), 47.85 (CH;,N3), 28.21 (CH,CH;N3).

HRMS (ESI) m/z calculated for C,;H3;N30,6 [M+Na]* 610.2072, found 610.2072.

Maltohexose-ampicillin conjugate, BOT_54

N N
N\'m °©
o]
OH N
O O, I_/
HO Oo%&?yo
H OH
HO
S
o]
HO
OH
o]
OH
OH OH
© OH
0 oHo™
HO HQ, 0-£Lp OH
o
HO

BOT 54

The azide BOT_42 (7.0 mg, 6.6 ymol) and alkyne 66 (8.49 mg, 19.1 umol) were dis-
solved in 0.3 mL DMSO. copper sulfate (2.84 mg, 17.8 pmol) in 100 L. H,O and
TBTA (2.84 mg, 17.8 pmol) in 100 uL DMSO were mixed together to give a dark blue
solution. To this solution was added NaAsc (14.3 mg, 71.9 pmol) in 100 L. H,O. The
RM was stirred for 1h. The RM was diluted with H,O/ MeCN (1:1) to make the volume
three fold. The resulting solution was centrifuged at 4 °C for 10 min. The supernatant

was the purified by HPLC (MeCN/H,0/0.005% TFA: 20% to 95% over 60 min) to give
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as BOT_54 (5 mg, 50%) a white powder.

'H NMR (400 MHz, DMSO) ¢ 9.11 (d, J = 7.6 Hz, 1H, O=C-OH), 8.55 (d, J = 8.2
Hz, 1H, O=C-NH), 7.87 (s, 1H, pyrazole CH), 7.53 — 7.19 (m, 5H, Ar-CH), 5.73 (d, J
= 8.3 Hz, 1H, Bn-CH), 5.60 — 5.46 (m, 1H, lactam O=C-CH-), 5.40 (d, J = 3.8 Hz, 1H,
-CHCOOH), 5.03 (s, 6H, anomeric protons), 4.40 (s, 3H, skeletal protons), 4.20 (s, 1H,
lactam -SCH-), 4.18 — 2.99 (m, 45H, skeletal protons, -OH), 2.61 (dd, J =23.7, 16.3 Hz,
2H, ampicillin, —CCH,-), 2.27 (d, J = 7.1 Hz, 2H, ampicillin COCH,), 2.05 (s, 2H,
maltohexose —CH,CH,CH,-), 1.82 (d, J = 7.8 Hz, 2H, ampicillin -CH,CH,CH,-),
1.55 (s, 3H, CH3), 1.41 (s, 3H, CH3).

13C NMR (101 MHz, CDCl;) § 173.89, 172.21, 170.71, 169.38 (C=0), 146.85, 138.66,
128.66, 128.52, 128.00, 127.86, 127.61, 122.53, 103.13, 101.25, 100.99, 80.20, 79.91,
76.64, 75.55, 73.94, 73.78, 73.59, 73.46, 73.00, 72.52, 72.18, 70.75, 70.38, 67.68,
65.98, 64.18, 61.26, 60.73, 58.58, 55.89, 46.80, 40.56, 40.47, 40.40, 40.30, 40.23,
40.14, 40.06, 39.97, 39.89, 39.80, 39.64, 39.47, 34.88, 30.80, 30.56, 27.07, 25.73,
25.12.

HRMS (ESI) m/z calculated for Cg;HgoNgO36S [M+H]™ 1517.5350, found 1517.5352.

Maltose ampicillin conjugate, BOT_55

OH

% %

N
WZM

BOT_55

The azide 71 (22 mg, 37 pumol) and alkyne 66 (25 mg, 56 pumol) were dissolved in 0.5
mL DMSO. copper sulfate (16 mg, 0.100 mmol) in 173 puLL H,O and TBTA (60 mg,
0.113 mmol) in 173 pLL DMSO were mixed together to give a dark blue solution. To
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this solution was added NaAsc (74 mg, 0.375 mmol) in 174 pL. H,O. The RM was
stirred for 1h. The RM was diluted with H,O/ MeCN (1:1) to make the volume three
fold. The resulting solution was centrifuged at 4 °C for 10 min. The supernatant was
the purified by HPLC (MeCN/H,0/0.005% TFA: 20% to 95% over 60 min) to give as
BOT_55 (10 mg, 28%) a white powder.

! H NMR (400 MHz, D,0) § 7.82 (s, 1H, pyrazole-CH), 7.34 (m, 5H, ampicillin Ar-
CH), 5.35 (m, 6H, anomeric H, lactam O=C-CH-, -CHCOOH, Bn-CH), 4.44 (t, ] =
6.8 Hz, 2H, —OCH,), 4.40 — 4.25 (m, 2H, —NCH,-), 3.97 — 3.08 (m, 22H, skeletal
protons), 2.68 (t, J = 7.6 Hz, 2H, ampicillin, —-CCH,-), 2.28 (d, J = 6.0 Hz, 2H, ampi-
cillin COCH,), 2.18 —2.00 (m, 2H, maltotriose —CH,CH,CH,—), 2.00 — 1.78 (m, 2H,
ampicillin —-CH,CH,CH,-), 1.35 (d, J =9.7 Hz, 6H, 2 x CH3).

HRMS (ESI) m/z calculated for C43HgNgO»; S [M+Na]™ 1053.3587, found 1053.3587.

Maltose ampicillin conjugate, BOT_56

OH

"o
" %
(0]
HO OH

HO

BOT_56

BOT_42 (121 mg, 0.273 mmol) and alkyne 66 (25 mg, 56 pmol) were dissolved in 0.5
mL DMSO. copper sulfate (63.4 mg, 0.254 mmol) in 173 puLL H,O and TBTA (150 mg,
0.282 mmol) in 173 L. DMSO were mixed together to give a dark blue solution. To this
solution was added NaAsc (186 mg, 0.940 mmol) in 174 pL. H,O. The RM was stirred
for 1h. The RM was diluted with H,O/ MeCN (1:1) to make the volume three fold. The
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resulting solution was centrifuged at 4 °C for 10 min. The supernatant was the purified
by HPLC (MeCN/H,0/0.005% TFA: 20% to 95% over 60 min) to give as BOT_56 (5
mg, 12.2%) a white powder.

! H NMR (400 MHz, D,0) § 7.77 (br, 1H, pyrazole- CH), 7.38 (d, J = 14.8 Hz, 5H,
ampicillin Ar-CH), 5.48 —5.19 (m, 3H, maltose H-1, lactam O=C-CH-, -CHCOOH, Bn-
CH), 4.40 (d, J = 6.0 Hz, 2H, —-NCH;,-), 4.01 — 3.05 (m, 17H, skeletal protons), 2.67
(s, 2H, ampicillin, —CCH,;-), 2.28 (s, 1H, ampicillin COCH,), 2.07 (s, 2H, maltose
—-CH,CH,CH,-), 1.89 (s, 2H, ampicillin —CH,CH,CH,-), 1.51 (s, 1H, CH3), 1.35
(d, J=11.5Hz, 3H, CHj3), 1.26 (s, 2H, CH,).

HRMS (ESI) m/z calculated for C3;Hs;NgO16S [M+H] T 869.3239, found 869.3239.
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