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Abstract

The solute carrier (SLC) family of membrane proteins is responsible for the
internalization of a variety of essential small molecule compounds such as amino acids,
monosaccharides, neurotransmitters, vitamins, as well as many inorganic ions. In
recent years, these proteins have been recognized as potential therapeutic targets.
Hexoses like glucose and fructose are energy sources and fuels for various metabolic
processes inside the cell. Transport of hexoses through the cell membrane is facilitated
through two distinct gene families (1) sodium-glucose transporters (SGLTs) and
glucose transporters (GLUTs). GLUTs are passive transporters that use concentration
and chemical gradient for the movement of hexoses across the cell membrane. To date,
there are fourteen members (isoforms) of GLUTs, encoded by the human SLC2A
genome family. Each GLUT varies in terms of which tissues it is found in, its substrate
affinity and transport kinetics, and its sequence. In recent years, deregulation and
alteration of energy metabolism have gained great attention due to their relation to
various metabolic disorders, cancer, and diabetes. Overexpression of GLUTSs in various
cancers makes them an interesting and important biomarker to develop diagnostic and
therapeutic probes for early detection and treatment. GLUT1 is a ubiquitous transporter
that mediates the passage of D-glucose with high affinity. However, some cancers do
not display overexpression of GLUTI, suggesting that D-glucose might not be the
common energy source for all types of cancer or cancer cells switch their metabolic
needs to other sugars like fructose, in glucose deficient environment. The principal
fructose transporter, GLUTS, is responsible for absorbing dietary fructose and shows
no facility for transporting D-glucose and other sugars. In addition, while normal breast
tissues display limited expression of GLUTS, a significant percentage of breast tumor
shows overexpression of this protein, making GLUTS an intriguing target for imaging
and detection. Fructose transport through GLUTS5 occurs at an affinity (Ki) of 15mM.
Interestingly, the C-2 deoxy analog of D-fructose (2,5-anhydro-D-mannitol; 2,5-AM)
also displayed a similar affinity (Ki = 12.6 mM) to that of D-fructose. These

observations inspired our decision to develop, evaluate and screen a library of 2,5-AM

11



derivatives with the goal of developing diagnostic and therapeutic probes targeting

GLUTS.

Chapter 2 describes the preparation of a small library of 2,5-AM derivatives
that were screened for inhibition of a previously reported PET tracer and potent GLUTS
substrate, 6-deoxy-6-[18F]fluoro-D-fructose (['®F]-6-FDF). Several of these
derivatives were subjected to computational analysis involving docking and molecular
dynamics simulations using the published GLUTS three-dimensional structure. These
calculations helped to identify the key interactions likely to be involved in the binding
of 2,5-AM derivatives to GLUTS5 and will inform the design of further generations of
inhibitor libraries en route to potent molecular imaging probes targeting GLUTS.

The most promising compounds from Chapter 2 were then used as a starting
point for the design and synthesis of [18F]-containing PET radiotracers for potential
use in medical imaging, and fluorescent probes applicable to confocal microscopy
study or in situ optical detection of tumors (Chapter 3).

Chapter 4 describes attempts to apply the fluorescent probe molecule 6-NBDF
in a fluorescence-based assay to assess 2,5-AM derivatives for inhibition of its uptake
by GLUTS. Importantly, this assay would avoid the need for a radioactive reporter
molecule, as was used in Chapter 2. Conditions were developed for a robust assay that
will be suitable for automation in order to screen large libraries of drug-like compounds
or natural product extracts.

Finally, Chapter 5 details possible future directions of this research, including different
methods of forming GLUTS targeting small molecules as NIR dye conjugates, drug

conjugates, and dual probes.
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Preface

Chapter 2 of this thesis has been published as Rana, N.; Aziz, M.A.; Oraby, A.K.;
Wuest, M.; Dufour, J.; Abouzid, K.A.; Wuest, F.; West, F. G. Towards Selective
Binding to the GLUTS Transporter: Synthesis, Molecular Dynamics and In Vitro
Evaluation  of Novel C-3-Modified 2,5-Anhydro-D-mannitol
Analogs. Pharmaceutics, 2022, 14, 828. The project was conceived by F.W. and
F.G.W.; F.W. and M.W. supervised J.D.; F.G.W. supervised me and A.K.O.; F.G.W.
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M.A.A., M.W. and J.D. Computational work was carried out by A.K.O. 1 was
responsible for writing the manuscript, with input from M.A.A., A.K.O., M.W. and
K.A.M.A. The manuscript was edited by F.W. and F.G.W., with input from all authors.
All authors have read and agreed to the published version of the manuscript.

Chapter 3 of this thesis will be published as Rana, N., Wuest, M., Yuen, R.,
Bergman, C. B., Woodfield, J. D., Verona, M., Dufour, J., Wuest, F., West, F.
G. Imaging breast cancer cells and tumors with 2,5-anhydromannitol derivatives. The
project was conceived by F.W. and F.G.W.; F.W. and M.W. supervised J.D., ].D.W.,
C.B.and M.V.; F.G.W. supervised me and R.Y. I was responsible for the synthesis and
characterization of all compounds. Radiosynthesis was designed and performed by
M.V. and C.B. In vitro and in vivo experiments were designed and performed by M.W.
J.D.W. and J.D. R.Y. and I were responsible for designing and performing confocal
microscopy experiments. M.W. and I participated in data analysis and writing of the
manuscript.

Chapter 4 of this thesis will be published as Rana, N.; Aziz, M.A.; Serya,
R.A.T.; Lasheen, D. S.; Samir, N; Abouzid, K.A.M., West, F.G. A novel fluorescence-
based assay for the identification of GLUTS inhibitors through systematic screening of
2,5-anhydro D-mannitol derivatives. The project was conceived by F.W. and F.G.W _;
F.G.W. supervised me; F.G.W., K AM.A., R AT.L., N.S. supervised M.A.A. M.A.A.

and I was responsible for the synthesis and characterization of all compounds. I was
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M.A.A. and I were responsible for writing the manuscript, with input from F.G.W.,
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Chapter 1
Introduction

1.1. Hexose Transporters

Hexoses such as glucose and fructose are elemental sources of energy in eukaryotic
organisms functioning as fuels for various metabolic processes and cellular
homeostasis.! Glucose homeostasis is regulated through three processes, (1) glucose
production (liver) (2) glucose absorption (intestine), and (3) glucose consumption (all
tissues).> Most mammalian cells rely on a constant supply of glucose, a key component
in the cellular production of the energy molecule adenosine 5’-triphosphate (ATP).**
Low glucose levels in the brain can result in loss of consciousness, seizures, and other
serious effects. Contrarily, excess glucose levels (glucotoxicity) can cause neuropathy,
renal failure, and blindness.>® Hydrophilicity of these monosaccharides blocks their
transport through the hydrophobic lipid bilayer membrane via simple diffusion process.
The solute carrier (SLC) gene family of integral membrane proteins (IMPs), containing
43 families (SLC1 — SLC43) with 298 genes, plays an essential role in the
internalization of nutrients such as monosaccharides, vitamins, amino acids, inorganic
ions as well as short chain fatty acids.” Transport of glucose and other sugars is
mediated through two different types of transporter proteins, (1) sodium-glucose
transporters (SGLTs) and (2) glucose transporters (GLUTs). SGLTs, Na'-coupled
carrier systems (gene name SLC5A) are also known as symporters or co-transporters
and use sodium ion gradient for the transport of glucose and galactose (with low
affinity). On the other hand, GLUTs (gene name SLC2A), known as uniporters, are
passive transporters where energetically favored movement of hexoses (Figure 1.1) is
driven by concentration and electrochemical gradient.®>!%!111213 [n 1985 Mueckler
and coworkers proposed a structure model of GLUT1 protein containing 492 amino
acid residues.'* In 2014, Deng et al reported the crystal structure of human GLUT1

expressed in insect cells.'®
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Figure 1.1. Transport of hexoses through the plasma membrane by GLUTs

1.2. The GLUT family - Classification

The human SLC2A genome family consists of 14 members (isoforms) of GLUTs
(GLUTI1-GLUT14). Each GLUT is categorized into three subfamilies based on the
degree of evolutionary divergence, tissue specific expression and amino acid sequence
differences (Figure 1.2.).'® These isoforms differ from the rest in their functional
characteristics (such as Km values, substrate specificity, and binding affinities),

structure elements, and tissue specific expression.!”

Class |

Glutl o |Glucose Galactose Fructose
Glut3 4

Glut2
Glut14

Glucose -
Glut11

Galactose |Glucose Galactose Fructose

Fructose Myo-inositol

Glut12
Class lll

Figure 1.2. Classification of GLUTs and relationship between the SLC2A gene family members.
Distance between branches and length of the lines represent the degree of evolutionary divergence.
(Figure copied with permission from Manolescu et al.’)

1.2.1. Substrate specificity of different GLUTSs

Class-I facilitated hexose transporters consists of GLUTs 1-4 and GLUT14. GLUT1,
the ubiquitous glucose transporter, is responsible for the basic supply of D-glucose to
the cells (Table 1.1).!* GLUT2 transports D-glucose with high affinity and D-fructose
with lower affinity.!® GLUT3, 4 is able to transport D-glucose with high affinity ¥; in

2



addition, GLUT4 also mediates the transport of D-galactose. However, translocation
of GLUT4 from intracellular membrane to plasma membrane is stimulated in presence
of insulin causing a 10-20-fold increase in D-glucose transport.'*?° Recently
identified, GLUT14 is responsible for the transport of D-glucose. GLUT 1, 3, and 4
have also been discovered to mediate the transport of dehydroascorbic acid (DHAA).?!
Class-II facilitated hexose transporters comprise GLUTS, 7, 9, and 11, which are
primarily D-fructose transporters. GLUTS mediates the uptake of D-fructose with high
affinity and very limited or no affinity to D-glucose transport. GLUT?7 facilitates the
uptake of D-glucose and D-fructose with high affinity. GLUTY is also observed to
transport D-glucose. GLUT14 is a low affinity D-glucose transporter.5!?

Class-III facilitated hexose transporters include GLUT®6, 8, 10, 12, and 13. GLUT6
is observed to be a low affinity D-glucose transporter. GLUTS facilitates the uptake of
D-glucose with high affinity and can be inhibited by galactose and fructose acting as a
multifunctional transporter.3!> GLUTS and 10 can also mediate the transport of D-
galactose. GLUT12 tends to facilitate D-glucose transport but is found to be inhibited
by D-galactose and D-fructose. GLUT13 also known as H'-coupled myo-inositol
transporter (HMIT) is specifically responsible for the transport of myo-inositol,
polyhydroxycyclohexane employed in cell signaling pathways. HMIT can also
transport myo-inositol related stereoisomers but has no activity for the transport of

hexose sugars.?



Table 1.1. Classification and substrate specificity of GLUTs

Class Member

GLUT1
GLUT2

I GLUT3
GLUT4
GLUT14

GLUTS

GLUT7
II GLUT9

GLUTI11

GLUT6

GLUTS

GLUTI10
II GLUTI2

GLUT13
(HMIT)

1.2.2. Tissue expression

Class-I1 GLUTs: GLUTI is expressed ubiquitously in most of the mammalian cells
with the highest expression levels, particularly in blood brain barrier, erythrocytes, and
brain (Figure 1.3).2>?*25 GLUT2 is observed to be predominantly expressed in
pancreatic B-cells, small intestine, kidney, and liver.?®?” GLUT3 is found to be
expressed in the brain.?® GLUT4 is observed to be expressed in insulin-sensitive tissues

like the heart, adipose tissue, and skeletal muscle.”” GLUT 14 is reported to be 95%

Substrate(s)
D-glucose and D-galactose
D-glucose, D-galactose, and D-fructose
D-glucose and D-galactose
D-glucose

D-glucose and D-galactose

D-fructose (low affinity for D-glucose)
D-glucose and D-fructose
D-glucose and D-fructose

D-glucose and D-fructose

D-glucose (not well understood)
D-glucose (low affinity for D-fructose)
D-glucose and D-fructose

D-glucose, D-galactose, and D-fructose

Myo-inositol

identical with GLUT3 and is observed to be exclusively expressed in testes.

Class-I GLUTSs: The fructose-specific transporter GLUTS is found to be

predominantly expressed in the kidney, small intestine, and testes.’® GLUT7 was
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characterized in enterocytes brush border membrane.’!*? Expression of GLUTY is
located in the kidney with little expression in the small intestine, placenta, lung, and
leukocytes.’!*> GLUTI11 exhibits high expression levels in the pancreas, kidney, and
placenta with moderate expression in the heart and skeletal muscle.’!

Class-III GLUTs: GLUT6, a low affinity glucose transporter, was found to be
expressed in the brain, spleen, and peripheral leukocytes. GLUT8 was found to be
expressed in testes, insulin sensitive tissues (adipose tissue, heart, and skeletal muscle),
and preimplantation embryos.’! GLUTI10 is found to be located in the liver and
pancreas. Expression of GLUT12 is found in the heart and prostate. HMIT is observed

to be expressed in the brain.*!

Expression:
GLUT1 Erythrocyte, brain (blood-brain barrier),
_E%GLUM adipocytes, muscles,
— GLUT3 Class | Brain(neuronal), testis,
5% 95% Liver, islet cells, kidney,
22 GLUT14 ! ’ !
GLUT12 Small intestine, skeletal muscle

35-42% GLUTS
—IE Intestine, testis, prostate,
GLUT?7

— Class Il liver, kidney,

GLUT9 pancreas, kidney, placenta, muscle,
42% lun

GLUT11 g

29%

GLUT6
_| 45%

GLUTS8
35% GLUT10 | Class!ll adipocytes, liver, pancreas,

| I“% GLUT12 heart, prostate, brain (neuronal),
HMIT

Brain, spleen, peripheral leukocytes,

Figure 1.3. Classification and tissue expression of GLUTs1-1 (Figure adapted from Scheepers et al.”)

1.3. Variations in GLUT structure and mechanism of
carbohydrate uptake

Through hydropathy analysis, it was revealed that GLUTs have 12 transmembrane

domains (TMs) having N-terminus and C-terminus (Figure 1.4) with TM6 and TM7

connected through a long loop present on the cytosolic side of the membrane. 313153433
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Figure 1.4. Structure of GLUT protein (Figure copied with permission from Manolescu et al.”)

1.3.1. Structure

Class-1 GLUTs — GLUT1-4 are reported to have a similar topology with a conservation
of 38% of all the amino acids.’® The glutamine residue, present in TMS5 is common
among class-I GLUTs suggesting its importance in glucose recognition.>’” Moreover,
QLS (putative recognition motif) motif in TM7 is found to be present in GLUTI, 3,
and 4 responsible for glucose transport but not in fructose transporting GLUTs
including GLUT2 suggesting the involvement of this motif in glucose/fructose
selectivity.®

Class-II GLUTS — These transporter proteins also have a similar topology with 12 TMs
and a single N-linked glycosylation site between TM1 and TM2. A major difference is
that all class-II GLUTs have isoleucine as the only hydrophobic residue in TM7
interacting with neighboring TMs regulating glucose/fructose selectivity.*® Another
striking difference between class-I and class-II GLUTSs is the lack of a QLS motif.*
Class-1II GLUTSs — These proteins also have 12 TMs like class-I and class-1I GLUTs.
However, class-IIl GLUTs do not have N-linked glycosylation between TM1 and
TM2.'% 1t is also predicted that HMIT, within the same loop, has more than one N-
linked glycosylation site. Additionally, class-III GLUTs don’t have a QLS motif,
making this motif unique to class-I GLUTs.*



1.3.2. Mechanism
Study of kinetics of transport of glucose has been extensively studied in GLUTI. In the
initial experiments, it was predicted that the transport of hexoses is influenced by the
initial hexose concentration (outside and inside the cell) and binding affinity of protein
and the ligand causes the saturation on the rate of transfer.** These studies have
proposed several models in which the earliest theory was proposed by Widdas and
called the “simple carrier model”, shown as a general representation in Figure 1.5.4! It
was assumed to carry out the process in 4 stages, the opening of GLUT to one side of
the membrane (cis side) allowing the binding of the substrate, translocation of substrate
binding GLUT from cis side to trans side (another side of the membrane), the release
of the substrate on the trans side, switching of GLUT back to cis side for substrate
binding.*!

Nowadays, there are two popular models other than the “simple carrier model”
which are still under consideration. One of them is a “two site/fixed site transporter”
having both binding sites concurrently available from either side of the membrane,

supporting the antiporter properties of some GLUT proteins. *>4344
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Figure 1.5. A general representation of the hexose transport mechanism by GLUTs (Figure copied with
permission from Augustin et al.41)



The other proposed mechanism is the “alternating access model”, involving the
flux of hexoses through a conformational change in the protein explaining the
presumption of GLUT1 being a uniporter. Recent crystal structures of GLUTs 1, 3, and
5 also align with the alternating access mechanism predicting 4 conformational states
through the whole hexose transport cycle: outward open, outward occluded, inward
occluded, and inward open state (Figure 1.6).!>**% It was also reported that inter
transmembrane (ITM)-helix salt bridges stabilize the outward open conformation. The
binding of hexoses also generates the translocation of N- and C- domains of the
proteins, forcing the hexose out of the transporter. After the release of the hexose, the
transporter switches back to outward open conformation prepared for another hexose

binding to continue the cycle of uptake process.*

outward-open outward-occluded
4/_
- \

inward-open inward-occluded

Figure 1.6. Mechanism of transport of hexose through “alternating access model (Figure copied with
permission from Nomura et al.*%)



Since GLUTSs function as passive transporters, hexoses can move out of the cell
through the same pathway. However, in the presence of kinase enzymes within the
cells, hexoses can undergo phosphorylation and due to this charge difference

(Figurel.7), as they become metabolically trapped thus preventing their efflux from the

cell.*6

Hexokinase

./

Figure 1.7. Enzymatic phosphorylation — A metabolic trap for hexoses

Outside Inside
cell cell

Fructose

1.4. GLUT binding studies and structural requirements for
hexose binding

Hexoses tend to exist as a mixture of different forms (open, pyranose, furanose.) in
solution.*” Other physiological factors such as ions (Mg** and Ca**), water molecules,
and pH can change the conformation of the hexoses (Figures 1.8 and 1.9).*® Due to the
presence of multiple interconverting forms and their differential recognition and
transport, the overall uptake measurements for a particular GLUT should not be
confused as the transporter’s affinity for any one of the forms, but rather thought of as

a conglomerate number made up of several different rates for different hexose forms.
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Figure 1.9. Various forms of D-fructose

In addition, stereochemistry of carbon linked to hydroxyl groups and presence

of hydroxyl groups, also known as “essential hydroxyl groups” play a very crucial role

in GLUT recognition.®!* Modification of such hydroxyl groups can result in loss of

recognition by GLUTs. In addition, there are specific amino acids that are essential for

GLUT-hexose binding.'>*> Mutation of some amino acids can alter the binding process.

It has been reported that single point mutation from isoleucine to valine/alanine in

human GLUTS5 can transform substrate preference from D-fructose to D-glucose.*’

Crystallization of protein-ligand and docking analysis can also provide clear insights

into the binding interactions. Therefore, various modifications of the substrate,

mutations in the GLUT, and kinetic analysis can help to provide an overview of
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structural requirements and molecular interactions of various substrates with different

GLUTs.

1.4.1. GLUT binding studies for glucose transport
In the class-I hexose transporter family, GLUTsl-4 are primarily D-glucose

transporters. In the initial stages of substrate selectivity, it was observed that GLUT1
favors D-glucose but not L-glucose.*’ Studies carried out independently by Barnett™
and Kahlenberg®! demonstrated structural requirements of glucose by measuring the
affinity of modified D-glucose derivatives (tested in human erythrocytes) with GLUT1
and GLUT4 respectively. Rees and coworkers also demonstrated the importance of the
ring/C-5 oxygen atom.’? These binding experiments explained the sensitivity of
hexose-GLUT interactions to stereochemical configuration and substitution-induced
steric encumbrance at various positions. The binding affinity of these derivatives was
inferred from their ability to inhibit the update of [°’H]-D-glucose.

In solution, D-glucose exists majorly (>99%) in D-glucopyranose form as a
mixture of a and B anomers. In GLUT1 binding experiments, it was observed that this
transporter can transport both the anomers but with different binding affinities.>®
Removal of C-1 hydroxyl group (Figure 1.10), 1-deoxyglucose (8) (lacking both
hydrogen bond donor and hydrogen bond acceptor) displayed 10-fold lower affinity
(Ki = 76 mM) than D-glucose (7) (Ki = 6.3 mM), signifying the importance of polar
substituent at this position.”® Additionally, an apparent difference was observed in
GLUT1 affinities for a-D-glucopyranosyl fluoride (9) (Ki = 72 mM) and B-D-
glucopyranosyl fluoride (10) (Ki = 15 mM), indicating the significance of the
orientation of the anomeric substituent for effective GLUT-substrate binding.>
However, for methyl a-D-glucopyranoside (11) and methyl B-D-glucopyranoside (12),
no affinity was observed. This indicates that GLUT]1 can tolerate modifications at the
C-1 position of D-glucose, depending strongly on the C-1 site as a hydrogen bond

acceptor and favoring -anomer over a-anomer.

11
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Figure 1.10. Structure of various C-1 modified D-glucose derivatives as GLUTI ligands

In the case of modifications at the C-2 position (7-17) (Figure 1.11), it was
observed that the C-2 site plays an insignificant role in GLUT-substrate interactions.
For analogs like D-mannose (16) and 2-chloro-2-deoxy-D-glucose (14), little change
in affinities was observed for GLUT1. Interestingly, in the case of 2-deoxy-D-glucose
(13), lacking both hydrogen bond donor and hydrogen bond acceptor properties, higher
affinity (Ki = 3.2 mM) for GLUT1 was observed, showing this to be a favorable

position for substitution and stereochemical alterations.’® However, methoxy analog

(15) and glycal form of glucose (17) resulted in decrease in affinity.
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Figure 1.11. Structures of various C-2 modified D-glucose derivatives and their Ki values for transport

of radiolabeled glucose by GLUT1

Modifications at the C-3 position (18-22) (Figure 1.12) with methoxy (20) and

propoxy (21) groups led to a significant decrease in affinity suggesting the low

tolerance of GLUTSs towards the steric congestion. Removal of the C-3 hydroxyl group

(3-deoxy-D-glucose 18) caused decrease in affinity, indicating poor tolerance by

GLUT]1 towards modification at this site. However, substitution with hydrogen bond

acceptor, 3-deoxy-3-fluoro-D-glucose 19 resulted in similar affinity to that of D-

glucose. Similarly, modification at C-4 (D-galactose, 22) was observed to be tolerated

better.® This indicates the tolerance of equatorial C3-OH for efficient GLUTI-

substrate binding.
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Figure 1.12. Structure of various C-3 and C-4 modified D-glucose derivatives as GLUT1 ligands and
their Ki values for transport of radiolabeled glucose by GLUT1

In the case of modifications at the C-6 position (Figure 1.13), removal of the
C6-OH group, 6-deoxy-D-glucose (23), comparable affinity to D-glucose were
observed.”® Interestingly, the substitution of C6-OH with fluoride (24) resulted in

better affinity than D-glucose.

OH 46
4 6 5 O
HO > ° HO 2
HO OH HO OH
3 OH 1 3 OH 4
D-glucose (7) (K; = 6.3 mM) 6-Deoxy-D-glucose (23) (K; = 6.7 mM)

F
46
0
HO -
HO OH
3 OH 4

6-Deoxy-6-fluoro-D-glucopyranose (24) (K; = 1.2 mM)

Figure 1.13. Structure of various C-6 modified D-glucose derivatives as GLUT1 ligands and their Ki
values for transport of radiolabeled glucose by GLUT]1
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These structure activity relationship studies demonstrate the sensitivity of
glucose transporter interaction to position modifications at several sites on the D-

glucose scaffold (Figure 1.14).

C-6: Modifications are well
tolerated at this position by

GLUT1
\OH
4 6

o)
/ HO OH

3 OH 1
C-3 and C-4 : Modification at these l
positions( O-alkylation) is not well
recognised by GLUT1. H-bond C-1 and C-2 : Modifications at these positions
acceptor at C-3 is preferred. are well recognised by GLUT1. Presence of H-

bond acceptor is preferred at C-1. Loss of H-
bond donor and acceptor at C-2 is tolerated.

Figure 1.14. Summary of GLUT! recognition for modified D-glucose

1.4.2. GLUT binding studies for fructose transport.
Among the 14 GLUTs, GLUT2 and 5 are considered to be the main fructose

transporters. Other GLUTs (7, 9, 11, and 12) are reported to transport fructose along
with glucose and other sugars with different affinities.®!* GLUT2 is known to transport
fructose with low affinity and glucose with high affinity. Little is known about the
interactions of GLUT2 with fructose and related substrates, so the discussion here will
be limited to GLUTS, whose sole substrate is fructose. GLUTS has gained more
scientific attention due to its unique substrate specificity and its potential role as a

biomarker for various types of cancers and diseases. '’

1.4.3. GLUTS binding studies for fructose transport.

The Holman Group has done extensive studies on the binding of fructose analogs to
GLUTS. These structure activity relationship studies were conducted using Chinese
hamster ovary (CHO) cells engineered to overexpress GLUT5.3453657

Aqueous D-fructose equilibrates between three interconverting forms with -

fructopyranose as the major form (75%) followed by B-fructofuranose (21%) and a-
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fructofuranose (4%).5!* In measurements of inhibition of uptake of radiolabeled D-
fructose, the Ki of D-fructose was found to be 15 mM.** It appears that the
stereochemical configuration of the carbon with secondary alcohol plays a crucial role
in GLUTS binding as observed from Ki values of, D-psicose (C-3 epimer, 26), D-
tagatose (C-4 epimer, 27), and L-sorbose (C-5 epimer, 28), where 27 and 28 exhibited

a 4 to10-fold weaker inhibition than fructose (Figure 1.15).3
HO,  OH HO,  OH
4 3> 4 3
Byd 2 4 6.2 2 4
\ O AV O
HO OHoH HO OHoH

D-fructose (25) (K; =15 mM)  D-psicose (26) (K; = 134 mM)

HO  OH HO . OH
4 3N 4 3
6 2 2 1 6 S 2 1
W o O
Hé OHon HO OHow

D-tagatose (27) (K; = 59 mM) L-sorbose (28) (K; = 142 mM)

Figure 1.15. C-3, C-4, and C-5 diastereoisomers of D-fructose

This can also be explained due to changes in different forms (change in
equilibrium ratio) due to epimerization. For example, L-sorbose exists majorly in -
furanose forms and D-psicose exists in an equal mixture of four possible isomers.

In earlier studies of glucose transport, it was observed that glucose is recognized
in its pyranose form. In these studies, it appears that GLUTS displays a similar affinity
for both D-fructofuranose and D-fructopyranose forms (Figure 1.16). This conclusion
was reached based on the Ki measurements for several methyl fructosides unable to
undergo equilibration with other forms. For example, methyl-B-D-fructopyranoside 30
and methyl-B-D-fructofuranoside 32 both displayed Ki values similar to that of fructose
itself. However, the Ki of methyl-a-fructofuranoside 31 was found to be roughly twice
that of fructose, indicating the importance of the anomeric configuration. In addition,
the Ki of methyl-a-D-fructopyranoside 29 could not be determined.

Along with stereochemical alteration, different substituents also gave some

interesting results in affinity towards GLUTS. It was observed that GLUTS5 exhibits a
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higher affinity for methyl-B-D-fructofuranoside (32) as compared to the bulkier allyl
furanoside 34. Interestingly, removal of the anomeric C-2 hydroxyl group entirely (2,5-
anydromannitol 33) afforded a Ki similar to that of fructose, indicating that the
presence of any sort of polar substituent at C-2 is not required for effective GLUTS

binding process.>*

HO OH

4 3
5@0'*
7 o
HO OH

D-fructose (25) (K; = 15 mM)

1 1
O 2 6 O 2‘\\\\OH
6 % “OH
5 ‘OMe HO‘§ > OMe
HO\‘ ‘f 3 OH H OH
OH OH
Methyl-a-D-fructoyranoside (29) (K; = not found) Methyl-B-D-fructopyranoside (30) (K; = 15 mM)

HO, ;.OH HO,, , .OH
6 ‘52 %, 1/0M 6 5Z—>2V10H
/\ 0 1y /\\ 0 B

Hd OMe Hd OMe

Methyl-a-D-fructofuranoside (31) (K; = 32 mM) Methyl-B-D-fructofuranoside (32) (K; = 15.5 mM)

HO 4 3~\\OH HO 4 3~\\OH
/ 0 / 0" 4
HO OH HO

o

2,5-anhydro-D-mannitol (33) (K; = 12.6 mM) Allyl-B-D-fructofuranoside (34) (K; = 65 mM)

Figure 1.16. Comparison of GLUTS affinity for fructopyranose, fructofuranose, and C-2 modified
derivatives

However as mentioned before, epimerization at C-2 does influence binding
affinity. For other secondary alcohol positions (C-3, C-4, and C-5), substitution with
the allyl group was evaluated (Figure 1.17). All three allylated analogs (35-37) were
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poorly tolerated suggesting that the presence of the hydroxyl group plays an important

role in binding and causes unfavorable interaction on substitution.>*

3-O-allyl-D-Fructose (35) (K; = 89 mM)  4-O-allyl-D-Fructose (36) (K; = 105 mM)

5-O-allyl-D-Fructose (37) (K; = 153 mM)

Figure 1.17. Position C-3, C-4, and C-5 D-fructose modified derivatives

In the evaluation of C-1 modified D-fructose derivatives (38, 39) (Figure 1.18),
it was observed that on substituting hydroxyl group with allyloxy group (38), very poor
or no affinity was observed. However, in presence of hydrogen bond acceptor at C-1
(39), no affinity was reported.>* Further studies are required to understand the tolerance

and affinity of C-1 modified derivatives towards GLUTS.

1-O-allyl-D-fructose (38) (K; = 105mM) 1-Deoxy-1-flouro-D-fructose (39) (K; = not found)

Figure 1.18. Position C-1 modified D-fructose derivatives

Furthermore, modification at the C-6 position with the allyl group (41) was
observed to be moderately tolerated by GLUTS (Figure 1.19). Deoxy analog, 6-deoxy-
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6-fluoro-D-fructose (40) displayed a higher affinity for GLUTS than D-fructose
indicating the tolerance of GLUTS for loss of a hydrogen bond donor at C-6.%

HO, 3‘\\OH HO, 3‘\\OH
W B =
= —_— / =
F/ O OHpK _\—o O OHoH
6-Deoxy-6-flouro-D-fructose (40) (K;= 0.15 mM) 6-O-allyl-D-fructose (41) (K; = 20.6 mM)

Figure 1.19. Position C-6 modified D-fructose derivatives

As mentioned above, C-2 deoxy analog of D-fructose also known as 2,5-
anhydro-D-mannitol (2,5-AM), 33, exhibited a similar affinity to that of both B-D-
fructopyranoside (30) and p-D-fructofuranoside (32).>*°® 1-Amino analogs of 33 (e.g.,
42, 44, and 45) displayed significantly higher affinity for GLUTS than 1-aminoallyl-
D-fructose 43. A 28-fold increase in affinity relative to D-fructose was observed in 44
and 45 by attaching aromatic groups to nitrogen.”’ Alternatively, in presence of electron
withdrawing nitro aromatic groups, the hydrogen bond donor character of the aryl N-

H bond is also greater than that of allylated amine.

HO,, , OH HO,, ,.OH

6.2 2 1 6. 2'\\0:“6

W S O pr—
e 9 e HO N

1-Aminoallyl-2,5-anhydro-D-mannitol (42) (K; = 2.6 mM) 1-Aminoallyl-D-fructose (43) (K; = 27 mM)

HO_, . OH
4 35

5 2 02N

N Y
HO HN NO,

1-(N-(2,4-dinitrophenyl))-2,5-anhydro-D-mannitol (44) (K; = 0.56 mM)

HN NO,

OH
1-(N-(2,4-dinitro-5-ol-phenyl))-2,5-anhydro-D-mannitol (45) (K; = 0.63 mM)

Figure 1.20. 2,5-AM based high affinity GLUTS ligands
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To investigate more on locked conformations, glycol-1,3-oxazolidin-2-thiones
(46-49, Figure 1.21) were prepared yielding bicyclic structures. It was revealed that

this class of compounds are weak binders with a low affinity towards GLUT5.>

H H
HO
4 3‘\\N7§S HQ’,4 3 N\/;S
6 \\\5. 2..||O 5 2 0
6
/ O )
HO HO

46 (K;= 105 mM) 47 (K;= 123 mM)
H H
HO
0.4 5 N\/és 43 N\/\és
5 2 5 2
6, o] 6, (0]
/ 0 / 0
HO HO
48 (K;= 106 mM) 49 (K;= 110 mM)

Figure 1.21. Inhibition constants of glycol-1,3-oxazolidin-2-thiones

Following these observations, synthesis of fructose analogs (50-54) containing
hydroxymethyl groups at the anomeric carbon (corresponding to the fructose C-1
substituent) was carried out and their ability to compete with the natural ligand (D-
fructose) was tested in GLUTS5 overexpressing CHO cells (Figure 1.22). Some of these
compounds were observed to be strong GLUTS binders. Modification of
oxazolidinethione to oxazolidinone (i.e., C=S to C=0, compounds 51 and 53) resulted
in improved binding affinity. On the other hand, the installation of an alkyl group on

the C-1 oxygen atom had a relatively minor effect.*
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Figure 1.22. Inhibition constants of glycol-1,3-oxazolidinthiones and oxazolidinones

Recently, an evaluation of C-3 modified 2,5-AM derivatives (55-60) was
carried out in EMT6, murine breast cancer cells (Figure 1.23). Strong inhibition was
observed with analogs having hydrogen bond donor character as compared to fructose
itself (58-60). No inhibition or weaker inhibition was observed in the case of hydrogen
bond acceptor groups at the C-3 site (55-57).°% More elaborative studies will be

presented in the next chapter.
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55-57 (R = H, F, N3, no inhibition)
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Figure 1.23. Inhibition concentration (ICso) of C-3 modified 2,5-AM derivatives

Such observations (Figure 1.24) illustrate that both furanose and pyranose
forms of D-fructose are recognized by GLUTS with similar affinity. Stereochemistry
of carbon centers attached to hydroxyl groups and substitution groups at C-1, C-3, and
C-4 are very crucial for binding interactions. C-2 and C-6 position was observed to be
tolerant of modification to develop diagnostic and therapeutic probes. In the case of
2,5-AM, modification at C-3 is also flexible as long as the hydrogen bond donor

character is retained.

C-4: Modification at this C-3: Modification at this position

position is not tolerated by is tolerated. Retention of H-

GLUTS. Further study is donor seems to be important for

required. GLUTS recognition.

\ C-2: Modification at this position,
C-6: Modification at this position HO OH O-alkylation is well recognised
is tolerated by GLUTS5. |~ 4 3» by GLUT5, however sterics
Retention of H-acceptor seems 6.5 2 , —p |affect the affinity.
to be important. /M o
HO OHon

C-1: Modification at this position
D-fructose is poorly tolerated by GLUT5
(retention of H-donor is crucial for
GLUTS5 recognition. More studies
are needed.

Figure 1.24. Summary of GLUTS5 recognition for modified D-fructose
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1.5. Role of fructose and its correlation to GLUTS5 in
promoting cancer and other diseases

In 1924, Otto Warburg described that cancer cells, in contrast to normal cells
demonstrate a property of fermenting glucose into lactate even in a sufficient supply of
oxygen.”® This glycolytic pathway acts as a key energy source for cancer cells and this
phenomenon is known as “Warburg Effect”. The mechanism of the glycolytic pathway
can provide some key insights to understand metabolic disorders. D-glucose not only
acts as an energy source but also as a crucial substrate for the production of metabolites
including fatty acids and nucleotides, and for redox regulation.®® However, monitoring
D-glucose metabolism by detecting GLUT1 through positron emission tomography
(PET) with ['®F]-2-deoxy-2-fluorodeoxy-D-glucose ([!3F]-2-FDG), failed to detect
some types of cancer as GLUT1 was detected only in 87 out of 154 types of cancerous
tissues.®! One of the reasons for this observation could be that D-glucose might not be
the common energy source for all types of cancer.

Recently, fructose has been recognized as a significant driving force in
metabolism-induced cancer.®>7° It is known that fructose metabolism suppresses
mitochondrial function stimulating the glycolysis pathway.®> GLUTS, a transporter of
fructose with no facility for transporting D-galactose and D-glucose, is predominantly
present in the small intestine and is responsible for absorbing dietary D-fructose from
the gut and into the bloodstream.®® Skeletal muscle tissue is also observed to produce
some energy using fructose. Fructose is mainly metabolized in the liver, where it is
transported across its membrane through GLUT2. Evidence correlating human health
and fructose consumption has generated increased interest in fructose-transporting
GLUTs.

Notably, while normal breast tissues show no or limited expression of GLUTS,
a significant percentage of breast tumors display overexpression of this protein.** In
addition to breast cancer, GLUTS is correlated with other cancers including lung
adenocarcinoma, pancreatic cancer, acute myeloid lymphoma, and other cancers.®
Exposure to high fructose levels has been found to be correlated with increased
expression of GLUTS in the intestine.®> Moreover, in recent years, it was also reported

that increased expression of GLUTS in the intestine and increased fructose
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consumption plays a major role in non-alcoholic fatty liver disease (NAFLD) and the
more advanced, life-threatening non-alcoholic steatohepatitis (NASH).5667

Other recent findings support the notion that fructose transporters could be
valuable targets for small molecule therapeutic drugs and imaging probes. For example,
diets containing high fructose content correlate with increased rates of tumor growth,
in addition to obesity, diabetes, and heart and kidney diseases.!® Exposure to high
fructose concentrations can result in the transformation of tumor cells into more
aggressive phenotypes.”

Obesity, exceeding body mass index by 30 kg/m?, has become an epidemic
around the world. It is suspected that fructose used in high fructose corn syrup (HFCS)
plays a key role in rising levels of obesity in North America. Peptide hormones such as
insulin and leptin modulate food intake.'® Generally, glucose consumption stimulates
insulin secretion which in turn increases the concentration of leptin causing satiety.
However, fructose consumption and metabolism are different than glucose resulting in
lower insulin secretion leading to low levels of satiety, more likely to cause obesity. In
addition, fructose consumption has been also shown to increase the onset of type 2
diabetes due to low levels of insulin secretion.!® Furthermore, gout, the most common
inflammatory arthritis in men is also reported to be linked to an increase in fructose
consumption. In that report, a survey was conducted on more than 50,000 male doctors
(40-75 years) regarding their diet, medical, and drug history. It was found that men
having high levels of fructose (in soft drinks, and daily food) were prone to show a
much greater risk of Gout.!” In renal cell carcinoma, a strong correlation between
GLUTS with clear cell RCC subtype was observed in a panel of 80 samples.®® In
another study, in tumor cells from patients with acute myeloid leukemia, high levels of
GLUTS were identified and the severity of pathological progression was also linked to
increased GLUTS expression. Also, in lung adenocarcinoma, it was observed that
fructose promotes tumor cell growth and survival through GLUTS, as it was observed
that by inhibiting or increasing the expression of the SLCA2AS gene (GLUTY), a

corresponding change in fructose uptake was observed.®” In a work published by

24



Alejandro et al., it was observed that expression of GLUTS was detected in 27% of
colon, breast adenocarcinoma, liver carcinoma, and lymphomas.®®

Given these observations, there is clear value in seeking greater insight into the
mechanisms of fructose uptake and metabolism concerning the diseases mentioned,
and biomarkers based on fructose uptake and consumption could be valuable for both
diagnosis and therapeutic treatment. Since it is so critical for the cellular utilization of
fructose, GLUTS could function as a biomarker for a variety of cancers and metabolic

diseases.

1.5.1. Overexpression of GLUTS and increased utilization of fructose
promotes the development of breast cancer

Evidence of overexpression of GLUTS transporter in breast cancer cells was reported
in 1996.% Interestingly, it was observed that contrary to other cell types, only 42% of
breast cancer cells were observed to express very low levels of GLUT1. (Figure 1.25)
These observations suggested that there might be other nutrients that could be
potentially used by breast cancer cells. In recent studies, it was found that fructose
among other nutrients tested (ribose, pyruvates, and amino acids) could substitute for
glucose to support proliferation and colony formation of breast cancer cells in a dose-

dependent manner even in conditions of glucose deprivation.”

GLUT1 s GLUT1
‘*’ N
\ WGLUT1- Glucose @D “%'- *
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breast cell J .GLUTZ Glucose + Fructode " - cancer ceII A GLUTS

\OQ@,/ 'GLUT5 - Fructose. ,O%LO}/

Figure 1.25. Comparison between normal breast cancer and breast cancer cell along with their GLUT
expression and substrate specificity

Work conducted by Fan et al demonstrated that GLUTS knockdown blocked
the utilization of fructose by breast cancer cells.”® Interestingly, along with GLUTS,
breast cancer cells were observed to overexpress another transporter GLUT2. These

results were also further confirmed when both GLUT2 and GLUTS5 were observed to
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be regulated through transcription factor HIFa in breast cancer cells and tissues under
hypoxic conditions.”! It was also reported that triple negative breast cancer (TNBC)
cells show higher expression of GLUTS than estrogen receptor positive (ER+) breast
cancer cells.

These findings explain the relationship between increased dietary fructose and
breast cancer providing insights into potential therapeutic strategies aiding to eliminate
fructose mediated breast cancer. As a result, GLUTS5 could be potentially used as a
portal for the delivery of tracer molecules and cytotoxic drugs for breast cancer

prognosis and treatment.

1.6. Molecular imaging and techniques
Molecular imaging is defined as in vivo visualization, characterization, and quantitative
measurement of biological processes at molecular and cellular levels.”>”> Molecular
imaging has a great potential to detect diseases in their early stages, characterizing
pathologies of affected tissues without invasive biopsies and surgery. As a result,
personalized medicine and patient specific therapeutic regimens can be applied.”
There are various strategies (Figure 1.26) that are currently used in clinical
practices such as positron emission tomography (PET), single photo emission
tomography (SPECT), magnetic resonance imaging (MRI), magnetic resonance
spectroscopy (MRS), ultrasound (US), computed tomography (CT), and some
emerging preclinical ones (for example, contrast-enhanced ultrasound, photoacoustic
imaging, and other methods) to be further translated into clinical use in the near

future.’>’*
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Figure 1.26. Various strategies currently used in molecular imaging

Current molecular imaging methods primarily use PET based techniques which
will be discussed in detail in the next section. Ongoing preclinical research is focusing
on developing novel molecular probes for different diseases followed by developing
multifunctional contrast agents to image these molecular targets with new instruments
and technologies. Optical imaging using fluorescent probes and ultrasound imaging
with molecular microbubbles have gained recent attention as they provide real time
imaging, producing high spatial resolution images, and don’t need ionizing irradiation.
Photoacoustic imaging is a hybrid of ultrasound and optical techniques involving the
excitation of an optically-excitable molecular probe followed by detecting the observed
oscillatory signal from the movement of the molecular probe through ultrasound.”

Currently available real-time in vivo optical imaging techniques are limited to
the surface and ocular due to limited in-depth tissue penetration,’* although, there are
recent advancements in endoscopic and catheter devices for optical coherence

tomography (OCT). The majority of the imaging methods mentioned above function
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by exciting photons and measuring reflected light. Alternatively, Raman spectroscopy
is an emerging technique that works via the Raman effect (detection of signal formed
through light scattering effects). However, this method is limited as it only includes
near infrared fluorescent dyes, quantum dots, and nanoparticles.”>’*

As a result, molecular imaging can be approached in several directions of
medical imaging, for example, early screening/detection, monitoring, diagnosis,
treatment, and follow-up. Current techniques and trends give the hope that these new
strategies will improve the success rate for curing diseases such as cancer,

cardiovascular diseases, and finding more specific treatments for diseases like

Parkinson’s, and Alzheimer’s.

1.6.1. Positron Emission Tomography (PET)

PET is an imaging technique that helps to visualize metabolic or biochemical functions
taking place in the body such as blood flow or metabolism.”* This technique is a
combination of nuclear medicine and biochemical analysis evaluating the physiology
and anatomy of organs or tissues.”> A PET scan uses tiny amounts (well below the toxic
limit) of the radioactive substance, known as a radiopharmaceutical (radioactive drug
or tracer) to demonstrate normal and abnormal metabolic activity. PET offers
quantitative analysis, permitting relative changes to be monitored over time as a disease
responds to a specific treatment. Conjugation of PET with other diagnostic tests (CT
and MRI) called PET/CT or PET/MRI helps to provide more definitive information
about cancerous tissues, epilepsy, Alzheimer’s, and heart diseases.’

A PET scan is based on the detection of radioactivity emitted when a small
amount of radiotracer is injected into a vein. As the name of the method states, this
technique operates through a positron emitter tracer molecule.”>’%”7 Positron emitting
isotopes such as carbon-11, oxygen-15, nitrogen-13, and fluorine-18 are generally used
in the labeling of amino acids, carbohydrates, and nucleosides.”® After the tracer is
administered to the patient’s body, positrons emitted from the radiotracer collide with
the electrons of the tissue, resulting in the generation of two high energy gamma rays,

a phenomenon known as the annihilation process (Figure 1.27).”
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Figure 1.27. Schematic representation of the annihilation process

As a result, two gamma rays emitted, easily pass through human tissue,
allowing them to be detected and their origin to be located by radiation detectors. In
order to decide which positron emitting isotope should be used in making radiolabeled
tracer, the half-life of the isotope and the kinetic energy of the emitted positron are two
important factors to determine its usage in PET (Table 1.2).88! For the radiolabeling
process to occur during the first half-life of a radionuclide, a radionuclide with a longer
half-life is desired to provide sufficient time to run diagnostic imaging before most of
the activity has been lost Secondly, to get PET images with high spatial resolution, it
is desired that the range of emitted positron (distance positron travel from the nucleus

of emission) to be shorter or kinetic energy to be lower for better images.®!

Table 1.2. List of radioisotopes that decay by positron emission and their properties

Isotope Half Positron Positron Range (mm)
Life/ ti2 (min)  energy /Emax (MeV)

82Rb 1.26 3.15 1.7
150 2.03 1.70 1.5
BN 9.97 1.19 1.4
e 20.3 0.96 1.1
B 109.8 0.64 1.0
1241 6000 2.13 2.6
$4Cu 768 0.66 N/A
8Ga 67.72 1.90 2.9
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In the annihilation process, the positron emitted by the radiotracer starts losing
its kinetic energy upon inelastic collision with the electrons of the tissue. As the
positron loses the kinetic energy, it forms a positronium state on combing with the
electron, which lasts about 10'° seconds (Figure 1.28). Therefore, the reaction of
positronium and electron results in the ejection of two gamma rays. The emitted gamma

rays travel at an angle of 180°to each other.”>777%:8!

-
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M ¥ f Inelastic collisions
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Positronium state Tissues

Positron
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Detector

Figure 1.28. Working principle of PET

Fluorine-18 ('®F) is one of the most important radionuclides for PET. It exhibits
a great position within the steadily growing portfolio of applicable radioisotopes for in
vitro and in vivo imaging. It is mainly due to its interesting physical properties such as
low energy of positron (~49 keV) to produce high resolution diagnostic images and a
half-life of 109.9 minutes rendering multistep synthesis possible.®> Employment of
isotopes %Ga, !'C, **Tc.. for the radiolabeling of PET tracer is also very common and
widely used.®> As mentioned in the previous section, glucose transporters like GLUT1
and GLUTS are observed to be overexpressed in many tumor cell types and hexoses
like glucose or fructose are absorbed at a much faster rate in tumor cells in comparison
to normal cells.”®*’" Such hexoses upon labeling with radionuclides followed by

accumulation in tumor cells can help in imaging the location and size of the tumor.

In order to act as an optimal tracer for tumor imaging, the radiolabeled hexose

should have the 1) property of being transported via a specific GLUT to avoid off target
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detection, and 2) capacity of undergoing enzymatic phosphorylation for metabolic
trapping of tracer inside the tracer cells.”””’” Development of '8F containing PET tracers
will be discussed in more detail in the next section.

In summary, a PET scan can be an effective way to identify the variety of
conditions, including heart diseases, brain disorders, and cancer. Since cancer cells
have higher metabolic rates than normal cells, solid tumors show up as bright spots in
a PET scan. It is crucial to interpret these scans carefully, as many non-cancerous
conditions can also look like cancer. Regarding the risks of PET scan, the amount of
radiation a patient is exposed to is very low; however, there are risks of radiation
exposure to unborn babies and through breastfeeding, and an allergic reaction is

sometimes observed.”*

1.7. Production of ['3F] and specific activity

1.7.1. Production of ['*F]

Fluorine-19 ('°F, the naturally occurring nonradioactive isotope) belongs to group 17
and is a p-block element with the natural abundance of 100%. In its gaseous state (F2),
elemental fluorine can react with almost every element or compound.3* Requiring only
a single electron to complete its valence shell, fluorine is the most electronegative
element, with an electronegativity of 4.0.

The radioactive isotope '8F consists of 9 protons and 9 neutrons with a half-
life of 110 min. Other isotopes of fluorine which are radioactive and positron emitters
have exceedingly short half-lives (e.g., ''F, ti2 = 64.8 s) and are unsuitable for in vivo
imaging purposes.’334

Nuclides which undergo positron decay for stabilization are proton rich or
neutron deficient. The development of such unstable nuclides can be achieved by
bombarding a stable isotope (having a proton/neutron ratio of 0.8-1) with protons,
generating a positron emitter.

As a result, for the generation of '*F, the most common method used is by
bombarding oxygen-18 enriched material with a proton beam (Figure 1.29). Oxygen-

18 is a stable isotope naturally occurring in about 0.205% abundance along with other
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isotopes i.e., oxygen-16 (99.752%) and oxygen-17 (0.038%). The '°O (p, o) reaction
yields nitrogen-13 having a small half-life of 9.96 min. The production of '*F through
30 bombardment is dependent on many factors such as proton energy, bombardment
time, and current target volume. With 60 min bombardment time, the usual yield
ranges between 37-74 GBq of '*F.%} The generated '°F is present as ['F]HF in target
water and is generally extracted by using ion exchange cartridges. The material used
for this nuclear reaction commonly consists of silver, copper, and titanium resistant

enough to withstand high heat and pressure during irradiation.3*%4

180 180(P*, N) 18F HfE
8P > gp +
10N 9N

Figure 1.29. Production of '*F through the bombardment of '*0 with protons

Another possibility to produce '®F is by targeting neon gas by deuteron
bombardment (*° Ne(d, o) '®F). In this method, stable '°F gas (0.1-2%) is added to
neon gas before the irradiation process resulting in a generation of '8F-[F2] gas with
low specific activity.®

In another method, fluorine gas is generated by using '30 gas as the target
undergoing the same 80 (p, n) '*F reaction yielding ['*FJHF which in turn is converted
to ['®F]F2 gas again with low specific activity.3*

In order to obtain electrophilic ['®F]F2 with high specific activity, the optimal
method would be to start with 30 enriched water as a target followed by converting
the obtained '®F with high SA to ['®F]F2. This is achieved by reacting fluoride with
methyl iodide followed by discharging it in a chamber containing small amounts of F2

yielding ['8F]F2.%

1.7.2. Specific Activity (SA)

Specific activity is defined as the proportion of the radiotracers in question to the total
amount of compound (both labeled and unlabeled together) and is expressed in GBq
(gigabecquerel)/pmol or mCi(millicurie)/mmol. Specific activity (SA)of the ['*F]F2 gas

would be the radioactivity of the gas (GBg/mCi) to the total amount or concentration
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of ¥F, 1°F, and other isotopes of fluorine. This in turn means how much radioactive
substance is diluted/ contaminated with non-radioactive isotopes.®? If the SA is low, a
high dose of the tracer compound would be administered for a PET scan with a risk of
side effects to occur. As a result, it is important to determine the SA of the final
radiopharmaceutical and study the pharmacology of the applied compound. SA can be

determined by HPLC, gas chromatography, and conduction detectors.®’

1.8. Fluorination reactions using '°F and ¥F

Before the development of radiotracer containing '*F, studies started first with the
labeling of hexose with non-radioactive isotope '’F followed by determining the
recognition of GLUT for modified hexose. In the following section, we will discuss
both electrophilic and nucleophilic fluorination methods which can be used in the

labeling of hexose.

1.8.1. Electrophilic fluorination

In electrophilic fluorination, electrophilic fluorine sources react with electron rich
organic molecules yielding organofluorine compounds. Initially, fluorine gas was used
as the most common fluorination agent, but due to its high reactivity and low
selectivity, secondary electrophilic labeling sources were explored.®® XeF» is an

alternative electrophilic source but exhibits poor functional group tolerance.®

Electrophilic reagents (Figure 1.30) used in modern organic synthesis consist
of relatively more stable N-fluoro compounds such as fluorobis(phenyl)sulfonamide
(NFSI) (61), N-fluoropyridinium salts (NFPy) (62), and acufluor (63).57-88:8%.9091.92 1y
these reactions, the nucleophile interacts with the ¢* N-F bond from the fluorine side
as the nitrogen side is sterically inaccessible. To generate asymmetric organic
molecules with high stereoselectivity, chiral NFSI (65) and selectfluor (66) deliver

electrophilic fluorine in an enantioselective fashion (Figure 1.31).%
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Figure 1.30. Electrophilic fluorination reagents

Chiral NFSI (65) Chiral Selectflour (66)
Figure 1.31. Chiral electrophilic fluorination reagents

Fluorination using ['®F]F2 gas, and acetyl ['®F] hypofluoride reacts well with
aromatic systems, but due to low regioselectivity, a mixture of the fluorinated aromatic
system is obtained.®® One of the most important electrophilic reactions using these
reagents is the synthesis of ['®F]fluoro-DOPA, 70, (Scheme 1.1), a neurotransmitter
used in their investigation of presynaptic dopamine neurotransmission.®* Scheme 1.1

represents the optimization studies that were performed to obtain 70 with higher purity.
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Scheme 1.1. Different methods for the synthesis of ['*F]fluoro-DOPA

1.8.2. Nucleophilic fluorination

In nucleophilic fluorination reactions, alkali metal fluorides like CsF, KF, and KHF2
are the most often used reagents to fluorinate organic molecules.”** Also, it is
important to note that fluoride ions are more basic and less nucleophilic in nature.
Primarily, these reactions are carried out in polar aprotic solvents (acetonitrile,
dimethylformamide, dimethyl sulfoxide). However, alkali metal fluorides exhibit poor
solubility in aprotic organic solvents. As a result, these reactions are often carried out
in the presence of chelators such as Kryptofix 2.2.2. resulting in the formation of a
complex between K* and cryptand and thus causing ionic dissociation and enhancing
the fluorine nucleophilicity.”®

KHF:2 is often used to incorporate fluorine in organic molecules in the
nucleophilic ring opening of epoxides. Other metal fluorides like KF and CsF
incorporate fluorine by SN2 displacement reactions.”’

The introduction of '*F by nucleophilic substitution is directly related to the

)98

nature of leaving group (triflate, tosylate, mesylate).”® Apart from high reactivity,
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sulfonate esters (triflate>nosylate>tosylate>mesylate) are more valuable than halides,
because they can be synthesized from their corresponding alcohols (especially
hexoses).®* However, due to the basic nature of fluoride ion, SN2 reaction with a good
leaving group can also produce unwanted elimination products. Other nucleophilic
agents such as organic sulfur fluorides (Figure 1.32) can convert free hydroxyl groups

directly to organic fluorides.?%-1%

1) 10
NSy O NSy
ﬁ 18F/K222/K* _0O ﬁ
—_—
— “

acetonitrile
100-120 °C

18F
(\N/\ ['8F fallylpride (79)
C o)
TS

Kryptofix (80)

Scheme 1.2. Synthesis of ['*F]fallylpride by nucleophilic '®F-fluorination of the corresponding tosylate
precursor

MeO Me
SF
N-SF _\N+—s’F o N+:s’F N-SF4 ’
® _ _\F / —\F /—/ Me
BF, BF, MeO

DAST (74)  XtalFluor-E (75) XtalFluor-M (76) Deoxofluor (77) Fluolead (78)

Figure 1.32. Nucleophilic fluorination reagents

1.8.3. Prosthetic group precursors for '*F labeling
In the case of complex molecules bearing more than one reactive site (acidic protons
or nucleophilic moieties), prosthetic groups or secondary labeling precursors are used

(Figure 1.33). Precursors such as 2-['®F]fluoroethyl-4-methylbenzene sulfonate (81),
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1-bromo-2-["*F]fluoroethane (82), and N-succinimidyl-4-['®F]fluorobenzoate (83) are

generally used in labeling NH2, OH, or other nucleophilic moieties (Scheme 1.3).

O O
O-N
o}

18 18¢
Ts0 > Br
2-['8Ffluoroethyl-4- 1-bromo-2-["®FIfluoroethane (82)  N-succinimidyl-4-
methylbenzene sulfonate (81) ["®FIfluorobenzoate (83)
18F

Br
O
O~ H

4-['8F]fluorobenzaldehyde (84)  4-['®FIfluorophenacyl bromide (85)

Figure 1.33. Prosthetic groups (secondary labeling precursor) used in '8F labeling

18

18 F
F
18 —
F
HO p Br " HO +/—  isotonic NaCl Hox;,_
KN - XN_ —_—
N 90 °C, 7 min, N\ - N
DMSO Br !

['8F]FECH (86)
Scheme 1.3. Synthesis of ['*F]JFECH (86)

After synthesizing compounds with !°F, in vitro experiments are performed to
evaluate their affinity toward their protein targets. In the case of GLUTs, these studies
are performed through competitive inhibition experiments using a reference standard
(['*C]-D glucose, and ["*C]-D fructose along with synthesized compounds. Such
studies are performed in cell lines expressing GLUTs of interest. After performing
competitive inhibition experiments, cellular uptake of “hot” or '*F-labeled compounds
1s measured in a concentration and time dependent manner.

Once synthesis and in vitro experiments are accomplished, in vivo evaluation

of ['®F]-hexose is performed using small animal PET equipment. In this experiment,
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['®F]-hexose is injected into tumor bearing mice, and PET scanning is performed for a
specific time period revealing the diagnostic efficiency of the tracer. Upon successful

imaging, the tracer is sent for toxicology studies followed by clinical trials.

1.9. GLUT ligands used in molecular imaging and biomedical
applications

Accelerated carbohydrate metabolism/uptake in a significant number of diseases and
cancers has triggered interest in GLUT targeting probes. Such molecular interactions
that operate through uptake of glucose and fructose via different GLUTs have created
the basis for the development of biochemical and biomedical GLUT agents targeting
metabolically compromised cells. The following section will be providing a brief
overview of different types of agents (fluorescent probes, PET probes, GLUT
inhibitors) that were investigated and developed to be used in imaging and medicinal

applications.

1.9.1. GLUTS targeting imaging probes

To study real-time monitoring of carbohydrate uptake and to quantify expression levels
of membrane transporters, the development of GLUT targeting probes was initiated.
Holman and coworkers initiated experiments by quantifying glucose transport with
biotin, mono- and bis- saccharide diazirine conjugates (Figure 1.34) and observed an
increase in affinities by conjugating carbohydrate moieties to the linker,!01:192.103.56
Glucose conjugates displayed the highest affinity among other hexoses. Also, 1-amino
2,5-anhydro-D-mannitol as a carbohydrate moiety showed a higher affinity towards

GLUTS.®

N
CF,
0 HN\(O
0 0
oL IN N NH
R1/ R2 H S
HO(  OH 7 HO_  OH
2_ HN
z{N\\\‘- o OH N o OH
n=0,(87), K;=9.7mM n=0,(88), K;=1.2mM

Figure 1.34. Examples of affinity labels for glucose and fructose transporters at plasma surfaces

38



Targeting GLUTs with fluorescent probes have also been investigated with a
limited choice of fluorophore, 4-Chloro-7-nitrobenzofurazan (NBD) exhibiting green
fluorescence.

Conjugates of amino sugars (Figure 1.35) such as 2-amino-2-deoxy-D-glucose
89 (G)!™ l-amino-1-deoxy-D-fructose 90 (F)!%, and 1-amino-2,5-anhydro-D-
mannitol 91 (M)!% with NBD (98) generated probes that were observed to be
effectively taken up tumor cells through GLUTs. 1-NBDF (91) was observed to be
glucose and fructose dependent whereas in the case of 1-NBDAM (90), fructose
dependent uptake was observed, indicating the participation of fructose specific
GLUTS. It was observed that all the three probes were taken up by the cell due to
significant increase in the fluorescence signal. Upon labeling of hexoses with a red
fluorescent dye (cyanine 5), the disappearance of GLUT-mediated uptake was
observed.'%® Interestingly, stereochemical alterations in fructose followed by in vitro
evaluation displayed some compelling results. In work done by the West and
Cheeseman team, it was observed that by alteration of the C-3, C-4, or C-5 stereocenter
of fructose (92-95), affinity towards GLUT]1 instead of GLUT5 was observed.!?” In
contrast, C-1 analog 6-NBDF (92) was observed to be transported specifically through
GLUTS. These results indicate that specificity of GLUTs is dependent on substrate
stereochemistry.

Recently, it was found that 2,5-AM labeled with NBD at C-3 (96) efficiently
inhibited the uptake of ['“C]fructose, operating selectively via the GLUTS5
transporter.”® Tanasova and coworkers also prepared a list of fluorescent probes (97)
(ranging from blue to red visible region) containing fluorophores conjugated to 2,5-
AM at the C-1 position.!®® Different probes displayed different uptake properties
through GLUTS indicating the specificity of GLUTS for fluorophores bearing different

sizes and charges.
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Figure 1.35. Fluorescent GLUT-targeting probes and fluorophore used in labeling

1.9.2. Diagnostic GLUT probes

The relationship between high nutrient uptake and metabolically compromised cells,

particularly cancers,

diagnostic probes (Figure 1.36). Results observed from kinetic analysis of fructose and
glucose uptake provided the basis for the development of carbohydrate derived
radioactive diagnostic probes. The first and most commonly used radiotracer for cancer
diagnosis, 2-deoxy-2-fluoro-D-glucose (2-['*F]FDG, 99) was developed in 1978 at
Brookhaven National Laboratory.!” After cellular uptake, 2-['®F]JFDG undergoes
enzymatic phosphorylation but doesn’t get metabolized. As a result, 2-['"*F]FDG gets
metabolically trapped inside the tumor cells and allows monitoring of both enhanced

glucose transport and phosphorylation. In addition, after positron emission, 2-

triggered interest in the development of GLUT targeting
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['®F]FDG-phosphate transforms into ['*0]-D-glucose and gets easily washed out from
the patient’s body.!'* However, 2-['®F]FDG tends to be ineffective in cases of cancer
with low glucose uptake capacity and also provides false positive results observed due
to accumulation of glucose in immune cells during inflammatory processes.'!!’!!
Taking into consideration the significance and limitation of 2-['*F]FDG, numerous
efforts have been made to develop radiotracers that would reflect the carbohydrate
content and their uptake inside cells independent of phosphorylation. Wassenaar and
coworkers developed ['*’1]-6-deoxy-6-iodo-D-glucose (['*’I]-6-DIG, 102) to assess
insulin resistance in adipocytes and cardiac cells, indicating preferential uptake of 6-
DIG through the action of GLUT4.!'° Due to unique connection between the expression
of fructose transporters GLUTS and various types of cancers, fructose transporter
targeting probes have gained special attention. Maeda and coworkers designed the first
fructose derivative, 1-['F] fluoro-1-deoxy-D-fructose (1-['*F]FDF, 101) to be tested
as a tracer for GLUTS in cancer cells.!'? It was tested in mouse and rat tumor xenografts
and displayed fast clearance through the liver and kidney. Extensive studies have been
performed on another fructose based radiotracer, 6-['3F]fluoro-6-deoxy-D-fructose (6-
['®F]FDF, 102), developed by West and coworkers.!!*%11% 6_['8F]FDF was observed
to be effectively taken up murine EMT6 and human breast cancer MCF7 cells.
However, due to the absence of the C6-OH group, it was not a substrate for
phosphorylation by hexokinase, and as a result, rapid efflux of the tracer was observed
following the initial accumulation. Additionally, regarding optimization of fructose
analogs, Cheeseman et al developed another tracer ['*C]-3-fluoro-3-deoxy-D-fructose
(3-FDF, 103), and results obtained by a series of competitive uptake and inhibition
studies displayed stronger fructose-dependent uptake.”®

Also, due to the high affinity of GLUTS for 2,5-AM, another generation of
radiotracer probes were developed. Sun and coworkers tested 1-['®F]fluoro-1-deoxy-
2,5-anhydro-D-mannitol (104), (1-["*FJFDAM) for PET imaging of breast cancer.'!*
The results displayed avid uptake of the probe by the tumor cells in comparison to

normal cells; however, it was observed to be rapidly excreted. Overall, the above-
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mentioned results have called for further development of fructose and fructose mimic-

based radiotracers exhibiting longer retention and metabolically stable compounds.
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Figure 1.36. Glucose and fructose-based PET imaging probes

1.9.3. Chemotherapy drugs for GLUTsSs

The dependence on hexoses and its transport in a significant number of cancers resulted
in strategies to improve the selective targeting of cancers via glycoconjugation.'"
Glufosamide, the first glucose-conjugated drug to reach human clinical trials, reacted
by cleaving off glucose upon entering the cells to release the active drug.''* Following
this, several anticancer agents such as paclitaxel, clioquinol, and chlorambucil used a
similar strategy of glycoconjugation by using different sugars in order to improve the
cytotoxic properties of drugs.'!'> This approach of glucose conjugation got extended to

palladium and platinum complexes (Figure 1.37).!'® In an extensive study done by
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Lippard and coworkers, C6-Pt conjugates of glucose (105-107) displayed greater

cytotoxicity than cisplatin and nonconjugated drug, aglycone.!!’

NN
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Figure 1.37. Glucose based platinum compounds as chemotherapy probes

Glycoconjugation combined with other delivery systems to achieve greater
selectivity has also gained attention, as exemplified by the use of nanoparticles (NPs)
as delivery systems for nonspecific and cytotoxic therapeutic drugs.!'® In work done
by Li and coworkers, it was observed that glucose-conjugated chitosan nanoparticles
encapsulating doxorubicin displayed 4-fold greater cytotoxicity towards cancer cells
than the corresponding aglycons. To deliver drugs to the brain, glycoconjugation has
also been used due to the high concentration of GLUT]1 at the blood brain barrier.'"
1.9.4. Natural products and carbohydrates —development of GLUT
inhibitors
The development of therapeutic drugs or inhibitors was approached to reduce nutrient
uptake in cancers. Reduction of nutrient uptake or starvation of cells has been used as
a strategy to decrease the viability of cells. In addition, it has been observed that normal
cells have the ability to endure harsh, nutrient scarce conditions whereas cancerous
cells lack this ability.!?

To date, there are many compounds that interact with GLUTs by not passing
through the protein but by exerting an inhibitory effect upon binding the endofacial and
exofacial site of the transporter protein. Out of the sugar molecules tested, it has been

reported that C-6 analogs of glucose and galactose such as 6-O-benzyl, 6-O-propyl,
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and 6-O-pentyl act as a specific noncompetitive unidirectional glucose uptake inhibitor
and block glucose transport when outside the cell.!?!

For non-sugar small molecule compounds, cytochalasin B (108) is reported in
multiple studies to act as a competitive and noncompetitive inhibitor of GLUTs (Figure
1.38).122 Cytochalasin B is observed to be an inhibitor of Class I GLUTS as it is reported
to show hydrogen bonding and hydrophobic interactions with the residues that are
conserved in GLUT4. Tripeptides such as phenylalanine derivatives GLUTil (109) and

GLUTi2 (110) also displayed strong inhibitory activity against GLUT1.!23!10

Cytochalasin B (108) Glut i1(109)
Glut i2 (110)

Figure 1.38. GLUT targeting inhibitors

In addition, natural flavonoids and some synthetic tyrosine kinase inhibitors
(Figure 1.39) are reported to block the activity of class I GLUTs. Flavonoids such as
catechin gallate (112) and quercetin (111) were also described to block GLUT4 in
adipocytes and inhibit insulin stimulated translocation of GLUT4 to the cellular
membrane, 24125

Reyes and coworkers, through a kinetic assay, showed that kinase inhibitor
tyrphostin B46 acts as a competitive inhibitor of glucose uptake.'?® Recently, screening

of a small library of natural products revealed astragalin-6-glucoside(Ast6G, 113) and
rubusoside (Rub, 114) as millimolar inhibitors of human GLUT1 and GLUTS through
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a counterflow hexose transporter assay.!!? In addition, it was reported that Ast6 inhibits

GLUTS whereas Rub impacts both the transporters.

Quercetin (111)

HO  OH
Astragalin-6-glucoside (113) Rubusoside (114)
Ast6g Rub

Figure 1.39. GLUT inhibitors

Both virtual and experimental screening of compound libraries also helps in
identifying several substrates as potential GLUT inhibitors. In 2016, Buchman and
coworkers screened about three million compounds in a cell-based assay, out of which,
285 hits were identified that inhibited GLUT1. Some compounds even showed good
selectivity against GLUT2 and GLUT3.'?’

Regarding virtual screening, fragment library from NCI-2007 and ZINC was
screened against GLUT1 by the Chen and Schlessinger team ( Figure 1.40).!?® Several
compounds were identified as micromolar inhibitors through experimental testing in
transfected CHO cells. Major inhibitory effects of these compounds were revealed
through binding analysis, and it was found that these inhibitors function by locking the
transporter in an inward-facing state through hydrophobic and hydrogen bonding

interactions.
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Figure 1.40. Examples of GLUT1 inhibitors from NCI-2007 and ZINC libraries

In work done by Shanmugam’s team,!'® an 18 million compound ZINC library
was subjected to in silico screening with a GLUT4 homology model and some potential
inhibitors were identified (Figure 1.41.). Several hits were tested with myeloma L363
cells and only 2 compounds were observed to exert antiproliferative effects with

micromolar efficiency.
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Figure 1.41. Examples of GLUT4 inhibitors from ZINC libraries

Another example of virtual screening studies on six million compound libraries
performed by Choe and coworkers (Figure 1.42) recognized N-[4-(methyl sulfonyl)-2-
nitro phenyl ] benzo-1,3-dioxol-5-amine (MSNBA, 120) as a GLUTS inhibitor in the
micromolar range.'” Interestingly, MSNBA displayed a lack of inhibition for other
GLUTs including nonspecific fructose transporter GLUT?2.
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Figure 1.42. Glut5 inhibitor

As a result, the development of GLUT inhibitors is crucial to understand the
connection between nutrient uptake and disease development and progression. The
identified inhibitors and their general scaffold ranging over different types of
compounds include sugars, phenols, oximes, sulfones, and pyrrolidines. However, it is
unclear how some of these substrates inhibit sugar uptake. With further advancements
in molecular interactions and docking studies, designing, and developing GLUT-

sensitive specific inhibitors is becoming an attractive arena.

1.10. Conclusion

Facilitative hexose transporter proteins (GLUTSs) are associated with the transport of
hexoses from intracellular space to extracellular space and vice versa. However, hexose
phosphates cannot be transported through GLUTs. There are 14 types of GLUTs
classified based on their amino acid sequence, substrate preference, and distribution
within the body. The ubiquitous glucose transporter, GLUT1 somehow tolerates the
modification of both primary and secondary hydroxyl groups of D-glucose, whereas
GLUTS is a fructose transporter doesn’t easily tolerate the alteration of hydroxyl
groups.

Breast cancer is one of the leading cause of cancer deaths in women. Early
detection of breast cancer leads to a much higher survival rate as compared with later
stage diagnosis. However, due to low-to-negative GLUT1 expression in breast cancer
cells and false positive diagnosis observed in inflamed tissues, the development of other
diagnostic probes was needed. Notably, while normal breast tissue shows limited or no
expression of GLUTS, a significant percentage of breast tumors display overexpression

of this protein. It should also be noted that in addition to breast cancer, GLUTS is also
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correlated with other cancers, including lung adenocarcinoma and acute lymphoblastic
leukemia. We postulate that GLUTS5 can serve as a biomarker for several cancers and
for fructose-mediated metabolic diseases.

It is also reported that apart from fructose, GLUTS also shows the
internalization of fructose mimics based upon the related scaffold, 2,5-
anhydromannitol (2,5-AM). These results laid the foundation for this project, the
development of 2,5-AM based PET tracers and also fluorescent tracers displaying rapid
uptake and low efflux rates in breast tumors.

In Chapter 2, synthesis, evaluation and docking studies of C-3 derived 2,5-AM
derivates are described to study the inhibition effect exerted by these derivatives in
GLUTS expressing cell line. Chapter 3 presents the development and biological
evaluation of the radiotracer and fluorescent tracer in breast cancer cells. In addition,
Chapter 3 also demonstrates the uptake and biodistribution of the radiolabeled probe in
animal tumor models, a necessary preclinical step to move the compounds towards
evaluation in humans. Chapter 4 deals with the development of a novel fluorescence-
based assay to study the structure activity relationship between GLUTS and C-3
modified 2,5-AM derivatives. This chapter will describe the optimization studies
performed using 6-NBDF as the reference compound whose uptake will be measured
through plate reader experiments. Chapter 5 addresses the future direction and ideas
that can be applied to identify GLUTS inhibitors, how the current findings can be
explored to develop better diagnostic and therapeutic probes and also some ideas to

obtain mechanistic insight into the activation mechanism of GLUTS.
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CHAPTER 2

Towards selective binding to GLUTS transporter-
synthesis, molecular dynamics and in vitro evaluation
of novel C-3 modified 2,5-Anhydro-D-mannitol
Analogs*

2.1. Introduction

Nutrient uptake across the cell membrane, facilitated through the SLC (solute carrier)
family of transmembrane proteins, plays an essential role in the internalization of
compounds such as monosaccharides, amino acids, vitamins, hormones,
neurotransmitters, etc.'” Facilitative hexose transporters (GLUTs), from the same gene
family (SLC2), perform the process of influx and efflux of monosaccharides in a
gradient-dependent manner, furnishing fuels for cellular metabolic processes.*® So far,
14 subtypes of GLUTs (GLUTI1-14) have been identified and classified based on
sequence homology, tissue-specific expression, substrate affinities, and transport
kinetic properties.”® In recent years, deregulation in GLUTSs’ expression has gained
wide attention, as this phenomenon is reported to be linked to various conditions, such
as cancer, obesity, metabolic disorders, and diabetes.”!*> Specific tissue dependent
activity and overexpression of GLUTs make them interesting diagnostic and
therapeutic targets for biomarker imaging as well as for selective delivery of drugs.'™

Among these hexose transporters, GLUTI, a ubiquitous glucose transporter,
represents the most common target for biomarker imaging application, especially when
utilizing the 'F-labeled fructose derivative 2-deoxy-2-fluoro-D-glucose (['*F]FDG)
for positron emission tomography (PET), based on the well-known increased glucose
requirement of cancer cells as compared to normal cells, a phenomenon known as the
Warburg effect.!* However, D-glucose is known to be a substrate for multiple GLUT

transporters, including GLUTI, 2, 3, and 4, posing a challenge for the selective

aThe contents of this chapter have been copied and/or adapted from the following publication: Towards
selective binding to GLUTS transporter-synthesis, molecular dynamics, and in vitro evaluation of novel
C-3 modified 2,5-anhydro-d-mannitol analogs: Natasha Rana, Marwa A. Aziz, Ahmed K. Oraby Melinda
Wauest, Jennifer Dufour, Khaled A. M. Abouzid, Frank Wuest, and F. W. West. Pharmaceutics, 2022,
14, 828
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development of ligands targeting individual GLUTs.'>1?

In specific cases, cancer cells may switch their metabolic demand and increase
their utilization of another common hexose sugar, fructose, when they have access to
this alternative energy source.'® Fructose is transported almost selectively through
facilitative hexose transporter GLUTS in millimolar (mM) concentration ranges.
Affinities of 11-15 mM have been determined using D-['*C]fructose in GLUTS5
(human isoform) expressing oocytes or in brush border membrane vesicles from rat
and human intestine, the organ with the highest GLUTS5 protein expression in the
human organism.!” Fructose transport through GLUTS5 occurs at one order of
magnitude lower affinities (1-2 mM) compared to the glucose transport through its
major transporter GLUT1, albeit still in the millimolar concentration range.'”

GLUTS was found to be overexpressed in different types of cancers, including
lung cancer, renal cell carcinoma, pancreatic cancer, and acute myeloid leukemia,
among others.!'3?° The protein expression profile of GLUTS was found to be increased
in breast cancer, depending on the type of breast cancer.’! Compared to estrogen
receptor positive breast cancer, triple-negative breast cancer cells, and tissues express
significantly higher protein levels of GLUTS, which also was detected for mRNA
levels, as analyzed from breast cancer patient samples, making it an intriguing target
for diagnosis and therapeutic applications.?” The mechanism of fructose transport by
GLUTS is proposed to occur in a “gated pore” fashion, involving a conformational
change between outward-open and inward-open conformations through an occluded
state.?* Inhibition constants (Ki) of bicyclic furanose analogs for GLUTS5 transport were
reported in the 9-32 mM concentration range, as measured against [*C]D-fructose
uptake by GLUTS expressed in CHO cells.?* Early studies by Holman and co-workers
demonstrated that the presence of hydroxyl groups and their stereochemical
configuration on D-fructose derivatives strongly influenced the GLUTS5-mediated
binding and transport.>>? These structure-activity relationship studies also revealed
that hydroxyl groups in positions C-2 and C-6 only play a minor role in binding to
GLUTS, rendering these carbons attractive sites for structural modifications in the

design of fructose analogs.”>** As a result, the development of C-6 modified
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fluorescent and radiolabeled probes of fructose has been evaluated to study their
transport and uptake profiles through GLUTS expressing breast cancer cells.’!"
However, these probes, which lack a C-6 hydroxyl group, also underwent efflux. This
was attributed to their structural unsuitability to undergo metabolic trapping inside the
cells through phosphorylation by hexokinase. When exploring modifications at C-3 and
C-4 positions of the fructose molecule, decreased potencies were observed, likely due
to interference with critical hydrogen bonding interactions in the GLUTS5 binding
pocket.** Removal of the C-2 hemiacetal hydroxyl group in the furanose form of
fructose affords the known carbohydrate derivative 2,5-anhydromannitol (2,5-AM),
whose affinity for GLUTS was found to be similar to that of fructose 23-30-33:35-36
Conjugates of 2,5-anhydro-mannitol also inhibit fructose uptake through GLUTS.
Recently we had estimated an ICso value against the uptake of the probe 6-['*F]FDF of
~20 mM for 1-deoxy-1-fluoro-2,5-anhydro-mannitol (1-FDAM), substantially better
than D-fructose itself (~300 mM).** Fluorescent derivative 1-amino-2,5-anhydro-D-
mannitol (NBDM) is transported twice as efficiently than D-fructose through GLUTS
transporters, as measured in human MCF7 breast cancer cells with a Ki range of 2.3—
2.7 mM.*” The lack of a hemiacetal at C-2 leaves 2,5-AM permanently locked in a
furanose form, with a C2 symmetry that renders the C-1 and C-6 hydroxyl groups
equivalent and potentially subjectable to phosphorylation at either site by hexokinase
or ketohexokinase (fructokinase). If a reporter group could be attached via C-3 or C-4,
the efflux issues noted with fructose derivatives modified at C-6 might be overcame.
We have previously examined a series of C-3 modified derivatives of 2,5-AM
for their ability to inhibit the uptake of radiolabeled fructose in murine EMT6
mammary carcinoma cell lines. This study highlighted the importance of strong
hydrogen bond donor properties by the C-3 substituent; in particular, two electron-
deficient anilines and two amides displayed ICso values comparable to or lower than
that of the natural substrate, fructose.’®** With the goal of optimizing the binding,
transport, and metabolic trapping of 2,5-AM derivatives, we describe efforts to prepare
a series of derivatives that retain hydrogen bond donor capability at C-3 with a variety

of functionalities and encompassing a range of steric demands. These compounds were
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screened for their inhibition of the uptake of the potent and well-studied radiolabeled
GLUTS substrate, ['*F]-6-deoxy-6-fluoro-D-fructose (6-['*F]FDF), in EMT6 cells. In
addition, docking and molecular dynamics (MD) simulations were carried out to further
evaluate the interactions between these novel compounds and GLUTS5 protein at a
molecular level. These studies were pursued to identify key interactions with the
binding pocket that could be harnessed in the future refinement of probe structure to
optimize affinity, with an eventual goal of developing the next generation molecular
imaging probes targeting GLUTS5 through the incorporation of the appropriate reporter
groups at C-3 of the 2,5-AM scaffold.

2.2. Results and Discussion

2.2.1. Synthesis of C-3 modified 2,5-AM compounds

Previously, it was observed that GLUTS tolerates substitution of OH at C-3 of the 2,5-
AM scaffold with NHR, so long as its capacity for effective hydrogen bond donation
is retained.*® With an eventual goal of developing non-invasive imaging probes, we
specifically targeted a new set of compounds containing carbon-fluorine bond (with the
potential for eventual radiofluorination) or fluorophores (with the potential for optical
detection), linked to the C-3 nitrogen atom with a wider range of functionalities, such
as ureas, thioureas, and sulfonamides (Figure 2.1). We also selected groups ranging
from simple fluorinated phenyl to larger polycyclic moieties to permit refinement of
our understanding of the size limits for the molecular payloads that can be transported

by the GLUTS machinery.
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Figure 2.1. A selection of C-3 modified 2,5-AM compounds

The synthetic route to the desired compounds began from 3-azido-3-deoxy-2,5-
dianhydro-D-mannitol (1), synthesized according to the reported procedure.*
Afterwards, it was reduced through Pd/C-catalyzed hydrogenation to give 3-amino-3-
deoxy-2,5-anhydro-D-mannitol (2), which served as the key intermediate to be
functionalized to several C-3 modified 2,5-AM derivatives. (Scheme 2.1).

Fluorinated aniline derivative 3 was prepared directly through ipso substitution
reaction between the amine 2 and 1,5-difluoro-2,4-dinitrobenzene. Sulfonamide
derivatives 4, 5, and 6 were synthesized by following the same reaction condition
involving the treatment of amine 2 with different sulfonyl chloride reagents in the
presence of sodium bicarbonate. Similarly, for thiourea derivatives 7 and 8, amine 2
was treated with 4-fluorophenyl isothiocyanate or fluorescein isothiocyanate, giving
the desired products in good yields. To afford the amide derivatives, different routes
were employed for each target. To obtain 9, amine 2 was benzoylated directly with
NHS ester of 4-fluorobenzoic acid, giving 3-fluorobenzamido-3-deoxy-2,5-anhydro-p-

mannitol (9) in moderate yield (Scheme 1).
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Scheme 2.1. Synthesis of C-3 modified 2,5-AM compounds 3-9. Reagents and conditions. a) Pd/C,
MeOH, H; (1 atm), RT, 3 h, quant. b) 1,5-difluoro-2,4-dinitrobenzene, NaHCO3;, DMF, RT, 4 h, 40%;
¢) Sulfonyl chloride derivatives (4-fluorobenzene sulfonyl chloride, 4-fluoro-2-(trifluoromethyl)
benzenesulfonyl chloride, dansyl chloride), MeCN, Na,COs, RT, 16 h; d) Isothiocyanate reagents (4-
fluorophenyl isothiocyanate, fluorescein isothiocyanate isomer 1), MeOH, RT, 15 h; ¢) NHS ester of 4-
fluorobenzoic acid, MeOH, RT, 15h, 45%

On the other hand, the synthesis of 10 and 11 was accomplished by employing
a multistep sequence, according to the routes depicted in Schemes 2.2 and 2.3.
Synthesis of compound 10 was initiated via coupling of amine 2 with N-(Boc-
aminooxy)acetic acid, followed by deprotection of the Boc protecting group in an
acidic medium, affording I1.*! The resulting primary amine was coupled further with
4-fluorobenzaldehyde to form oxime ether 10. We also synthesized a fluorescent amide
derivative 11 containing a coumarin moiety. The synthesis began from 2.4-
dihydroxybenzaldehyde, which upon heating at reflux with Meldrum’s acid in the
water, provided 7-hydroxy-coumarin-3-carboxylic acid (III). This was followed by
conversion of II1 to its activated NHS ester (V). Next, the corresponding ester obtained
was treated with amino-2,5-AM 2, giving the coumarin analog of 2,5-AM (V). The
phenolic hydroxyl group of compound V was alkylated selectively with 2-fluoroethyl

p-toluenesulfonate by taking advantage of its greater acidity relative to the alcohol
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moieties in the 2,5-AM scaffold, affording 3-(7-fluoroethoxy coumarin-3-formamide)-

2,5-anhydro-D-mannitol (11) in moderate yield.
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Scheme 2.2. Synthetic route for compound 10. Reagents and conditions. a) (N-Boc aminooxy) acetic
acid, N-hydroxysuccinimide (NHS), MeOH, RT, 12 h, 55%; b) DCM/TFA (1:1), DMF, RT, 8 h, quant.
¢) 4-F-C¢H4CHO, NEt;, MeOH, RT, 4 h, 70%
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Scheme 2.3. Synthetic route for compound 11. Reagents and conditions. a) H,O, 120°C, 12 h, 90% b)
NHS, EDCI, DMF, RT, 3 h, 75% c) Compound 2, MeOH, RT, 15 h, 85% d) 2-fluoroethyl
p toluenesulfonate, K,CO3, DMF, 110°C, 1 h, 50%

2.2.2. In vitro cell experiments
To analyze the interaction of these novel C-3 modified 2,5-anhydro-D-mannitol

analogs with GLUTS, in vitro experiments were carried out in GLUTS-expressing

68



murine mammary carcinoma cancer cells (EMT6) to determine how the varied
substitution patterns would impact GLUTS binding. Furthermore, fructose derivative
6-FDF was used as the reference compound, as it has been analyzed for its uptake
profile through GLUTS in the past.*>*33* Inhibition experiments revealed that for
D-fructose, a half-maximum inhibition concentration (ICso) of 322 mM was
determined, while 6-FDF resulted in an ICso value of 19 mM.* First, these data
confirmed the millimolar concentration range for fructose transport in the utilized
murine EMT6 breast cancer cells, and second that 6-FDF was more than an order of
magnitude potent than D-fructose itself. In addition, D-fructose also inhibits the uptake
of radiolabeled D-glucose derivative 2-deoxy-2-['8F]fluoro-D-glucose (['*F]FDG)
with an ICso of 80 mM in murine EMT6 cells and 220 mM in human MDA-MB231
cells, confirming the presence and function of facilitative hexose transporter GLUT2
in breast cancer cells.*® The latter data confirmed that both D-fructose and 6-FDF are
being transported through both GLUT2 and GLUTS in breast cancer cells in a
millimolar concentration range. Therefore, when designing novel specific inhibitors for
the GLUTS transporter, it would be reasonable to expect their GLUTS transport also in
a millimolar concentration range, especially when using a radiometric assay established
with radiolabeled fructose derivative 6-['*F]JFDF in murine EMT6 breast cancer cells
and inhibition using D-fructose and reference compound 6-FDF as internal
controls.>343

Competition binding experiments against the uptake of radiolabeled 6-[ '*F]FDF
in the presence of the C-3 modified derivatives were performed in a dose-dependent
manner, followed by determining their half-maximum inhibition concentration (ICso)
values (Figure 2.2 and Table 2.1). Our analysis began with the evaluation of the
aniline-derivative 3, which is the fluorinated analog of the previously reported GLUTS5
substrate, 3-(N-2,4-dinitrophenyl)amino-2,5-anhydro-D-mannitol*® (Table 2.1). In
comparison to reference 6-FDF, compound 3 displayed a 10—12-fold better inhibition
of 6-['"*F]FDF uptake into EMT6 cells. This may be attributed to the electron
withdrawing effect exerted by the ortho and para nitro groups on the aniline, which is

expected to reduce the electron density at the amine nitrogen. This would be expected
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to enhance its ability to donate a hydrogen bond to complementary acceptor moieties
in the binding pocket. The aromatic nitro and fluorophenyl groups may contribute

further favorable interactions, as was suggested in docking studies.
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Figure 2.2. Concentration-dependent inhibition of 6['*F]FDF uptake into EMT6 cells of C-3 modified
2,5-AM compounds (3-11), 6-FDF, and fructose). Data are shown as mean + SEM of n data points
from 2—4 experiments

Regarding the sulfonamide derivatives, compound 4 did not show a better ICso
value than 6-FDF, while 5 failed to inhibit 6-['"*F]FDF uptake transport at all. On the
contrary, compound 6, connected to the bulky fluorescent dansyl group, displayed a 5-
fold stronger inhibitory effect on 6-['*F]FDF uptake compared to 6-FDF, indicating the
tolerance and affinity of the GLUTS5 binding pocket for greater steric bulk at C-3. On
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the other hand, functionalization with a thiourea handle (compound 7) resulted in no
effect on 6-['*F]FDF uptake into EMT6 cancer cells, while compound 8, bearing the

bulky fluorescent fluorescein group, showed a similar inhibition as 6-FDF itself.

Table 2.1. Half-maximum Inhibition Concentrations (ICsy) for C-3 Modified 2,5-AM Compounds
against 6-['"*F]FDF Uptake into EMT6 Cells

Compound n/x ICso (mM)?
3 6/2 1.10 £ 0.17
4 6/2 ~ 6 (estimated)
5 6/2 n.d.p
6 9/3 2.29 +£0.18
7 6/2 n.d.
8 6/2 ~ 20 (estimated)
9 6/2 n.d.
10 6/2 2.31 +£0.35
11 6/2 1.71 £ 0.08
6-FDF 9/3 17.02 + 0.75
fructose 12/4 342 +74

*Data shown as mean = SEM from n data points out of 2-4 experiments; n.d.* — not determined.

Amide derivative 9 displayed no inhibitory activity in the selected
concentration range, aligning with the results obtained for the sulfonamide and thiourea
derivatives (4, 5, and 7) having a small spacer between the anhydromannitol NH and
aryl group. Finally, both compound 11, with a bicyclic coumarin, and compound 10,
with a longer linker, resulted in a significant increase in the potency to inhibit 6-
['®F]FDF uptake by ~10-fold relative to 6-FDF. Taken together, the improved
inhibitory potency, as determined for compounds 10 and 11, suggested that an aromatic
group attached with a tether and localized aromatic rings at position C-3 could be well
tolerated by the GLUTS5 binding pocket. Out of the novel library of 2,5-anhydro-
mannitol derivatives, four compounds were found to possess ICso values of 1.1 to 2.3
mM, which would be one order of magnitude more potent than 1-FDAM or 6-FDF and

about two orders of magnitude more potent than D-fructose itself.***}] This is in line
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with the findings of Tanasova et al.*” that derivatives of 2,5-anhydro-D-mannitol can
be transported with about one order of magnitude higher affinity through GLUTS
versus natural substrate D-fructose. However, the expression of the low-affinity
fructose transporter protein GLUT2 by EMT6 cells also represents a potential
complicating factor. As previously mentioned, 6-['*F]FDF is transported by both
GLUTS and GLUT?2, though with a higher affinity via the GLUTS pathway, although
experiments with the 2,5-AM derivative 1-FDAM suggest that it may not show a
similar uptake profile, indicating that it may be more specific towards GLUTS transport
only.213134 A complete assessment of the extent of inhibition of 6-['*F]FDF uptake in
EMT®6 cells by the 2,5-AM analogs discussed here will require further evaluation of
their specific interactions with GLUT2, which is beyond the scope of the present study.

The results described above compare well with previous efforts to identify
GLUTS inhibitors. Plant natural products, such as astragalin-6-glucoside and
rubusoside, have been shown to possess ICso values of 1.8 mM and 10.3 mM, as
measured against D-['*C]fructose.** Also, MSNBA (N-(4-methanesulfonyl-2-
nitrophenyl)-2H-1,3-benzodioxol-5-amine), generated as a specific GLUTS inhibitor
from a virtual screening library, exhibits an ICso value against D-[*C]fructose of 5.8
mM in MCF7 human breast cancer cells and 0.10 mM in a proteoliposome GLUTS

expression system.®

2.2.3. In silico studies

We sought to examine the origins of the substantially different 6-['*F]FDF inhibitory
properties detected for the structurally related 2,5-AM derivatives 3—11. We started by
docking each of the compounds, as well as fructose, into the central cavity at the
transmembrane domain (TMD) of the open-inward facing conformation of GLUTS
(PDB accession: 4YB9).?* Docking of fructose showed hydrogen bonding interactions
with the C-domain residues of helix 7, namely Q167, Y32, S392 and N294, in
agreement with poses and interactions previously reported by Nomura and others, as

essential residues for fructose binding and uptake (Figure 2.3).234
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Figure 2.3. Docking pose and putative interactions of fructose with GLUTS. (Hydrogen bonds are shown
as black dotted lines)

To get a more accurate representation and validation of the binding poses
suggested by molecular docking, we then chose three compounds, 3, 10, and 11 for
further computational studies by molecular dynamics (MD) to explore whether the
compounds will remain in the proposed binding pocket. We expected these molecular
dynamics simulations to provide insights into the impact of structural changes at the C-
3 position on the ability of these molecules to occupy the GLUTS5 fructose binding
pocket. The selected compounds were submitted for a 50 ns long MD simulation to
simulate atomic motions and to validate the stability and the poses of docked ligands.
The MD simulations were carried out in a membrane environment of POPC lipids to
mimic the environment of the protein (Figure 2.4) using AMBERI18 and the ff14SB
forcefield combined with the GAFF force field.*”*® Analysis of the MD trajectories
revealed that all complexes equilibrated at around 30 ns with average RMSD values of
2.7A,2.1A,27A, and 2.3 A for fructose, compounds 3, 10, and 11, respectively
(Figure 2.5). However, some fluctuations in the RMSD of fructose were observed
around 45 ns of the simulation; these could be the result of a low hydrogen bond
occupancy with binding residues at this time of the simulation and the probability that
the compound is moving down the cavity for uptake, as can be seen during the process

of the simulation trajectory using VMD software.
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Figure 2.4. Embedded GLUTS5 complex (colored ribbons) in a lipid membrane (blue sticks) used for
molecular dynamics simulations. (Figure generated in Pymol)
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Figure 2.5. Root mean square deviations (RMSD) of ligands-GLUTS complex systems as a function of
simulation time

Hydrogen bond occupancies are used to study the interaction between the
ligands and target proteins.*’ Residue Q167 has been suggested previously to be very
crucial for the recognition, interaction, and specificity of fructose to the GLUTS5 protein
compared to other GLUTs.?®> Analysis of the hydrogen bond occupancies of the

complexes through the MD trajectories revealed that fructose formed hydrogen bonds
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to residues Q167, N325, Q289, and S392, in agreement with previous reports (Figure

2.6).2% Similarly, compounds 3, 10, and 11 formed hydrogen bonds to Q167, Q289,
and Q288 (Figure 2.7).

Figure 2.6. 3D snapshot of fructose during MD simulation. Hydrogen bonds are shown as black
dashed lines
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Figure 2.7. Hydrogen bond occupancies of compounds used in MD simulations
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Further investigation of hydrogen bonds formed throughout the simulation
trajectories showed that compound 3, which exhibited the most potent ICso value and
strongest interactions with GLUTS, formed extra hydrogen bonds between the oxygen
of the nitro group and the backbone NH of G163, in addition to hydrogen bonds
between H419, Y32 and N294 side chains and the sugar part of the molecule (Figure
2.8). We used clustering in AMBER tools via the average-linkage algorithm to obtain
a representative structure of the last 20 ns of simulation for all ligands. Examination of
this representative structure for compound 3 revealed a pi-cation interaction, frequently
observed between the positively charged nitro group nitrogen atom and the His
imidazole sidechain, which might contribute to the stability of the complex and the
greater inhibition of uptake of this compound. Similarly, hydrogen bonds occurred
between the amide oxygen and C4 hydroxyl of compound 10 to N294, which also might
contribute to the better inhibitory activity of this class of C-3 substituted 2,5-AM
derivatives (Figure 2.9). Three more hydrogen bonds were observed between the amide
NH at C-3, oxygen of the (-O-N=CH-) and C-6 hydroxyl of compound 10 to Q167.
Similarly, the amide NH at C-3 of compound 11 formed the essential hydrogen bond
contact with Q167 (Figure 2.10).

Figure 2.8. Snapshot of compound 3 during MD simulation. Hydrogen bonds are shown as black-
dashed lines
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Figure 2.9. 3D snapshot of compound 10 during MD simulation. Hydrogen bonds are shown as black
dashed lines

Figure 2.10. 3D snapshot of compound 11 during MD simulation. Hydrogen bonds are shown as black
dashed lines

It is worth noting that hydrogen bonding interactions between fructose hydroxyl
groups to N294 have been reported previously to be essential to the interaction with the
GLUTS protein structure.’® These observations might contribute to the ability of the C-
3 modified 2,5-AM derivatives to be involved in hydrogen bond contacts with
important GLUTS binding residues and the tolerability of the binding pocket to
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accommodate a variety of sterically demanding groups (e.g., coumarins, nitrophenyl,
Figure 2.11). The stability of the simulations was confirmed by the radius of gyration
for all the simulated complexes (Figure 2.12). Root mean square fluctuations (RMSF)
showed similar fluctuation patterns of the protein backbone of GLUTS5 in complexes

with all compounds analyzed (Figure 2.13).

Figure 2.11. Compound 11 (orange surface) is accommodated in the GLUTS binding pocket (gray
surface)
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Figure 2.12. Radius of gyration (Rg) fluctuation versus time of GLUTS complexed with compounds
3,10, 11, and fructose
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Figure 2.13. RMSF as a function of B-factor and residues of GLUTS in complex with compounds
3,10,11, and fructose
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In order to get a better insight into the contribution of the selected ligands to the
stability of their complexes with GLUTS, we have employed the MMGBSA method to
measure the free binding energy of the complexes.’!*? The calculated binding energies
were similar for the GLUTS complexes with compounds 3, 10, and 11 with —48.64 +
2.3 kcal mol!, —43.30 + 3.2 kcal mol!, 45.26 + 2.9 kcal mol™!, respectively, and
significantly lower than the one calculated for fructose (—16.95 + 2.3 kcal mol ™). It is
worth mentioning that the binding free energy calculated for fructose is similar to that
obtained by Ainsley et al.*® These findings could be correlated to the observed activity
of each ligand in stabilizing the GLUTS complexes with good insight into the possible
future modification of the 2,5 AM to design more potent inhibitors. Overall, the
computational results are in agreement with the observed inhibitory activities of these
novel probe molecules. Moreover, the MD studies support previous reports of the

essential residues involved in the binding of fructose and its analogs to GLUT5.%

2.3. Conclusion

In summary, different derivatives of 2,5-AM were synthesized and evaluated in vitro
against radiolabeled fructose derivative 6-['*F]FDF. Several compounds displayed
concentration-dependent inhibitory effects on cellular uptake of 6['*F]FDF at levels
100-fold or better than the natural GLUTS substrate, fructose. These results will help
to refine the understanding of the structural requirements of the GLUTS transport
machinery with respect to the molecular cargoes attached to fructose mimics that are
tolerated by the protein. Since elevated GLUTS expression and abnormal fructose
metabolism are associated with several cancers and other diseases, this work will
contribute to the development of novel PET, fluorescent, and dual imaging probes
targeting the GLUTS transporter. The development of molecular probes that are
mimicking the fructose uptake and metabolism has a high potential for detection of
elevated GLUTS expressing metabolic disorders. As a result, the present findings can
lead to improved designs of fructose-based inhibitors and potential selective GLUTS

targeting pharmaceutical and radiopharmaceutical agents.

2.4. Experimental section
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Materials and methods

Reactions were carried out in oven-dried glassware under a positive argon or nitrogen
atmosphere unless otherwise stated. Transfer of anhydrous solvents and reagents was
accomplished with oven-dried syringes or cannula. Solvents were distilled before use,
and dimethylformamide (DMF) and acetonitrile (MeCN) were distilled from calcium
hydride. Chemicals were purchased from Sigma-Aldrich Inc. and were used without
further purification. Thin layer chromatography was performed on glass plates
preloaded with 0.25 mm silica gel matrix. Flash chromatography columns were packed
with 230—400 mesh silica gel. Optical rotations were measured with Perkin Elmer 241
polarimeter, at 22 + 2 °C. Proton nuclear magnetic resonance spectra ('"H NMR) were
recorded at 500 MHz or 700 MHz and coupling constants (J) are reported in Hertz
(Hz). Standard notation was used to describe the multiplicity of signals observed in 'H
NMR spectra: broad (br), multiplet (m), singlet (s), doublet (d), triplet (t), etc. Carbon
nuclear magnetic resonance spectra (1*C NMR) were recorded at 100 MHz or 125 MHz
and are reported 6 (ppm) relative to the center line of the septet from methanol-d4 (49.3
ppm), triplet of chloroform-d (77.2 ppm), or septet of DMSO-ds (39.5 ppm). Infrared
(IR) spectra were measured with a FT-IR 3000 spectrophotometer. Mass spectra were

determined on a high-resolution electrospray positive ion mode spectrometer.

2.4.1. Synthesis

3-Azido-3-deoxy-2,5-dianhydro-D-mannitol (1) was prepared via diastereoselective

ring-opening of 2,5:3,4-dianhydro-D-allitol according to the reported procedure. -2

3-deoxy-3-amino-2,5-anhydro-D-mannitol (2)

Azide 1 (0.25 g, 1.3 mmol) was dissolved in MeOH in (25 mL), and 10% Pd/C (0.05 g,
20 % by weight) was added, followed by stirring the resulting heterogeneous mixture
at room temperature under Hz atmosphere (1 atm) attained via a balloon. After stirring
for 3 h, solids were removed by filtration over a celite pad and washed with DCM and
MeOH (20 mL). The filtrate was evaporated completely under reduced pressure to yield
the amine 2 as pale-yellow thick syrup. The amine obtained (quant.) was used for the

next step without further purification.*”’
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3-deoxy-3-[N-(5-fluoro-2,4-dinitro-phenyl)amino|-2,5-anhydro-D-mannitol (3)
To a stirred solution of amine 2 (0.12 g, 0.76 mmol) in dry DMF (10 mL) in an
oven-dried flask maintained under N2 atmosphere, excess NaHCO3; was added. After
stirring for 30 min, 1,5-difluoro-2,4-dinitrobenzene (0.19 g, 0.91 mmol) was added
slowly, and the resultant heterogeneous mixture was allowed to stir at room
temperature for 4 h. Upon completion of the reaction (monitored by TLC with 10%
MeOH/ DCM eluent system), excess NaHCO3 was filtered off. Then, the solvent was
concentrated under reduced pressure, yielding a brown viscous syrup, which was
purified through silica gel column chromatography, using a DCM/MeOH solvent
mixture (gradient from 100:0 to 95:5). Fractions containing the desired product were
combined and concentrated under vacuum to yield pure compound 3 as a yellow solid
(0.085 g, 40%). Rr0.34 (DCM/MeOH, 90:10) [a]p?® +29.82 (¢ 0.23, MeOH); IR (cast
film) 3359, 3097, 2932, 2879, 1626, 1581, 1508, 1448, 1401, 1259, 1052 cm;
"HNMR (700 MHz, CD30D): § 9.05 (d, J = 8.0 Hz, 1H), 7.27 (d, J = 14.3 Hz, 1H),
430 (t, J=5.2 Hz, 1H), 4.26 (t, J = 5.2 Hz, 1H), 4.08 (dt, J = 5.6, 4.7 Hz, 1H), 4.00
(ddd, J =5.2, 3.9, 2.7 Hz, 1H), 3.81 (dd, J = 11.9, 4.9 Hz, 1H), 3.77 (dd, J = 11.9,
2.7 Hz, 1H), 3.69-3.67 (m, 1H), 3.6 —3.64 (m, 1H); '*C NMR (176 MHz, CD30D):
0 159.5 (d, Jer = 267.8 Hz), 149.0 (d, J = 13.9 Hz), 127.7, 126.9, 125.6, 102.2 (d,
J=28.1 Hz), 85.4, 83.2, 77.2, 62.0, 61.6, 61.2; HRMS (ESI) calcd for Ci12H1sFN30s
[M+H]" 348.0765; found 348.0764.

General Procedure to Synthesize 4, 5 and 6:

A 50 mL round bottom flask, maintained under N2 atmosphere, was charged with amine
2 (0.15 g, 0.95 mmol) and acetonitrile (15 mL). After the amine was dissolved
completely, the sulfonyl chloride derivative (0.14 g, 0.74 mmol of
4-fluorobenzenesulfonyl chloride for 4, 0.14 g, 0.74 mmol of 4-fluoro-2-
(trifluoromethyl) benzenesulfonyl chloride for 5, and 0.30 g, 1.1 mmol of dansyl
chloride for 6) was added to the flask, followed by addition of excess Na2CO3 (0.51 g,
4.7 mol). This heterogeneous mixture was allowed to stir at room temperature for 16

h. Solids were filtered off and washed with an excess of MeCN. The filtrate was
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evaporated under vacuum to yield a crude product, which was subjected to silica gel
column chromatography eluted with a DCM/MeOH solvent mixture (100:0 to 92:8 for
4, 100:0 to 95:5 for 5, and 100:0 to 92:8 for 6). Fractions containing compounds were

combined and concentrated under a vacuum to yield a pure product.

3-deoxy-3-[N-(4-fluorobenzenesulfonamide)amino]-2,5-anhydro-D-mannitol (4)
Colorless oil (0.09 g, 45%). Ry 0.24 (DCM/MeOH, 90:10); [a]p?® +14.80 (c 0.20,
MeOH); IR (cast film) 3349, 2924, 2881, 1709, 1684, 1592, 1495, 1329, 1293, 1237,
1155 cm™'; 'TH NMR (500 MHz, D20): § 8.04 (dd, J = 8.8, 5.0 Hz, 2H), 7.42 (app 1),
4.05 (t,J=17.6 Hz, 1H), 3.91-3.87 (m, 1H), 3.87-3.84 (m, 1H), 3.80 (dd, J=12.5, 2.8
Hz, 1H), 3.75 (t, J= 7.6 Hz, 1H), 3.68 (dd, J = 12.5, 4.9 Hz, 1H), 3.63 (dd, J=12.5,
2.8 Hz, 1H), 3.46 (dd, J = 12.5, 4.9 Hz, 1H); '3C NMR (126 MHz, D20): § 166.3 (d, J
=253.0 Hz), 136.6, 130.7 (d, J=9.8 Hz), 117.5 (d, J=23.0 Hz), 83.1, 81.5, 75.7, 61.6,
61.4, 60.3; HRMS (ESI) calcd for Ci2HisFNOsSNa [M+Na]" 344.0682; found
344.0683.
3-deoxy-3-[N-(4-fluoro-2-(trifluoromethyl)benzenesulfonamide)amino]-2,5-
anhydro-D-mannitol (5)

Colorless oil (0.08 g, 41%). Ry 0.28 (DCM/MeOH, 90:10); [a]p?® +14.00 (c 0.10,
MeOH); IR (cast film) = 3341, 2929, 2885, 1593, 1482, 1416, 1311, 1264, 1166, 1096
cm'; 'TH NMR (700 MHz, D20): § 8.33 (dd, J=9.2, 5.1 Hz, 1H), 7.81 (dd, J=9.2,2.6
Hz, 1H), 7.58 (ddd, J = 9.2, 7.6, 2.6 Hz, 1H), 4.02 (t, J = 8.3 Hz, 1H), 3.87 (ddd, J =
8.3,4.6,2.6 Hz, 1H), 3.78 (d, J=4.1 Hz, 1H), 3.76 (d, J= 8.3 Hz, 1H), 3.73 (dd, J =
12.5,2.8 Hz, 1H), 3.65 (dd, J=12.5, 2.8 Hz, 1H), 3.61 (dd, /= 12.5, 5.0 Hz, 1H), 3.47
(dd, J=12.5, 5.0 Hz, 1H); 3C NMR (176 MHz, D20) § 164.5 (d, J = 255.5 Hz), 135.5
(d,/J=9.5Hz), 135.1,130.2, 122.9 (d, /= 273.4 Hz), 120.2 (d, J=21.4 Hz), 117.9 (d,
J=23.1 Hz), 82.8, 80.9, 75.1, 61.5, 61.2, 60.1. HRMS (ESI) calcd for C13H14F4NOsS
[M-H] 388.0559; found 388.0559.
3-deoxy-3-[N-(5-(dimethylamino)naphthalene-1-sulfonamide)amino]-2,5-
anhydro-D-mannitol (6)

Yellow sticky solid (0.11 g, 47%). Ry 0.48 (DCM/MeOH, 90:10); [a]p**+20.90 (c 1.30,
MeOH); IR (cast film) 3349, 2924, 2854, 1678, 1457, 1204, 1141, 1060, 790 cm™!; 'H
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NMR (700 MHz, CD30OD) 6 8.54 (dt, J = 8.5, 1.1 Hz, 1H), 8.34 (dt, J=8.7, 0.9 Hz,
1H), 8.27 (dd, J=7.3, 1.3 Hz, 1H), 7.56 (ddd, J = 9.8, 8.6, 7.4 Hz, 2H), 7.25 (dd, J =
7.6,0.9 Hz, 1H), 3.88 (t, /= 6.6 Hz, 1H), 3.69 —3.65 (m, 1H), 3.65-3.62 (m, 1H), 3.61
(d,/=3.0Hz, 1H), 3.54 (dd, J=7.1, 6.4 Hz, 1H), 3.50 (dd, /= 11.9, 4.9 Hz, 1H), 3.25
(dd,J=11.8,2.8 Hz, 1H), 3.10 (dd, J=11.8, 5.5 Hz, 1H), 2.87 (s, 6H); '*C NMR (176
MHz, CD30OD) ¢ 153.2, 137.8, 131.2, 131.1, 130.9, 130.3, 129.0, 124.3, 120.7, 116.3,
84.9, 83.7, 77.5, 63.0, 629, 623, 458; HRMS (ESI) caled. for
C18H24N206SNa [M+Na]" 419.1247; found 419.1242.

General Procedure to Synthesize 7 and 8:

Amine 2 (0.13 g, 0.79 mmol) was dissolved in MeOH (15 mL) in a 50 mL round bottom
flask, maintained under N2 atmosphere. To this clear solution, the isothiocyanate
derivative (0.14 g, 0.95 mmol of 4-fluorophenyl isothiocyanate for 7 and 0.34 g, 0.87
mmol of fluorescein isothiocyanate isomer I (Sigma) for 8) was added slowly and the
reaction mixture was stirred for 15 h at ambient temperature. MeOH was then removed
under vacuum, and the crude compound was subjected to silica gel column
chromatography using a DCM/MeOH solvent mixture (gradient from 100:0 to 94:6 for
7 and 100:0 to 90:10 for 8). Fractions containing the desired product were combined

and concentrated under a vacuum to yield the pure compound.

3-deoxy-3-[N-(1-(4-fluorophenyl)thiourea)amino]-2,5-anhydro-D-mannitol (7)
Brown oil (0.12 g, 62%). Ry 0.25 (DCM/MeOH, 90:10); [a]p*® —5.33 (c 0.30, MeOH);
IR (cast film) 3297, 3070, 2939, 1611, 1544, 1509, 1460, 1415, 1339, 1219, 1046 cm ™ !;
"H NMR (700 MHz, D20): § 7.24 (dd, J = 8.8, 5.0 Hz, 2H), 7.14 (app t), 4.12 (t, J =
6.9 Hz, 1H), ), 3.9-3.92 (m, 1H), 3.9-3.88 (m, 1H), 3.76 (dd, J = 12.5, 3.1 Hz, 1H),
3.7-3.70 (m, 1H) , 3.70-3.66(m, 1H), 3.69-3.65 (m, 1H), 3.59 (dd, J=12.5, 4.4 Hz,
1H); 3C NMR (176 MHz, D20): & 181.5, 162.2 (d, J = 244.8 Hz), 129.46, 129.41,
117.2 (d, J = 22.1 Hz), 84.0, 82.7, 76.1, 63.0, 62.1, 61.8. ; HRMS (ESI) calcd for
C13H17FN20sNa [M+Na]" 323.0893; found 323.0892.

3-deoxy-3-[N-(3-(fluorescein)-5-yl)thiourea)amino|-2,5-anhydro-D-mannitol (8)
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Orange sticky solid (0.19 g, 56%).R;0.44 (DCM/MeOH, 90:10); [a]p* —10.64
(c 0.25, MeOH); IR (cast film) 3261, 2935, 2853, 1748, 1597, 1462, 1370, 1232, 1190,
1067 cm™'; '"H NMR (500 MHz, CD3;OD) § 8.16-8.03 (m, 1H), 7.78-7.65 (m, 1H),
7.16 (d, J= 8.2 Hz, 1H), 6.82 (d, J = 8.8 Hz, 2H), 6.66 (d, J= 2.4 Hz, 2H), 6.57 (dd, J
=8.8,2.4 Hz, 2H), 4.21 (t, J = 5.7 Hz, 1H), 3.98 (td, J= 5.8, 3.5 Hz, 1H), 3.94 (q, J =
3.5 Hz, 1H), 3.81 (d, J=3.5 Hz, 1H), 3.78 (d, J= 5.6 Hz, 1H), 3.77-3.75 (m, 1H), 3.74
(d, J=2.8 Hz, 1H), 3.64 (dd, J = 12.0, 4.2 Hz, 1H).; 3C NMR (126 MHz, CD;0D) &
181.6, 170.2, 164.0, 154.0, 140.4, 129.6, 129.3, 129.1, 125.9, 120.2, 114.4, 111.3,
102.2, 102.0, 84.7, 83.8, 76.2, 71.7, 63.1, 62.4, 61.7; HRMS (ESI) calcd. for
C27H23N200S [M-H] 551.1133; found 551.1133.

3-deoxy-3-[N-(4-fluorobenzamide)amino]-2,5-anhydro-D-mannitol (9)

To a homogenous solution of amine 2 (0.15 g, 0.92 mmol) in MeOH (10 mL), NHS
ester of 4-fluoro benzoyl chloride (prepared using the reported procedure,> 0.17g, 1.1
mmol) was added. The clear solution was stirred for 15 h at room temperature.
Evaporation of MeOH under reduced pressure afforded the crude compound, which
was purified using silica gel column chromatography eluted with a DCM/MeOH
solvent mixture (gradient from 100:0 to 93:3). Fractions containing the desired product
were combined and concentrated under vacuum to yield clear oil 9 (0.09 g,
45%). Rr0.46 (DCM/MeOH, 90:10); [a]p?® +4.28 (c 0.70, MeOH); IR (cast
film) 3381, 2925, 2485, 1635, 1605, 1446, 1235, 1053, 852cm™'; 'TH NMR (700 MHz,
D20): 6 7.83 (dd, J=8.7, 5.4 Hz, 2H), 7.26 (app t), 4.51 (t,J= 8.0 Hz, 1H), 4.30 (t, J =
7.9 Hz, 1H), 4.05 (ddd, /= 8.3, 5.4, 2.9 Hz, 1H), 4.02 (ddd, J = 8.0, 5.2, 2.9 Hz, 1H),
3.85(dd, J = 12.5, 2.9 Hz, 1H), 3.81 (dd, J = 12.5, 3.0 Hz, 1H), 3.77-3.74 (m, 1H),
3.74-3.71 (m, 1H). 3C NMR (176 MHz, D20): § 171.2, 165.7 (d, J = 249.7 Hz), 130.5
(d,/=9.3 Hz), 130.5, 116.5 (d, J=22.2 Hz), 83.4, 81.6, 75.4, 62.3, 61.7, 58.0; HRMS
(ESI) caled. for C13H16FNOsNa [M+Na]" 308.0905; found 308.0905.

3-deoxy-3-[N-(tert-butyl-2-amino-2-oxoethoxycarbamate)]-2,5-anhydro-D-
mannitol (I)

In a 50 mL round bottom flask, maintained under N2 atmosphere, amine 2 (0.22 g,

1.3 mmol) was dissolved in MeOH (20 mL). NHS ester of aminoxy acetic acid
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(prepared using reported procedure,** 0.75 g, 2.5 mmol) was added in the flask and
vigorous stirring was continued for 12 h at room temperature. The solvent was removed
under vacuum, providing the crude compound, which was subjected to silica gel
column chromatography using a DCM/MeOH solvent mixture (gradient from 100:0 to
95:5). Fractions containing the desired product were combined and concentrated under
vacuum to yield clear oil 10a (0.22 g, 55%). R;0.61 (DCM/MeOH, 80:20); [o]p*°
+22.76 (¢ 1.0, MeOH); IR (cast film) 3274, 2979, 2934, 1715, 1659, 1459, 1370, 1286,
1164, 1116, 1047, 849 cm™!; 'TH NMR (700 MHz, CD30OD): § 4.32 (d, J = 15.9 Hz,
1H), 4.27 (q, J = 8.3, 7.8 Hz, 1H), 4.14 (t, J= 7.0 Hz, 1H), 3.88 (dd, J = 5.2, 2.6 Hz,
1H), 3.87-3.85 (m, 1H), 3.75 (dd, J = 12.0, 3.0 Hz, 1H), 3.70 (dd, J = 12.0, 3.1 Hz,
1H), 3.63(m, 1H), 3.67-3.59 (m, 1H), 3.31 (m, 1H), 1.48 (s, 9H); *C NMR (176 MHz,
CD3;0D): 6 172.0, 159.9, 85.1, 83.3, 83.2, 76.8, 76.4, 63.5, 62.9, 58.8, 28.5.; HRMS
(ESI) caled. for C13H24N208Na [M+Na]" 359.1425; found 359.1423.
3-deoxy-3-[N-(2-(((4-fluorobenzylidene)amino)oxy)acetamide)amino]-2,5-
anhydro-D-mannitol (10)
The tert-butyl carbamate intermediate obtained from the previous step 10a, dissolved
in DMF (10 mL) was treated with 5 mL of DCM/TFA (1/1 v/v) under N2 atmosphere.
After 8 h of stirring at room temperature, the solvent was removed under vacuum,
yielding the corresponding amine 10b, which was used for the next step without
purification.

2-Fluorobenzaldehyde (102 pL, 0.95 mmol) and EtsN (159 pL, 1.1 mmol) were
added to a solution of amine 10b (0.15 g, 0.60 mmol) in MeOH (5 mL). The reaction
was allowed to stir at room temperature for 4 h under N2 atmosphere. Then, the reaction
mixture was concentrated under reduced pressure, providing a crude residue, which
was purified through silica gel column chromatography using a DCM/MeOH solvent
mixture (gradient from 100:0 to 93:7). Fractions containing the desired product were
combined and concentrated under vacuum to yield compound 10 as a white solid (0.15
g, 70 %). R;0.45 (DCM/MeOH, 90:10); [a]p?® +11.76 (¢ 0.50, MeOH); IR (cast
film) 3326, 3108, 2925, 2873, 2486, 1653, 1511, 1467, 1230, 1157, 1078, 1018
cm !; 'TH NMR (700 MHz, CD30D): § 8.26 (s, 1H), 7.67-7.64 (m, 2H), 7.16-7.12 (m,
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2H), 8 4.62 (d, J=4.5 Hz, 2H), 4.30 (t, /= 6.5 Hz, 1H), 4.12 (t,J = 6.2 Hz, 1H), 3.88—
3.87 (m, 1H), 3.87-3.85 (m, 1H), 3.73 (dd, J=12.0, 2.8 Hz, 1H), 3.67 (dd, J=11.9,
3.4 Hz, 1H), 3.64-3.61 (m, 1H), 3.61-3.59 (m, 1H); '*C NMR (176 MHz, CD3;OD): §
172.5,165.3 (d, J=249.3 Hz), 151.1,130.4 (d, /= 8.6 Hz), 129.5 (d,/J=3.2 Hz), 116.8
(d, J =223 Hz), 85.7, 84.2, 77.0, 73.8, 63.7, 63.0, 58.9; HRMS (ESI) calcd. for
C15sH19FN206¢Na [M+Na]" 365.1119; found 365.1118.
3-deoxy-3-[N-(7-hydroxy-2-oxo-2H-chromene-3-carboxamide)amino]-2,5-
anhydro-D-mannitol (V)

Amine 2 (0.15 g, 0.92 mmol) was dissolved in MeOH (5 mL) under N2 atmosphere.
NHS ester of 7-hydroxy coumarin-3-carboxylic acid (prepared using reported
procedure,’>¢ 0.33 g, 1.1 mmol) was added to this homogenous solution, and vigorous
stirring of the mixture was continued at room temperature for 15 h. MeOH was
removed under reduced pressure, and the crude compound was purified via silica gel
column chromatography using a DCM/MeOH solvent mixture (gradient from 100:0 to
93:7). Fractions containing the desired product were combined and concentrated under
vacuum to yield yellow oil 11¢ (0.29 g, 85%). Rr0.55 (DCM/MeOH, 90:10); [a]p** —
2.96 (¢ 0.25, MeOH); IR (cast film) 3470, 2989, 2945, 2523, 1705, 1653, 1410, 1231,
1081, 998,816 cm™'; 'TH NMR (700 MHz, CD30D): § 8.78 (s, 1H), 7.67 (d, J= 8.6 Hz,
1H), 6.89 (dd, J = 8.6, 2.3 Hz, 1H), 6.77 (d, J=2.2 Hz, 1H), 4.40 (t, J= 6.7 Hz, 1H),
4.22 (t, J = 6.4 Hz, 1H), 3.98-3.94 (m, 1H), 3.94-3.90 (m, 1H), 3.79-3.76 (m, 1H),
3.76-3.73 (m, 1H), 3.70 (m, 1H), 3.67 (m, 1H)); '*C NMR (176 MHz, CD3OD): &
165.9, 164.9, 163.1, 158.3, 149.9, 133.0, 115.7, 114.1, 112.7, 103.1, 85.6, 84.4, 77.4,
63.8, 63.0, 60.0; HRMS (ESI) calcd. for CisHisNOs [M-H] 350.0881; found 350.0881.
3-deoxy-3-[N-(7-(2-fluoroethoxy)-2-oxo-2H-chromene-3-carboxamide)amino]-
2,5-anhydro-D-mannitol (11)

Compound 11c¢ (0.19 g, 0.57 mmol) and DMF (15 mL) were stirred in a 50 mL round
bottom flask, maintained under N2 atmosphere, until it was completely dissolved.
K2COs3 (0.12 g, 0.85 mmol) was the added in the flask, followed by the addition of
2-fluoro ethyl tosylate (prepared using the reported procedure,””! 0.375 g, 1.7 mmol),

and the resulting mixture was heated at 110 °C for 1 h. After this time, the solids were
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filtered off, and the filtrate was then concentrated under reduced pressure. The resultant
crude compound was subjected to silica gel column chromatography eluted with a
DCM/MeOH solvent mixture (gradient from 100:0 to 95:5). Fractions containing the
desired product were combined and concentrated under vacuum to yield yellow oil 11
(0.11 g, 50%). Rr0.65 (DCM/MeOH, 90:10); [a]p*® +10.20 (¢ 0.05, MeOH); IR (cast
film) v = 3332, 2919, 1710, 1616, 1601, 1561, 1454, 1370, 1226, 1149, 1062, 912
cm'; 'TH NMR (700 MHz, D20): § 8.72 (s, 1H), 7.75 (d, J = 8.7 Hz, 1H), 7.08 (dd, J =
8.8, 2.3 Hz, 1H), 7.03 (s, 1H), 4.89 (dt, J=47.5, 3.7 Hz, 2H), 4.52 (t, /= 7.2 Hz, 1H),
4.49-4.40 (m, 2H), 4.36 (t, /= 7.0 Hz, 1H), 4.13 (ddd, J = 8.2, 5.4, 3.0 Hz, 1H), 4.05
(ddd, J=7.9,5.4,2.6 Hz, 1H), 3.86 (dd, J=12.3, 2.8 Hz, 1H), 3.83 (dd, /=124, 3.1
Hz, 1H), 3.77 (t,J= 5.0 Hz, 1H), 3.75 (d, J = 4.4 Hz, 1H); *C NMR (176 MHz, D:20):
0 165.7,164.1, 162.8, 158.1, 149.6, 132.7, 115.6, 115.3, 113.9, 102.0, 85.6, 84.4, 82.7
(d, J=169.7 Hz), 77.4, 69.5 (d, J = 19.8 Hz), 63.8, 63.0, 60.1; HRMS (ESI) calcd. for
C18H20FNOsNa [M+Na]" 420.1065; found 420.1069.

2.4.2. In vitro cell experiments

Instruments
WIZARD?2 automatic y-counter (Perkin Elmer, Waltham, MA, USA).

Buffer solutions
Glucose-free Krebs—Ringer buffer solution (120 mM NaCl, 25 mM NaHCOs,

4 mM KCl, 1.2 mM KH2POs, 2.5 mM MgSOs4, 70 uM CaClz, pH 7.4) was used for the
studies with EMT6 cells. Cold phosphate-buffered saline (PBS) was used to wash the
extracellular probes (137 mM NaCl, 2.7 mM KCI, 10 mM Na:HPOs, 2 mM KH2POs).
RIPA buffer (Sigma-Aldrich, St. Louis, MO, U.S.A.) was used for cell lysis.

Radiotracer synthesis

Radiotracer 6-['®F] FDF was synthesized at the Division of Oncologic Imaging at the
Department of Oncology using a GE TracerLab MX automated synthesis unit (GE
Healthcare Canada Inc., Mississauga, Ontario, Canada). The synthesis was

accomplished according to the well-established reported radiosynthesis procedure.?!*

Cell culture
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Murine EMT6 mammary gland tumor cells were grown in a humidified 5% CO2
incubator at 37 °C, in Gibco DMEM/F-12 media supplemented with 15 mM HEPES,
l-glutamine, 10% fetal bovine serum (GIBCO 12483; Gibco, Gaithersburg, MD) and

1% penicillin/streptomycin with media renewal every 2 to 3 d.

General procedure for in vitro inhibition of 6-['*F]FDF Cell Uptake

Competition binding experiments of 2,5-anhydro-D-mannitol derivatives and
D-fructose were carried out in a dose-dependent manner to determine half-maximum
inhibition concentrations (ICso).

EMT6 cells were grown to confluence in 12-well cell culture plates, with media
renewal every 2 d. One hour prior to the experiment, cell culture media were removed,
and the plates were washed twice with glucose—free Krebs—Ringer buffer solution. To
each well, 1 mL of glucose-free Krebs—Ringer buffer solution was added, and
incubation at 37 °C was continued for 1 h under the glucose-free condition. After 1 h,
the Krebs—Ringer buffer was removed. To each well, 400 pL of glucose-free Krebs—
Ringer buffer was added containing 0.1-0.5 MBq of 6-["*F]FDF and different
concentrations of the 2,5-AM derivatives 3-11 (10%-107 -3 x 1072 M) or fructose
(10°~1 M) and no compound at all for comparison (= 100% uptake).

After 60 min incubation time, radiotracer uptake was stopped with 1 mL of ice-
cold PBS, and the cells were washed twice with PBS and lysed in 0.4 mL
radioimmunoprecipitation assay buffer (RIPA buffer). Then, the radioactivity in the
cell lysates was determined as counts per minute (CPM) using a WIZARD2
automatic y-counter (Perkin Elmer, Waltham, MA, U.S.A.) and converted to the
radioactivity dose SI unit Becquerel (Bq). Data were analyzed as a percent of maximum
uptake of 6-['*F]FDF. Graphs were constructed using GraphPad Prism 5.0 (GraphPad
Software, San Diego, CA, U.S.A.), and halt-maximum inhibition concentrations (ICso)

were determined from the concentration-inhibition curves by graphical analysis.

2.4.3. Molecular docking
The molecular structures of the ligands were built using ChemBioDraw Ultra version
14.0, and their energy was minimized using the MMFF94x force field with

ChemBio3D Ultra to produce the lowest energy conformer, followed by another
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preparation using the LigPrep module using the Schrédinger Small Molecule
Discovery Suite. The crystal structure of the GLUTS receptor in the inward-open
conformation (PDB ID: 4YB9) was used for our computational studies. The Protein
Preparation Wizard module was used to add hydrogen atoms, minimize energy, and
create appropriate protonation states of amino acid side chains. The Sitemap module in
the Schrodinger suite was used to aid the prediction of the possible binding sites.
Parameters were set to produce five sites, which were compared carefully to the
reported binding site of GLUTS. A receptor grid file was generated, based on the
prepared protein active site accounting for the most probable binding pocket. The
docking algorithm Glide in extra precision (XP) was used to perform all molecular
docking studies.’® The docking generated 10 poses for each complex in which the top

scoring poses were selected for further evaluation by MD simulations.

Molecular dynamics simulations

All systems were embedded in a lipid membrane of POPC lipids using the CHARMM-
GUI server.>® The systems were solvated with TIP3P water molecules, and Na* and CI°
ions were added to create a neutral system with an ion concentration of 0.15 M and box
dimensions of 100 A x 100 A x 110 A. Then, the systems for MD were setup using
leap for Amberl8 with the AmberFF14SB forcefield with the additional lipid14
forcefield for the POPC membrane.

The ligands were parametrized using the Antechamber package in AMBER18
using the AM1-BCC charge model with the GAFF forcefield. The solvated systems
were subject to 5000 steps of steepest descent minimization, followed by 5000 steps of
conjugate gradient minimization using pmemd. Initially, the systems were heated as an
NVT ensemble to 100 K using a Langevin thermostat for 2500 steps, while the
membrane was restrained with a force constant of 10 kcal/mol. The system’s pressure
was equilibrated with as an NPT ensemble to 1 atm with gradual heating to 300 K,
which was performed for 50000 steps, while restraining the lipid membrane. This was
followed by a short MD run of 5 ns, without lipid restraints as an NVT ensemble. The
simulations were continued for 50 ns. During the MD simulations, the equations of

motion were integrated using a 2 fs time step, and the atomic coordinates were saved
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to the trajectory, producing 5000 frames. The analysis of the resultant trajectories was
performed using CPPTRAJ and VMD. °*%! Figures were rendered from snapshots using
Pymol. For MD snapshots extracted from the production simulations, we calculated the
enthalpic portion of the binding energy using the Molecular Mechanics/Generalized
Born Surface Area (MM/GBSA) method implemented in the MMPBSA .py script.>!!
In MM/GBSA, the free energy change due to ligand binding is calculated as:

AGhind solv = AGMM,vac + AGsolv.complex — (AGsolv,ligand T AGsolv,protein) TAS (1)
where AGwmmyac includes averaged non-bonded molecular mechanics terms
(electrostatic and van der Waals) occurring between protein and ligand. Solvation terms
are modeled as:

AGsolv= AGsolv,polar + AGsolv,non-polar (2)
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Chapter 3

Development and analysis of 2,5-anhydro-D-mannitol
derivatives as radiotracer and fluorescent probes for
imaging breast cancer cells

3.1. Introduction

Breast cancer constitutes to be second leading cause of cancer deaths and most common
diagnosed malignancies in women worldwide.! With an early detection and better
treatment, the survival rate of breast cancer patients has increased to 78-90% in the last
three decades.? Specific biomarker detection and precision medicine concept involving
diagnostic test of patient followed by selecting optimal and appropriate therapies is one
of the optimal targeted therapies for monitoring a disease at the molecular level.> To
date, physical examination or mammography is the most widely used method for the
detection of primary breast cancer.*> However, mammography offers some limitation
in sensitivity and specificity as this method only relies on anatomical differences
between normal and metabolically compromised cells with no specific information
about molecular changes and processes at a cellular level.*> As a result, other imaging
methodologies offering functional imaging such as positron emission tomography
(PET), single photon emission computed tomography (SPECT), magnetic resonance
imaging (MRI) or higher resolution ultrasound are investigated and increasingly
gaining importance to complement and increase the diagnostic accuracy in detection of
breast cancer specifically metastatic disease.®”® In the clinics, the most common and
widely used PET imaging agent, the glucose derivative 2-deoxy-2-['®F]-fluoro-D-
glucose (2-['"*F]JFDG or ['®F]FDQG), is utilized to detect increased glucose uptake and
metabolism in variety of different cancers.”! It is also used in assessing changes in
tumor metabolism in response to therapy.'' This radiolabeled hexose takes advantage
of the characteristic overexpression of several members of the facilitative hexose
transporter (GLUT) family.'”> GLUT1, GLUT3, GLUT4 and GLUTI12 have been
reported to be responsible for increased uptake of glucose and ['*F]FDG in malignant

tissue.!3"1 Like glucose itself, ['*F]JFDG upon entering the cells undergoes a first step
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of metabolism, phosphorylation by kinase enzyme (hexokinase 1I).!®!” However,
['®F]FDG-phosphate cannot be further metabolized, in contrast to glucose-6-phosphate,
as it, as it is not a substrate for aldolase, the enzyme involved in second phosphorylation
step. Thus, the increased glucose transport and metabolism within tumor cells results
in an increasing accumulation of ['F]FDG, allowing their detection via PET.!%!”

However, several limitations of ['*F]FDG in specific tumor cell detection have
spurred the development of alternative PET radiotracers.’®*! Due to high glucose
uptake/transport by macrophages and other immune cells involved in inflammation
processes, increased uptake in areas of inflammation can create confusion between
normal and tumor tissues, leading to the possibility of a false positive diagnosis.?*** In
addition, it also has been reported that ['*F]JFDG-PET demonstrates variable sensitivity
and specificity specifically in breast cancer detection.”® Several clinical studies
analyzing the GLUT1 protein expression in breast cancer patients revealed that 28-47%
of the patient samples were GLUT1 negative.?® These findings may help explain the
lower sensitivity of ['®F]FDG-PET in different types of breast cancer.?’” As a result,
health regulatory bodies advise not to use ['*F]JFDG-PET as a stand-alone methodology
for diagnosis and treatment of both primary and metastatic breast cancer.?® Therefore,
there is a need for alternative biomarkers for abnormal cellular metabolism in breast
tumors.

In addition to ["®F]JFDG, alternative PET radiotracers targeting different
receptors, transporters, enzymes over-expressed in breast cancer cells or changes in
tumor microenvironment have been developed and tested for breast cancer imaging.?®
Among those were ['®F]16a-fluorestradiol (['F]FES) targeting estrogen receptors,
%4Cu- and %Zr-labeled monoclonal antibodies such as trastuzumab or pertuzumab
targeting HER2 positive breast cancers, 'SF-fluorothymidine (['F]FLT) targeting
tumor cell proliferation, !'C-methionine or other radiolabeled amino acids such as '$F-
fluciclovine targeting amino acid transport and metabolism as well as !SF-
fluomisonidazole (['*F]JFMISO) targeting tumor hypoxia.?’ In 1996, Zamora-Leon et
al. reported the elevated protein expression of the high affinity fructose transporter

GLUTS in human breast cells, proposing it as an alternative biomarker for diagnosis

99



and treatment of breast cancer.’® Along with GLUTS, class 1 glucose/fructose
transporting isoform GLUT?2 is also involved in fructose transport across the cell
membrane, although, there is a significant difference between their affinity for fructose
(GLUT2 (76 mmol/L) < GLUTS5 (6 mmol/L).*! Both GLUT2 and GLUTS5 were found
to be overexpressed in breast cancer as wells as other cancers: close to 37% of breast
tumor samples expressed GLUTS and 31% expressed GLUT2.>%* This increased
expression of fructose transporter proteins indicates that fructose uptake could
contribute as an alternative energy fuel also leading to cancer progression. Besides
increased glucose metabolism tumor cells could broaden/switch their nutrient pool in
order to compensate for their increased demand of energy metabolism.>* Due to the
lower affinity and lack of selectivity (transporting both glucose and fructose displayed
by GLUT2), GLUTS has gained more attention due to its specific substrate preference
for fructose only.*> This has led to the development of development of D-fructose or
2,5-anhydro-D-mannitol (2,5-AM) derivatives labeled with radionuclide or fluorescent
reporter groups that target GLUTS5 (see Chapter 1).%

This direction may open new avenues for an alternative and improved diagnosis
of breast cancer as well as other types of cancer which also exhibit similar GLUT
protein expression profiles. While designing an '*F-labeled fructose for PET imaging
and fluorescently labeled fructose derivatives for optical imaging purposes, it is very
important to decide on which position the fluorine atom should sit on fructose molecule
as it may have major implications towards its proper binding with the transporter
protein and subsequent intracellular metabolism through its specific enzyme reaction
(kinases).?’ One of the important factors that should be considered is to ensure that the
tracer is retained within the cancer cell once transported inside, as in the case of
['F]FDG getting internalized and phosphorylated leading to its intracellular
accumulation to facilitate prolonged imaging with PET.3# Intracellular phosphorylation
(first step of glycolysis) occurs via two distinct enzymes: ketohexokinase
(fructokinase) at C-1 position and hexokinase at C-6 position.**37-*8 Depending on the
expression profile of the kinase enzymes in the tumor cells, the optimal labeling

position of the fructose molecule should be selected. In mammalian cells, there are four
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hexokinase isoforms expressed and out of those, the hexokinase I and II proteins are
found to be overexpressed in many tumor cells with hexokinase II being the main
isoform linked with high glycolytic rates.>® Cell lines such as human MCF7 breast
cancer show high levels of hexokinase I and II protein while other cell lines such as
human MDA-MB-435 and MDA-MB-231 breast cancer display considerably lower
protein expression levels of both hexokinases.'!

However, the first fructose-derived PET tracer developed, 1-deoxy-1-
['®F]fluoro-D-fructose (Figure 3.1), studied by Haradahira et al., was evaluated in in a
fibrosarcoma tumor bearing mouse model, but no GLUTS levels were evaluated and
also no trapping of 1-['®F]FDF was observed.*’ Experiments in EMT6 tumor bearing
mice confirmed that 1-['"*F]FDF was not trapped in these murine breast tumor cells,?®
indicating that this radiotracer was not strongly recognized by any kinases present in
the cells, although, it should have been by hexokinase II as predicted by Haradahira et
al. As derivatization at position C-1 of the fructose molecule prevents recognition by
ketohexokinase, the next idea was to generate a fructose derivative substituted at
position C-6.*! In one approach, the Cheeseman, West, and Wuest groups carried out
extensive studies on the fructose derivative 6-deoxy-6-['*F]fluoro-D-fructose (6-
['®F]FDF), which was observed to be accumulated in GLUTS expressing cell lines
(Figure 3.1).2**! In addition, its non-radiolabeled version 6-FDF was observed to be
more potent (ICso= 19 mM) than natural substrate of GLUTS, fructose with an ICso of
322 mM, indicating higher affinity of GLUTS for 6-FDF than for its natural substrate.>*
However, in vitro radiotracer efflux experiments, substantial efflux was also detected
by 6-['"®F]FDF in both EMT6 and MCF7 cell lines indicating no metabolic trapping via
ketohexokinase-mediated phosphorylation. In vitro phosphorylation experiments with
both hexokinase II and ketohexokinase enzymes showed that 6-['F]FDF was not
phosphorylated by hexokinase II but it was indeed phosphorylated by ketohexokinase

over 60 min incubation time.>*
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Figure 3.1. Radiolabeled fructose and 2,5-AM derivatives used for targeting GLUTS

However, 6-['®F]FDF was also found to interact with and be transported by
GLUT2® Therefore, there was still the need to generate a radiolabeled molecule
specifically targeting the GLUTS transporter. Prior work suggested a focus on
derivatives of 2,5-anhydro-D-mannitol (2,5-AM), which had demonstrated good
specificity towards GLUTS (see Chapter 1 and 2).

Initial generation of 1-deoxy-1-['®F]fluoro-2,5-anhydro-mannitol  (1-
['®F]FDAM) and it’s in vitro and in vivo analysis in the murine mammary EMT6 model
resulted in low cell and tumor tissue uptake with subsequent washout again (Figure
3.1), however its initial tumor uptake was somewhat higher than for 1-['®F]FDF.?®
Based on those observations, further structural modification of the 2,5-AM scaffold
seemed to be warranted.

We have previously examined a series of C-3 modified derivatives of 2,5-AM
for their ability to inhibit the uptake of radiolabeled fructose in murine EMT6
mammary carcinoma cell lines. This study highlighted the importance of a strong
hydrogen bond donor attached at C-3. With the goal of optimizing binding, transport
and metabolic trapping of 2,5-AM derivatives, the next efforts were focused on a
preparation of a series of derivatives that retain hydrogen bond donor capability at C-3

with a variety of functionalities and encompassing a range of steric demand.

102



Regarding the development of fluorescent derivatives, small
compounds/molecules labeled with fluorescent tags exhibits a broader application in
imaging as a safer, economical and an effective method to obtain higher and spatial
resolution images. Several fructose based fluorescent probes have been developed and
studied ranging from blue to red emission region (see Chapter 1).

Here I will discuss the development of various 2,5-AM derivatives as potential
novel PET tracer and fluorescent probes. The goal of this study is to (A) evaluate and
study the most potent compounds that were screened and identified in the previous
chapter and based on that, to design and develop a novel PET radiotracer out of the
library of C-3 modified 2,5-AM derivatives; and (B) label C-3 position of 2,5-AM with
different fluorophores and perform confocal microscopy experiments to study the

uptake of these probes into breast cancer cells in presence of both glucose and fructose.

3.2. Development of PET tracer

3.2.1. Radiotracer synthesis

In order to estimate the affinity of non-radiolabeled 2,5-AM derivatives for fructose
mediated transport into breast cancer cells, half maximum inhibitory concentrations
(ICs0) of all the compounds were determined in a cell-based competition assay. This
assay involved measurement of cellular uptake (EMT6) of 6-['®F]FDF in the absence
and presence of increasing concentrations of various C-3 modified 2,5-AM derivatives,
as well as D-fructose and cold 6-FDF as positive controls (Figure 3.2). Figure 3.3
depicts the calculated concentration response curves for the analyzed 2,5-AM
derivatives inhibiting 6-['"*F]FDF uptake in comparison to control compounds 6-FDF

and D-fructose.
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Out of this library of compounds, three 2,5-AM compounds displayed greater
potency than 6-FDF and D-fructose (Figure 3.4). Nonlinear regression analysis
furnished 1Cso values of 1.10+0.17 mM (3), 2.31+0.35 mM (10), 1.71+0.08 mM (11)
and 342+74 mM for fructose, suggesting that the potency of all those three compounds
and their affinity for GLUTS was approximately 10-fold higher than 6-FDF and 100-
fold higher than fructose. Fructose possesses a low affinity for GLUT2 (Km ~76 mM)
versus GLUTS5 (Km ~15 mM), whereas glucose possesses a high affinity for both
GLUT2 (Km ~1 mM) and GLUT1 (Km~5 mM). This indicates that in the presence of
high extracellular glucose/fructose concentrations, transport of a radiolabeled
derivative of 3, 10, and 11 should occur almost exclusively via the GLUTS machinery,
since extracellular glucose should saturate GLUT2. Therefore, these three 2,5-AM

derivatives were further selected to be developed as '®F-radiolabeled compounds.

O,N
P
HO H\NQNOz /\©\
e
HO OH
3) (10)
|C50= 1.54 mM |C50— 2.24 mM
0
/"o
HO OH

(11)
|C50= 2.01 mM

Figure 3.4. List of the three most potent C-3 modified 2,5-AM derivatives

Different strategies were proposed to incorporate '°F into the compounds of
interest. As depicted in Scheme 3.1, for the development of a cold reference compound

3, it was hypothesized that radiofluorination could be achieved from nucleophilic
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aromatic substitution (SNAr) on the chloro dinitrophenyl substituent of precursor 12
with the fluoride. Unfortunately, no clean formation of the desired product was
obtained (as confirmed through aromatic protons of the reaction mixture, in which no
evidence of new 'H-'’F couplings was observed).

Unfortunately, NMR analysis indicated the presence of only starting material.
In the presence of cesium fluoride and crown ether (18-Crown-6, Table 3.1, entry 4), a
mixture of starting material and product was obtained. However, due to almost nearly

identical Rr values on TLC, their separation was a challenge.

O,N O,N
HO, HN NO, HO, HN NO,
[ O [ O
HO OH HO OH
12 3

Scheme 3.1. Proposed synthesis of reference compound 3
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Table 3.1. Optimisation studies for synthesis of 3

S. No. Reagents Solvent Temp. Observations
l. KF (5equiv.) DMF 140°C Messy NMR
nBusNCl (5 eqiv.)
2. CsF (5equiv.) DMF 140°C Messy NMR
nBusNCl (5 eqiv.)
3. CsF (5eqiv.) DMF 140°C Mixture of SM
18-Crown-6 and product
4. CsF (5equiv.) Acetonitrile 140°C S.M. recovered
18-Crown-6
5. CsF (5equiv.) DMF 140°C Messy NMR
t-BuOH

In a control experiment using 1,3-dichloro-4,6-dinitrobenzene as a model
system (Scheme 3.2), a mixture of the mono- and di-fluorinated products 13 and 14

was obtained, as determined by '°F NMR analysis.

O,N NO, O,N NO
OzN:I::j:NOQ A.CsF/DMF 2 ;I::]: 2 2 :[::]: 2
- +
cl Cl B.NMesF/DMF  ClI F F F

13 14 15

Scheme 3.2. Control (test) reaction

O,N O,N
HO, H\NQNOZ HO, H\NQNOZ
----------- >
N b\ F " Zj\ 18
[ O [ O
HO OH HO OH
(3) [18F]_3

Scheme 3.3. Proposed scheme for synthesis of radiolabeled ['®F]-3
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In radiochemical reactions, there are reports for substituting '°F with '*F, under
specific reaction conditions in which a large concentration of '*F is treated with starting
material and radiochemical yield of the labeled product can be confirmed with HPLC
analysis.*> However, such reactions exhibit limitations with purity and final separation
of the product. Due to contamination of '*F labeled compound with non-radiolabeled
starting material and traces of unreacted '8F, low decay corrected yield makes it a
challenge to develop a more efficient and atom economical reaction. Therefore, we
focused on developing alternative compound 10 as an '®F-labeled radiotracer.

Due to the well-established process for the synthesis of compound 10, the non-
radioactive reference compound was obtained by following the same steps starting with
the readily available, glucosamine hydrogen chloride furnishing the final product with

an overall 26% yield (Scheme 3.4) (see Chapter 2).

OH

- +
HO™ O OH

Glucosamine HCI

l o o
=
HO, HN)K/O\NHg F‘QCHO HO, H\N)K/O\N/\Q\
e I~ F

HO__ . OH NEts, MeOH, rt, 4h HO . OH

Y 70%
Precursor (Il) 10

(0]

Scheme 3.4. Synthesis of reference compound 10

The radiosynthesis of compound 10 was performed in a remotely controlled
synthesis via two step procedure starting from deprotection of the boc protected
precursor I followed by reaction of free amine (II) with radiolabeled building block, 4-
['®F]-fluorobenzaldehyde (['8F]JFBA) in acetonitrile at 50 C (Scheme 3.5). For
optimization of the radiotracer synthesis different test reactions (Table 3.3) were

performed by varying amount of precursor and time to optimize the best yielding
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reaction conditions. All the test reactions resulted in the formation of the desired
radiotracer product indicating the robustness of these conditions. The best reaction
condition (Table 3.2, entry 1) was obtained in the presence of trifluoroacetic acid with
1 mg of precursor. Incorporation of '8F by condensation reaction formed an oxime ether
linkage giving ['®F]-10 in a range of 23-61% radiochemical yield (non-decay corrected)
within 60 min including HPLC purification. Therefore, ['*F]-10 was then further used
for in vitro and in vivo analysis and its properties were compared to 6-['*F]-FDF to

determine its in vitro and in vivo profile.

o

HO H\NJK/O\”,BOC

HO\\\“ OH
O

TFA:DCM (1:1)
1hr, rt

o, o i
OHC 8¢
=
HO HNJ\/O\NHZ HO HNJ\/O\N
N ([18F]_FBA) N
HO OH HO OH 18
N o 0.2% TFA N
I 50 °C
['®F1-10

Scheme 3.5. Synthesis of radiolabeled ['*F]-10
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Table 3.2. Optimization reaction conditions for ['*F]-10

No. of test Amount of precursor Time(min) % Yield
reaction (mg) (Radio-TLC)
1 1 30 61
2 1 30 56
3 1 20 41
4 1 5 48
5 0.5 5 48
6 0.25 5 23
7 1 10 57
8 0.5 10 58
9 0.25 1 28
10 1 15 59
11 0.5 15 50
12 0.25 15 31

3.2.2. Cell uptake studies
Radiotracer uptake (Figure 3.5) of ['®F]-10 in murine breast cancer cell line EMT6 and

in human triple negative breast cancer cell line MDA-MB-231 were compared to the
uptake of 6-['*F]FDF. In EMT6 cells, cellular uptake of 6-['*F]FDF reached 26.3 +2.6
% radioactivity / mg protein (n=9/3) after 60 min incubation time, whereas uptake of
['®F]-10 was determined at 2.2 + 0.3 % radioactivity / mg protein (n=9/3) after 60 min.
In MDA-MB-231 cells, a similar trend was observed for both radiotracers, with higher
uptake again for 6-['®F]FDF (3.2+0.3 % radioactivity / mg protein , n=9/3) in
comparison to ['*F]-10 (1.8 £ 0.2 % radioactivity / mg protein , n=9/3).

Cellular uptake of 6-['®F]FDF was observed to be around 9-fold higher in
murine EMT®6 cells versus MDA-MB-231 cells. However, in both the cell lines uptake
of radiotracer ['®F]-10 was determined to be lower than 6-['*F]JFDF. Older data
concerning 1-['®F]JFDAM had shown a similar uptake range of ~2 % radioactivity / mg
protein in EMT6 cells as measured for ['8F]-10.2% As cited before, higher uptake of 6-
['®F]FDF could be based on its uptake through both, GLUT2 and GLUTS, which are
found in both cell lines EMT6 and MDA-MB231.3> The observed differences in
cellular uptake levels can be based on a variety of reasons: (a) difference in expression
profile of proteins of interest (GLUTs) in both cell lines; (b) size/bulk of substitution

required for recognition and transport of the radiotracer; (c) presence of specific kinase
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enzymes to phosphorylate the radiotracer and therefore retain it inside the cell. Next
analysis steps would involve in vitro blocking studies in the MDA-MB-232 cell line
using both glucose and fructose to confirm the involvement of GLUTS and potentially
exclude involvement of GLUT?2 for the uptake of ['*F]-10.

In addition, it has been observed that TNBC cell lines such as MDA-MB-231
show higher protein expression of hexokinase II than MCF-10A and MCF7 cell lines.*?
Also, expression of ketohexokinase (fructokinase) may be of importance in different

breast cancer as it drives development of metastasis.**
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Figure 3.5. Cellular uptake experiments of 6-['8F]FDF and ['®F]-10 into murine EMT6 mammary cancer
cells and human MDA-MB-231 breast cancer cells. Data are shown as % radioactivity/mg protein over
60 min. Data are shown as mean = SEM of 9 data points from 3 different experiments.

3.2.3. In vivo studies of tumor bearing mice
In this study, PET experiments were performed using human MDA-MB-231 tumor-
bearing NIH-III xenograft mice and imaging experiments were done with both, 6-

['®F]FDF and ['®F]-10. Results revealed significant differences in muscle and tumor

111



uptake as well as in clearance parameters through heart (blood pool), liver and kidneys
as well as differences in bone and brain uptake.

Figure 3.6 depicts selected PET images presented as maximum intensity
projections for 6-['*F]FDF and ['®F]-10 at 5-, 20-, 60- and 120 min post injection (p.i.)
as collected over 2 h dynamic PET scans. After 5-20 min, tumor uptake was clearly
visible after injection of fructose derivative 6-['*F]FDF, whereas after injection of 2,5-
AM derivative ['®F]-10, a much lower overall tumor uptake was observed. After
injection of 6-['®F]FDF a high initial tumor uptake was detected at 20 min p.i.. After
120 min p.i., sufficient washout of radioactivity from non-targeting muscle tissue and
background resulted in a good tumor-to-background ratio to visualize the tumor. In
addition, bone uptake was also detected, which was indicative of an in vivo
defluorination of 6-['®F]FDF over time. In contrast, injection of ['®F]-10 did not reach
such a dominant tumor uptake, but also muscle tissue and therefore background levels
remained low. There was also no visible bone structure and therefore no in vivo
defluorination observed. At 120 min p.i. tumor uptake of ['®F]-10 reached a sufficient
contrast to be visualized in the maximum intensity projection image at a higher image

resolution (see Figure 3.6 lower right image).
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6-[°F]-FDF

5 min p.i. 20 min p.i. 60 min p.i. 120 min p.i. same mouze 120 min p.i.

['8F]-10

5 min p.i. 60 min p.i. 120 min p.i. 120 min p.i.

Figure 3.6. Representative PET after injection of 6-['*F]FDF and ['®F]-10 into the same MDA-MB-231
tumor-bearing NIH-III nu/nu mouse after 5-, 20-, 60- and 120-min post injection. Images at far right are
shown as maximum intensity projections (MIP).

Figure 3.7 summarises time-activity curves (TACs) generated for the uptake
profile of both radiotracers into tumor and muscle tissue. In the case of 6-['*F]FDF,
rapid uptake of the radioactivity was observed into MDA-MB-231 tumors reaching a
maximum level of SUV 0.84 £ 0.05 (n=3) after 20 min. At later time points, tumor
uptake of 6-['®F]FDF started to slightly decrease reaching a SUV of 0.74+0.05 (n=4)
after 120 min p.i.. In contrast to fructose derivative 6-['*F]FDF, the 2,5-AM analog,
['®F]-10 showed moderate tumor uptake peaking at 20 min p.i. (0.45+0.02, n=4) and
decreased over time reaching SUV of 0.2340.02 (n=3) after 120 min p.i.. Surprisingly,
['®F]-10 displayed somewhat greater muscle uptake at 20 min p.i. (SUV 0.54+0.08,
n=4) in comparison to the tumor tissue which eventually started to decrease rapidly
reaching similar uptake levels at 120 min p.i. (SUV 0.17£0.02 (n=3) indicating
radioactivity washout from both muscle and tumor tissue over time. In summary, ['*F]-
10 displayed much lower uptake levels in comparison to 6-['*F]JFDF with significant

differences between specific (tumor) and nonspecific (muscle) uptake. However,
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skeletal muscle cells also express different GL

contribute to the higher uptake levels of 6-['*F]F

UTs including GLUTS which could
DF.
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Figure 3.7. TACs for MDA-MB-231 tumor and muscle tissue uptake for 6-['8F]FDF and ['®F]-10 over
1 h and 2 h p.i. TACs are presented as semiquantitative SUV and mean + S.E.M. from n experiments.

Figure 3.8 depicts the TACs for the clearance profile of both radiotracers over

60 min from MDA-MB231 tumor bearing mice. By analysing the region of the heart

as indication for the blood pool, rapid clearanc

e was observed over the time course of

60 min with some difference between 6-['*F]FDF and ['®F]-10: after 60 min, 2-times

more blood radioactivity was detected after injection of 6-['*F]FDF (SUV 0.92+0.05;

n=3) versus ['*F]-10 (SUV 0.44+0.04; n=3). [

18F]-10 cleared more through the renal

system and the kidneys than 6-['®F]FDF, reaching a maximum SUV of 9.54+1.23

(n=6/3) after 6 min.

1

14



['8F1-10 6-['*F]FDF

4 kidneys (6/3)

10- 10, * kidneys (6/3)
9 94
8- 8
74 74
6 6
>
a 5+ é 5
4 4
31 34
24 24
1 1
o- T T T T T T o- T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time [min] Time [min]
44 g <> heart (blood pool) (3) 44 <> heart (blood pool) (3)
3 3
[}
3 2] | 3 2
» ! »
1
1
1
]
14 i 14 -0'_0'_0"0‘-0'0
i
1
o & o] ¢
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time [min] Time [min]

Figure 3.8. TACs of the radioactivity profile in kidney and heart (blood pool) after single intravenous
injection of 6-['*F]FDF and ['®F]-10. Data are shown as SUV and means + S.E.M. from n MDA-MB-
231 tumor bearing NIH-III nu/nu mice.

Besides renal clearance both radiotracers also got cleared through the
hepatobiliary system. As shown in Figure 3.9, clearance of 6-['"*F]FDF through liver
occured faster than ['®F]-10, but remained at higher levels after 60 min: SUV 0.95+0.04
(n=3) versus 0.55+0.04 (n=3), respectively. This was similar to the blood clearance
levels.

As reported before, the TAC of 6-['®F]FDF in bone showed uptake based on a
metabolic process in vivo. While initial uptake was observed after ~10 min (SUV
0.92+0.05, levels increased to SUV 1.48+0.15 (n=3) after 60 min p.i.. This observation
was an indication of defluorination of 6-['®F]FDF followed by subsequent bone uptake
of fluoride. After injection of ['8F]-10, no bone uptake was detected indicating that this

radiotracer was not defluorinated in vivo.

115



Another big difference between 6-['*F]FDF and ['®F]-10 is related to brain
uptake. After injection of 6-['®F]FDF, brain uptake clearly increased over time
reaching a constant steady state level after 60 min p.i. (SUV 0.96+0.06; n=3) and ['3F]-
10 was just observed to be washed through the brain in the initial blood flow during the
distribution phase but did not reach any sufficient uptake levels (SUV 0.09+0.01; n=3
after 60 min p.i..

About 3 decades ago, in 1990, a study was unable to detect GLUTS in several
types of cancer,'>* then in 1996 studies performed by Zamora-Leon et al. reported
elevated protein expression levels of GLUTS in two breast cancer cell lines.”’ As a
result, 6-['*F]FDF and ['®F]-10 were studied simultaneously in the present breast
cancer models, the murine EMT6 and the human MDA-MB-231 cell lines. However,
their uptake, accumulation and retention profiles were significantly different in both
the cell lines (in vitro) and in the MDA-MB231 tumor model (in vivo). Both the cell
lines (EMT6 and MDA-MB-231) are reported to express GLUT2, GLUTS, hexokinase

II and ketohexokinase (fructokinase).*t

Differences between the two investigated
radiotracers can be reasoned due to involvement of both, GLUT2 and GLUTS in the
uptake of 6-['*F]FDF as well as fructokinase into the trapping mechanism. On the other
hand, ['®F]-10 might have got transported through GLUTS with no interaction with
either hexokinase II or ketohexokinase resulting in washout from the tumor tissue. As
a result, it appears that developing a radiotracer that facilitates uptake via GLUTS and
undergoes phosphorylation through HK/KHK could be a key determinant of specific

detection of GLUTS in breast cancer as well as other types of cancer expressing

GLUTS.
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Figure 3.9. TACs of the radioactivity profile in liver, joint and brain after single intravenous injection
of 6-['"®F]FDF and ['®F]-10. Data are shown as SUV and means = S.E.M. from n MDA-MB-231 tumor
bearing NIH-III nu/nu mice.

3.3. Development of fluorescent 2,5-AM derived tracer

3.3.1. Introduction to fluorescent hexose probe

In order to access the metabolic state of the cell, analysis of GLUT expression is studied
through the development and investigation of GLUT targeting affinity labeled and

modified sugar analogs. As mentioned in Chapter 1, fluorescent sugar derivatives are
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evaluated to review their transport efficiency (how large fluorophore can be
accommodated by the central pore of GLUTs) along with their phosphorylation
kinetics. In addition, to alleviate the limitations associated with radiolabeling (time
constraint due to half-life, handling of radioactive materials, set up, and waste
management), there is a need to develop high affinity fluorescently labeled hexose
derivatives. For localization of fluorescent probes in tumor cell over normal cells, a
high quality diagnostic image of the tumor needs to be obtained.

Since GLUT]1 is often observed to be over expressed in many tumor cells,
several probes have been developed which could successfully achieve localization and
accumulation at the site of tumor.?? Fig. 3.10 represents some probes that have been
utilized to target GLUT1. 2-[N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-
D-glucose (2-NBDG) is reported to be delivered in various tumor cells through
GLUT1.47%4 Cy5.5-2DG (17)* and Pyro-2DG* (18) represent the near infrared
fluorescent deoxy analog that was developed to target GLUT1 machinery. In the case
of Pyro-2DG (18), preliminary confocal studies displayed that uptake of this probe can
be inhibited in presence of D-glucose suggesting Pyro-2DG as a substate of GLUT]1.
Confocal studies of Cy5.5-DG demonstrated the tumor cell uptake by several tumor
cell lines; however, its uptake was not observed to be blocked by D-glucose.
Interestingly, Glc-SiR-COOH (19, net charge = 0), showed GLUT mediated cellular
uptake whereas its methyl analog Glc-SiR-Me (net charge = -1) failed to show any
uptake, indicating the significance of net charge of the glyconjugate for efficient
cellular uptake.’! A recent study has developed dual probe (2-FBDG) having an ['*F]
radiolabel and a fluorophore and was observed it to be selectively taken up through

GLUT1.%
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Figure 3.10. Fluorescent probes utilized to target GLUTI.

However, due to inconsistent expression levels of GLUT1 in early-stage breast
cancer cells, there is a need to develop probes targeting other transporters, such as the
fructose transporters GLUT2 and GLUTS. Due to the unique substrate preference of
GLUTS for fructose, development of probes for this biomarker has gained more
attention in the past decade. Development of such probes which could undergo

enzymatic phosphorylation would help in improving the quality of diagnostic image by
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preventing the efflux of the probes. Reduced efflux of a probe would permit greater
accumulation in the target cells, resulting in a higher signal to noise ratio. Moreover,
the absence of radioactive decay in the case of fluorescence detection would also help
preserve a strong cellular signal. Along with localization of tumor, such probes can also
aid in understanding the mechanism of transport of D-fructose in healthy and tumor
cells. As a result, in this section, we will be discussing the synthesis and evaluation of

list of fluorescent probes with potential to display high affinity for GLUTS.

3.3.2. Previous studies

This section contains the development of D-fructose and 2,5-AM based probes to target
GLUTS (Figure 3.11.). Probes such as 1-NBDF!!, 1-NBDAM?>}, 6-NBDF>* and 3-
NBDAM?> were observed to be selectively transported through GLUT5 and it was
observed that transport of some probes into cells was independent of extracellular D-
glucose but dependent on D-fructose. This specific targeting of GLUTSs could render a
differentiation in imaging between GLUTS expressing vs GLUTS5 deficient cells. The
authors designed 1-NBDF, substituting C-1 position of D-fructose as position C-6
would be available for phosphorylation with hexokinase. However, in competitive
studies (with D-glucose and D-fructose) uptake of 1-NBDF seemed to be diminished
suggesting the involvement of GLUT2 transporter. The same groups of authors also
reported the fructose-cyanine conjugate (1-Cy5.5-F, 20)'! in order to study the
tolerance of fructose transporter for a bulky fluorophore as selected red dye probe could
provide real time, low background, reduced scattering, enhanced tissue penetration, and
in depth imaging along with various applications such as NIR light therapy.
Unfortunately, uptake of 1-Cy5.5-F was observed to be hexose independent as
unconjugated cyanine dye also displayed similar uptake indicating uptake of probe due
to endocytosis. 6-NBDF displayed selective uptake through GLUTS5 but was observed
to undergo rapid efflux due to absence of C6-OH for hexokinase in order to get trapped
inside the cells. With 1-NBDAM, longer retention was expected due to presence of C6-
OH. However, efflux of the majority of the internalized probe was observed after
multiple washes of the cells. This could indicate either slow phosphorylation or its

complete absence. The C-3 modified 2,5-AM probe, 3-NBDAM exhibited GLUTS5
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dependent transport into breast cancer cells. In addition, 3-NBDAM was observed to
be accumulated inside the cells with slower efflux as compared to 1-NBDAM. Based
on these observations, it can be noted that NBD being a smaller fluorophore does not
increase the bulk of overall hexose-conjugate enabling smooth passage through
GLUTs. However, there are no such reports of study of bulky fluorophores at C-3
position of 2,5-AM. Recently, coumarin conjugates of 2,5-AM (MannCou) have been
evaluated as probes for GLUTS5.% Inspired from such results, we have generated a list
of fluorescent probes bearing different fluorophores varying in size and optical

properties to study their applicability to the GLUTS transport mechanism.
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Figure 3.11. D-fructose and 2,5-AM based probes to target GLUTS

3.3.3. Design and synthesis of C-3 modified 2,5-AM fluorescent probes
Chapter 2 summarized the GLUTS recognition for 2,5-AM derivatives and it was
described that presence of a hydrogen bond donor at the C-3 position of 2,5-AM is
crucial for protein ligand interactions and provides high affinity GLUTS5 ligands. In
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addition, it was also reported that presence of hydrogen bond acceptor at same C-3
position can also generate derivatives exhibiting moderate GLUT1 affinity.>> However,
strong binding (as demonstrated through inhibition of cellular uptake of a known
GLUT ligand) does not necessarily indicate transport of the inhibitor. Therefore, to
evaluate the ability of GLUTS to transport the 2,5-AM, we designed multicolor
fluorescent probes to understand the uptake of these probes via GLUTS in tumor cells.
The range of these fluorophores would allow greater understanding of the structural
limits for transport, as determined by varying steric demand and polar features found
on the various fluorophores while holding the 2,5-AM scaffold constant. It would also
encourage in understanding the GLUTS5 uptake efficiency in presence of D-glucose and
D-fructose. The compounds shown in the Figure 3.12 were designed to retain the
critical hydrogen bond donor moiety at C-3 that appears to be necessary for recognition
by GLUTS, while varying the size and optical properties of the fluorescent label.
These studies would measure the relative fluorescence of probes inside the
tumor cells which would also give an insight on the amount of the probe taken up by
the tumor cells. The availability of free primary alcohols at C-1 and C-6 of the 2,5-AM
scaffold (mimicking the D-fructofuranose) should allow enzymatic phosphorylation of
the probe in presence of intracellular kinases. As a result, these probes were expected

to exhibit a GLUTS5 dependent uptake with low efflux.
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Figure 3.12. List of synthesized 2,5-AM derived fluorescent probes

The synthesis of fluorescent derivatives is shown in Scheme 3.6. Labeling of
C-3 amino group of 2,5-AM with fluorophore was performed by treating primary amine
functionality of unprotected 2,5-AM with the corresponding fluorophore containing
reagents. For synthesis of 21 and 22, the C-3 amino group of 2,5-AM was conjugated
with dansyl chloride or fluorescein isothiocyanate isomer I respectively in presence of
methanol at room temperature without addition of strong base. In the case of 21,
reaction proceeded through simple displacement of chloride with amine forming HCl

as the by product. Compound 22 was synthesized by adding FITC isomer I to form
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corresponding thiourea linkage. The synthesis of 23 and 24 is already mentioned in
Chapter 2 in which synthesis of NHS ester of the coumarin fluorophore was carried out

3738 and then it was conjugated to corresponding amino moiety of 2,5-AM.

separately
Compound 24 was synthesized from 23 via one additional step involving alkylation of
corresponding 23 with 2-fluoroethyl tosylate in DMF at 140 C. Several attempts were
made to form the amide bond between the carboxylic acid of the coumarin reagent and
amino group of 2,5-AM in presence of various coupling conditions. However due to
the high polarity of the starting materials and reagents used, separation of product from
polar impurities (side products, starting materials etc.) posed a challenge in obtaining
acceptable yields with higher product purity. Therefore, treating amino group of 2,5-
AM with the NHS ester of the coumarin carboxylate was examined®”>¥, and resulted in
a higher yielding reaction with easier separation. For the same reasons, probe 25 was

generated by reacting NHS ester of commercially available 7-(diethylamino)coumarin-

3-carboxylic acid with corresponding amine.>’
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Scheme 3.6. Synthesis of fluorescent probes (i) dansyl chlorie, CH3CN, Na,COs, rt, 16h, 35% (ii)
fluorescein isothiocyanate isomer I, MeOH, rt, 15h, 55% (iii) NHS ester of 7-hydroxycoumarin-3-
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50% (v) NHS ester of 7-(diethylamino) coumarin-3-carboxylic acid, MeOH, rt, 1h, 78%.
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For the synthesis of the rhodamine conjugated derivative 28, Schemes 3.7, 3.8
and Table 3.3 describe the optimization methods that were explored to generate the red
fluorescent probe. As shown in Scheme 3.7, synthesis was started from activating the
carboxylic acid of rhodamine B (26) as its NHS ester. After obtaining the N-hydroxy
succinimide analog (27), coupling of 27 with the amino group of 2,5-AM resulted in
only small traces of desired product 28, along with mostly recovered starting material.
Table 3.4 describes the optimization conditions used to directly couple rhodamine B
with the amino group of 2,5-AM in the presence of various coupling agents.
Unfortunately, all the conditions gave only trace amounts of product (as detected via
LC-MS) which could not be isolated after chromatographic purification, along with
mostly recovered starting materials. Given the difficulties observed with conjugation
via amide linkage, we then turned our attention to rhodamine isothiocyanate 29 as the
derivatizing reagent. However, after carrying out this reaction, a complex mixture was
obtained, and its separation into homogeneous products proved to be challenging. In
light of the number of other diverse fluorescent probes in hand (Table 3.4), we elected

to proceed to confocal microscopy studies without the desired rhodamine conjugate.
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Scheme 3.7. Attempted synthesis of rhodamine B conjugate mannitol derivative

Table 3.3. Optimisation studies for coupling of rhodamine B with C-3 amino 2,5-AM

0]
HO, HN
__________ - \ rhodamine-B
HO
\\\‘ O
OH
28
No. of Coupling Solvent Temperature Observations
conditions agents
1 EDC DMF rt SM recovered
EDC DMF 100°C Messy NMR
3 HBTU, DMF rt Messy NMR
TEA
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mixture of isomers observed

Scheme 3.8. Attempted synthesis of rhodamine isothiocyanate conjugate 2,5-AM derivative

Table 3.4. Observed optical properties of fluorescent probes

Compound 4 (excitation, nm) A (emission, nm)

3-DAM 334 519
3-FAM 492 519
3-HCAM 342 447
3-FECAM 347 402
3-NMCAM 406 473

3.3.4. Confocal Microscopy
To further analyze and confirm that the synthesized fluorescent probes were taken up via
GLUTS (as opposed to other GLUTs or passive diffusion across the cell membrane),
qualitative confocal microcopy experiments were performed using the murine breast
cancer cell line EMT6. As observed from the optical properties of the probes (Table
3.4), all of the compounds emited light in the blue to green spectral region, in which
interference from endogenous fluorophores could confound the microscopy studies.
Therefore, it was important to determine the intrinsic fluorescence of the cells.
Before each probe was evaluated, cells were subjected to a blank sample containing
0.1% DMSO to measure for autofluorescence using a fluorescence microscope with
different filter sets. All the samples having blank displayed autofluorescence of low
intensity suggesting small interference in studying the uptake of probes. All these
experiments were performed by incubating a fixed concentration of the probe (e.g.,100

uM) for 1 hour at 37C. In case of probes 3-DAM (21) and 3-FAM (22), DAPI was
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used for labeling of nucleus to study distribution and accumulation of probes. In this
section, we will be discussing the images obtained for each fluorescent probe in uptake

and competition experiments.

(A) 3-DAM (21)

As shown in Figure 3.13, there is evident cytosolic uptake of the dansyl probe, 3-DAM.
In addition to greater fluorescence intensity in comparison to DMSO, incubation of this
probe resulted in a significant cell fluorescence indicating involvement of hexose
transporters in mechanism of uptake. To further confirm the role of GLUTS in this
uptake, coincubation studies were performed in presence of large concentration of
extracellular D-glucose and D-fructose. In presence of D-glucose, intracellular uptake
of 3-DAM wasn’t significantly affected as no inhibition in fluorescence was observed.
Interestingly, with an addition of D-fructose, dramatic reduction in the fluorescent
signal confirmed the significant role of fructose transporter GLUTS as the principal
transporter of probe. It is difficult to state the role of GLUT2 in the uptake as this
transporter mediates passage of both D-glucose (high affinity) and D-fructose, and so
one would expect minimal inhibition in fluorescence of probe in the presence of the

preferred GLUT?2 substrate (D-glucose).
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3-DAM (100 pM)

3-DAM (100 pM) 3-DAM (100 pM)
+ Glucose (20 mM) + Fructose (10 mM)

Figure 3.13. Confocal images obtained after incubation of EMT6 cells with 3-DAM and the response
to the presence of extracellular D-glucose (20mM) or D-fructose (10 mM). Green fluorescence = 3-
DAM(334/519 nm), Blue fluorescence =DAPI to visualize the nuclei.

(B) 3-FAM (22)

Microscopy experiments using fluorescein conjugate 3-FAM were the first to employ
a probe bearing a much bulkier fluorophore at C-3 position of 2,5-AM (Figure 3.14).
As judged by the low fluorescence intensity in the case of DMSO blank, no significant
autofluorescence was observed in this filter set (FITC). Incubation of EMT6 cells with
100 uM of probe (3-FAM, 22) resulted in an increased intracellular fluorescence signal
suggesting that 3-FAM was also taken up into these cells. To investigate the
internalization of 3-FAM, competitive studies with D-glucose and D-fructose were

performed. No diminution of fluorescence intensity was observed on coincubation with
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D-glucose. In the presence of D-fructose, we observed a complete reduction of the
overall fluorescence signal including the background. In that case, the present results
may suggest that 3-FAM is also transported through GLUTS indicating that these
transporters possess the tolerance to transport the fluorescein moiety as a cargo

attached to 2,5-AM.

3-FAM (100 pM)

3-FAM (100 uM) 3-FAM (100 uM)
+ Glucose (20 mM) + Fructose (10 mM)

Figure 3.14. Confocal images obtained after incubation of EMT6 cells with 3-FAM and the response to
the presence of extracellular D-glucose (20mM) or D-fructose (10 mM). Green fluorescence = 3-
FAM(492/519 nm), Blue fluorescence =DAPI to visualize the nuclei.

(C) 3-HCAM (23)

Incubation of EMT6 cells with the hydroxy coumarin conjugate 23 produced a bright
blue fluorescence signal indicating internalization by the cells (Figure 3.15). Addition
of a large excess of extracellular D-glucose had a minor effect on the fluorescence

signal. In presence of large amount of D-fructose, significant inhibition in intensity of
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signal was observed with nucleus voids more clearly visible. As with the earlier
examples, these results provide positive evidence for the principal involvement of

GLUTS in the uptake of this probe molecule.

DMSO 3-HCAM (100 pM)

3-HCAM (100 pm) 3-HCAM (100 puM)
+ Glucose (20 mM) + Fructose (10 mM)

Figure 3.15. Confocal images obtained after incubation of EMT6 cells with 3-HCAM and the respnse
to the presence of extracellular D-glucose (20mM) or D-fructose (10 mM). Blue fluorescence = 3-
HCAM(342/447 nm).

(D) 3-FECAM (24)

Probe molecule 24 (3-FECAM) is the alkylated version of the coumarin conjugate 23
(Figure 3.16.). As evident from optical properties, this alkylation resulted in subsequent
quenching of emission wavelength. This reduction in excitation/emission wavelength
posed a challenge in finding optimal filter set for imaging. Cells incubated with this
probe were imaged under the same filter set as DAPI. As observed from the images,

uptake of 3-FECAM was clearly visualized due to increase in the fluorescence signal.
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However, the coincubation experiments indicated no evidence for significant inhibition

of fluorescence in the presence of either D-glucose or D-fructose.

This suggests that this probe doesn’t selectively use the GLUTS transporter to
enter the cell. Even though this probe displayed some potency to inhibit 6-['*F]-FDF
uptake (ICs0=2.01 mM) which would be indicative of an interaction with the GLUT
transporters, the confocal imaging experiments exclude an active cell uptake. On the
contrary, we did observe some localized accumulation of the probe inside the cell
indicating of a potential passive uptake of 3-FECAM. Further studies are needed to

understand its molecular uptake mechanism.

3-FECAM (100 pM)

3-FECAM (100 pM) 3-FECAM (100 uM)
+ Glucose (20 mM) + Fructose (10 mM)

Figure 3.16. Confocal images obtained after incubation of EMT6 cells with 3-FECAM and the response
to the presence of extracellular D-glucose (20mM) or D-fructose (10 mM). Blue fluorescence = 3-
FECAM(347/402 nm).

(F) 3-NNECAM (25)
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Confocal microscopy experiments with aminocoumarin conjugate 25 produced
similar uptake behaviour to what was seen with the previous probes (Figure 3.17).
Significantly greater fluorescence intensity was observed relative to the DMSO blank,
but the effect of extracellular D-glucose or D-fructose resulted in the overall reduction
of the signal. Coincubation with D-fructose produced a less bright signal as compared
to D-glucose. This might suggest the transport of this probe through both GLUT2 and
GLUTS.

3-NNECAM (100 pM)

3-NNECAM (100 puM) 3-NNECAM (100 pMm)
+ Glucose (20 mM) + Fructose (10 mM)

Figure 3.17. Confocal images obtained after incubation of EMT6 cells with 3-NNECAM and the
response to the presence of extracellular D-glucose (20mM) or D-fructose (10 mM). Blue fluorescence
=3-HCAM(406/473 nm).

3.4. Conclusion
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In summary, presented experimental results demonstrates the importance of developed
molecular probes to image selective uptake through GLUTS in breast cancer cells and
tumors. ['*F]-10 was envisioned as a novel PET radiotracer for imaging of GLUTS
expression in vitro and in vivo. The goal of the present study was to investigate the
radiopharmacological profile of ['*F]-10 in comparison to 6-['*F]FDF in murine EMT6
and human MDA-MB-231 tumor cells. It was found that 6-['®F]-FDF exhibits an
overall higher cell uptake than ['®F]-10 in both cell lines. However, while, 6-['*F]-FDF
resulted in a higher overall MDA-MB231 tumor uptake after 2 h post injection, it also
possesses a significant muscle tissue uptake, and it is not selective as it is transported
by both GLUT2 and GLUTS. It also shows some metabolic instability as it was
observed to be defluorinated over time in vivo. Compound ['®F]-10 on the other hand,
maybe more specific for GLUTS, results in a lower tumor and muscle uptake with no
increasing tumor-to-muscle ratio in vivo. ['*F]-10 also displayed a slower metabolism
in vivo and therefore better stability in comparison to 6-['*F]-FDF as it was evident
from radioactivity levels analyzed in the bone. Further studies are needed to confirm
the selective uptake of ['®F]-10 via GLUTS and its potential phosphorylation pattern
via fructokinase, although its MDA-MB231 tumor tissue washout pattern over time
may be indicative of no phosphorylation.

In addition to the radiotracer ['®F]-10, five fluorescent 2,5-AM derivatives
were synthesised and evaluated in cell culture for their ability in detecting GLUTS in
breast cancer. All the five derivatives displayed good uptake (cytosolic accumulation)
in cancer cells. Importantly, it was found out that three out five derivatives displayed
uptake behaviour suggestive of its utilization of the D-fructose uptake machinery
(especially GLUTS). The size of the fluorophore did not seem to affect the transport of
the probe molecules via GLUTS. This indicates the potential of labeling 2,5-AM with
fluorophores in the NIR region useful for in vitro and in vivo. In contrast, the remainder
two fluorescent probes displayed only nonspecific uptake into EMT6 breast cancer
cells and are therefore not useful for specific targeting of GLUTS. Overall, the work

here provides support for the objective of developing radiolabeled and fluorescent
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probe molecules targeting the GLUTS5 biomarker as an approach for imaging breast

cancer in vitro and in vivo.

Future studies will include further study of [18F]-10, including effect of
extracellular D-fructose and D-glucose, as well as careful analysis of its

phosphorylation kinetics in the presence of KHK or hexokinase II.

3.5. Experimental section
3.5.1. Chemical synthesis

Materials and methods

Reactions were carried out in oven-dried glassware under a positive argon or nitrogen
atmosphere unless otherwise stated. Transfer of anhydrous solvents and reagents was
accomplished with oven-dried syringes or cannula. Solvents were distilled before use,
and dimethylformamide (DMF) and acetonitrile (MeCN) were distilled from calcium
hydride. Chemicals were purchased from Sigma-Aldrich Inc. and were used without
further purification. Thin layer chromatography was performed on glass plates
preloaded with 0.25 mm silica gel matrix. Flash chromatography columns were packed
with 230—400 mesh silica gel. Optical rotations were measured with Perkin Elmer 241
polarimeter, at 22 + 2 °C. Proton nuclear magnetic resonance spectra ('"H NMR) were
recorded at 500 MHz or 700 MHz and coupling constants (J) are reported in Hertz
(Hz). Standard notation was used to describe the multiplicity of signals observed in 'H
NMR spectra: broad (br), multiplet (m), singlet (s), doublet (d), triplet (t), etc. Carbon
nuclear magnetic resonance spectra (1*C NMR) were recorded at 100 MHz or 125 MHz
and are reported 6 (ppm) relative to the center line of the septet from methanol-d4 (49.3
ppm), triplet of chloroform-d (77.2 ppm), or septet of DMSO-ds (39.5 ppm). Infrared
(IR) spectra were measured with a FT-IR 3000 spectrophotometer. Mass spectra were
determined on a high-resolution electrospray positive ion mode spectrometer.
Synthesis of the probes (3, 10, 11, and 21-24 employed the procedures described in
Chapter 2).

3-deoxy-3-[N-(7-(diethylamino) coumarin-3-carboxamide)amino]-2,5-anhydro-
D-mannitol, NNECAM (25)
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In a one-neck 50 mL round bottom flask, maintained under N2 atmosphere, C-3 amine
2,5-AM (0.13 g, 0.61 mmol) was dissolved in MeOH (10 mL). NHS ester of 7-
diethylamino coumarin-3-carboxylic acid’’® (0.33 g, 0.91 mmol) was added to the
flask and vigorous stirring of the homogenous mixture was continued at room
temperature for 15 h. MeOH was removed under reduced pressure and the crude
compound was purified via silica gel column chromatography using a DCM/MeOH
solvent mixture (gradient from 100:0 to 94:6). Fractions containing the desired product
were combined and concentrated under vacuum to provide NNECAM (25) (0.16 g,
64%) as a bright yellow sticky solid. R 0.45 (DCM/MeOH, 90:10); [a]p*’ = -8.84 (c
0.26, MeOH); FT-IR (cast film) 3308, 2966, 2931, 2878, 1698, 1617, 1581, 1536, 1513,
1454, 1420, 1379, 1353 cm™'; 'H NMR (700 MHz, CD3OD): &= 8.64 (d, J = 0.7 Hz,
1H), 7.56 (d, J=9.0 Hz, 1H), 6.83 (dd, /= 9.0, 2.5 Hz, 1H), 6.59 (d, J=2.3 Hz, 1H),
4.38 (t,J=6.8 Hz, 1H), 4.20 (t, /= 6.5 Hz, 1H), 3.95 (ddd, /= 7.1, 5.5, 3.6 Hz, 1H),
391 (ddd, J=6.5,4.7, 3.0 Hz, 1H), 3.77 (dd, J=11.9, 2.9 Hz, 1H), 3.75 — 3.73 (m,
1H), 3.69 (dd, J = 12.0, 5.5 Hz, 1H), 3.66 (dd, /= 11.9, 4.6 Hz, 1H), 3.54 (q, J= 7.1
Hz, 4H), 1.24 (t, J = 7.1 Hz, 6H); 3*C NMR (176 MHz, CD3OD): &= 164.4, 162.6,
157.8,153.3,148.9,131.3,110.3, 108.3, 108.0, 95.8, 84.10, 83.0, 76.0, 62.4, 61.6, 58.5,
44.5, 11.2; HRMS (ESI) calcd for C20H26NaN207 [M+Na'] 429.163; found 429.1632.
Radiotracer Synthesis

['*F]-10

13[F]-FBA (4-['®F]-fluorobenzaldehyde) can be made either on the automated synthesis
unit (ASU) or manually. The preference is to do this on the ASU as it allows for much
higher amounts of '*F to be used (up to 20 GBq rather than 1 GBq doing it manually)
which allows for a much higher concentration of ['*F]-4-fluorobenzaldehyde. 5-10 mg
of the trimethylammonium-benzaldehyde precursor is dissolved in a minimal amount
of the extra-dry acetonitrile (usually 300 ulL, or 1 mL on the ASU). Corresponding
solution is added to the '®F and reacted for 15 minutes at 85 °C. Purification is done
using a C-18 Strata cartridge (primed with ACN and water) and eluted in acetonitrile
(typically in 1.5 mL when done manually, or 3 mL on the ASU). This is then analyzed
by TLC using 30% ethyl acetate in hexane (Rf = 0.8) or HPLC. While synthesis of
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18[F]-FBA is going on, synthesis of ['*F]-10 is carried out in a separate chamber. 1 mg
of the precursor I is treated with 50/50 solution (20 total uL) of TFA and DCM to
remove boc for 1 hour. Once deprotected, 400 pL of H20 and 400 pL of the 3[F]-FBA
(350 MBq of ['"*F]-FBA with purity >90%) containing acetonitrile is added (total 800
puL) to deprotected precursor I and reacted at 50 °C for 30 minutes. It has been shown
the reaction goes well in slightly acidic conditions (0.2% TFA in water mixed with
acetonitrile), allowing the aldehyde to react to form oxime. The compound is then
purified via HPLC (3 ml/min, 20% ACN in 0.2% TFA water for 5 minutes, increasing
to 30% over 5 more minutes, then up to 90% over an additional 10 minute, holding at
90% acetonitrile for 10 minutes). Retention time was observed at 16.7 minutes (16.6
on UV detector, 16.8 on radio detector). TFA and organic solvent were evaporated, and

the product was diluted in appropriate buffer for cell studies.

3.5.2. Biological experiments

Buffer solutions
Glucose-free Krebs—Ringer buffer solution (120 mM NaCl, 25 mM NaHCOs3,

4 mM KCl, 1.2 mM KH2POs, 2.5 mM MgSOs, 70 uM CaClz, pH 7.4) was used for the
studies with EMT6 cells. Cold phosphate-buffered saline (PBS) was used to wash the
extracellular probes (137 mM NaCl, 2.7 mM KCI, 10 mM Na:HPO4, 2 mM KH2POs).
RIPA buffer (Sigma-Aldrich, St. Louis, MO, U.S.A.) was used for cell lysis.

Cell culture
Murine mammary gland tumor cells EMT6 (ATTC CRL-2755TM) and human BC

cells MDA-MB231 (ATCC® HTB-26™) were grown in a CO2 incubator at 37°C, in
Gibco® DMEM/F-12 supplemented with 10% fetal bovine serum (GIBCO, 12483) and
1% penicillin/streptomycin and split every 2-3 days.

In vitro cell uptake of '3F-labeled radiotracers

For radiotracer uptake studies, cells were grown to confluence in 12-well plates using
in Gibco® DMEM/F-12 medium (containing 10% fetal bovine serum (GIBCO, 12483)
and 1% penicillin/streptomycin). One hour prior to the experiment, the media was

removed, and the cells were washed two times with phosphate-buffered saline solution
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(PBS). Next, glucose-free Krebs-Ringer solution (120 mM NaCl, 4 mM KCl, 1.2 mM
KH2PO4, 2.5 mM MgSOs4, 25 mM NaHCO3, 70 uM CaClz, pH 7.4) was added to the
cells. 500 ul Krebs-Ringer (with or without 5 mM glucose or 30 mM fructose) solution
with 0.1-0.5 MBq '®F-labeled radiotracer was added to each well and the plates were
incubated at 37 °C for specific periods of time (5, 10, 15, 30, 45 and 60 min). Radiotracer
uptake was stopped with 1mL ice-cold PBS, the cells were washed twice with PBS and
lysed in 0.4mL radioimmunoprecipitation assay buffer (RIPA buffer). Radioactivity in
the cell lysates was determined as counts per minute [CPM] using a WIZARD2
Automatic gamma counter (Perkin Elmer; Waltham, MA, USA) and converted to the
radioactivity dose SI unit Bequerel [Bq]. Total protein concentration in the samples
was determined by the bicinchoninic acid method (BCA; Pierce, Thermo Scientific
23227) using bovine serum albumin as protein standard. Data were calculated as
percent of measured radioactivity per mg protein (% radioactivity / mg protein). Cell
uptake of 6-['®F]FDF and ['®F]-10 over a 60 min incubation time was compared in
murine EMT6 versus human MDA-MB231 BC cells. Graphs were constructed using
GraphPad Prism 5.0 (GraphPad Software).

In Vitro inhibition of 6-['®F]FDF cell uptake

Competition binding experiments of 2,5-anhydro-D-mannitol derivatives and D-
fructose were carried out in a dose-dependent manner to determine half-maximum
inhibition concentrations (ICso). Solubility: A) Fructose - freely soluble in Krebs—
Ringer buffer; B) 2,5-AM derivatives - all the samples were first dissolved in <0.1%
DMSO and were further diluted using Krebs—Ringer buffer according to the desired
concentration maintaining <0.1% DMSO; C) Blank - 0.1% DMSO. EMT6 cells were
grown to confluence in 12-well cell culture plates with media renewal every 2 days.
One hour prior to the experiment, cell culture media was removed, and the plates were
washed twice with glucose-free Krebs—Ringer buffer solution. To each well, 1 mL of
glucose-free Krebs—Ringer buffer solution was added and incubation at 37°C was
continued for 1 h under the glucose-free condition. After one hour, Krebs—Ringer
buffer was removed. To each well 400 uL of glucose-free Krebs—Ringer buffer was

added containing 0.1-0.5 MBq of 6-['®F]FDF and different concentrations of the 2,5-
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AM derivatives (solution prepared in Krebs—Ringer buffer of desired concentration) 3—
11 (1010 and 3x102 M) or fructose (10> — 1 M) and no compound at all for
comparison (=100% uptake). After 60 min incubation time, radiotracer uptake was
stopped with 1 mL of ice cold PBS, and the cells were washed twice with PBS and
lysed in 0.4 mL radioimmunoprecipitation assay buffer (RIPA buffer). Radioactivity
in the cell lysates was then determined as counts per minute (CPM) using a WIZARD2
automatic g-counter (Perkin Elmer, Waltham, MA, USA) and converted to the
radioactivity dose SI unit Becquerel (Bq). Data was analyzed as percentage of
maximum uptake of 6-[18F]FDF. Graphs were constructed using GraphPad Prism 5.0
(GraphPad Software, San Diego, CA, USA) and half-maximum inhibition
concentrations (ICso) were determined by graphical analysis of the concentration-

inhibition curves.

Animal model

All animal experiments were carried out in accordance with guidelines of the
Canadian Council on Animal Care (CCAC) and were approved by the local animal
care committee of the Cross Cancer Institute. Human MDA-MB-231 cells, which
form xenografts in female mice, were injected subcutaneously (2-5x10° cells in 100
pL PBS) into 8-10 weeks old female NIH-III nu/nu mice (Charles River, Wilmington,
MA, USA). Tumors were imaged after 3-4 weeks when reaching sizes ranging from

300500 mm°.

In vivo PET experiments

MDA-MB-231 tumor bearing NIH-III nu/nu mice were anesthetized with isoflurane
in 40% oxygen / 60% nitrogen (gas flow, 1 L/min) and body temperature was kept
constant at 37°C for the entire experiment. Mice were positioned and immobilized in
the prone position into the centre of the field of view of an INVEON® PET scanner
(Siemens Preclinical Solutions, Knoxville, TN, U.S.A.). A transmission scan for
attenuation correction was not acquired. The amount of radioactivity [Bq] present in
the injection solution in a 0.5 mL syringe was determined with a dose calibrator
(AtomlabTM 300, Biodex Medical Systems, New York, U.S.A.). After the emission

scan was started, radioactivity was injected with a delay of approximately 15 s. Data

140



acquisition continued for up to 120 min in 3D list mode. 4-8 MBq of !®F-labeled
radiotracer in 100 -150 pL saline was injected through a tail vein catheter. The list
mode data were sorted into sinograms with 59 time frames (10x2s,8x5s,6x 10s,
6x20s,8x60s,10x 120s, 10 x 300 s). The frames were reconstructed using
maximum a posteriori (MAP) reconstruction mode. No correction for partial volume
effects was performed. The image files were further processed using the ROVER
v2.0.51 software (ABX GmbH, Radeberg, Germany).

Masks defining 3D regions of interest (ROI) were set and the ROIs were defined
by thresholding. ROIs covered all visible tumor mass of the subcutaneous tumors, and
the thresholds were defined by 50% of the maximum radioactivity uptake level for each
EMT6 tumor in each animal. Mean standardized uptake values [SUVmean = (activity
[Bq]/mL tissue)/(injected activity [Bq]/body weight), mL/kg] were calculated for each
ROI. Time-activity curves (TAC) were generated from the dynamic scans. All semi-
quantified PET data are presented as means + SEM. Time-activity curves were

constructed using GraphPad Prism 5.0 (GraphPad Software).

Confocal microscopy experiments
For probes: 3-DAM (21), 3-FAM (22)

The procedure was adapted from Kondapiet al.>

EMT6 cells were grown on
coverslips to ~90% confluency. 1 h before the assay, the cell media was removed, and
the cells were rinsed with pH 7.4 PBS twice. The cells were then incubated at 37 °C
with 1 mL of Krebs buffer. The buffer was aspirated, and the cells were treated with 1
mL of either 100 uM Probe or 100 uM Probe + 20 mM D-glucose or 100 uM Probe
+ 10 mM D-fructose (in pH 7.4 Krebs buffer) for 1 h at 37 °C. The treatment was
aspirated, then the cells were washed with ice-cold PBS twice. The cells were then
incubated for 7 min at rt with 1 mL of 3.5% PFA in PBS. After PFA removal, the cells
were permeabilized using 1 mL of 0.02% Triton X-100 in PBS for 5 min. The
permeabilizing solution was removed and the cells were washed with PBS. Then the

cells were treated with 1 mL of 0.3 pumol mL ™' DAPI in PBS for 15 min. The DAPI

solution was removed and the cells were rinsed with PBS. The coverslips were then
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mounted onto microscopy slides using 15 uL. of Mowiol. The slides were then imaged

using the same settings on the Leica SP8 Falcon STED.

For probes: 3-HCAM (23), 3-FECAM(24), and 3-NNECAM (24).

The procedure was adapted from Kondapiet al> EMT6 cells were grown on
coverslips to ~90% confluency. 1 h before the assay, the cell media was removed, and
the cells were rinsed with pH 7.4 PBS twice. The cells were then incubated at 37 °C
with 1 mL of Krebs buffer. The buffer was aspirated, and the cells were treated with 1
mL of either 100 uM Probe or 100 uM Probe + 20 mM D-glucose or 100 uM Probe
+ 10 mM D-fructose (in pH 7.4 Krebs buffer) for 1 h at 37 °C. The treatment was
aspirated, then the cells were washed with ice-cold PBS twice. The cells were then
incubated for 7 min at rt with 1 mL of 3.5% PFA in PBS. After PFA removal, cells
were rinsed with PBS. The coverslips were then mounted onto microscopy slides using

15 pL of Mowiol. The slides were then imaged using the same settings on the Leica

SP& Falcon STED.
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Chapter 4

A novel fluorescence-based assay for the identification
of GLUTS inhibitors through systematic screening of
2,5-anhydro-D-mannitol derivatives?

4.1. Introduction

Hexoses are an explicit energy source and the most essential fuel for cellular
metabolism.! Bearing polyhydroxy substitutions, hexoses are very hydrophilic moieties
that are not able to traverse the lipid cell membrane via simple diffusion. Instead,
mammalian facilitative hexose transporters (GLUTs) mediate hexose trafficking from
extracellular space to intracellular space and vice versa.>* Two main distinct types of
hexose transporters have been identified; sodium-glucose co-transporters (SGLTs) and
glucose transporters (GLUTs). In SGLTs, energy for active hexose transport is fueled
by the sodium ion gradient across the cell membrane, whereas the GLUTs allow the
passage of hexoses across the plasma membrane employing a facilitated diffusion
mechanism, using existing chemical or electrochemical gradients.*

These GLUT proteins, encoded by the solute carrier (SLC2) genes, have been
further divided into fourteen known isoforms, all of which have well established roles
and a distinct pattern of tissue distribution, acting as transporters in different tissues
and cell types.” For instance, GLUT]1 is mostly localized in erythrocytes as well as the
blood-brain barrier and responsible for the vital transport of glucose into the brain,®’
while GLUT4 is the major insulin-responsive glucose transporter that is distributed in

the skeletal muscles, adipocytes, and cardiomyocytes.'® GLUTS is predominantly

expressed in the small intestine and one of its primary functions is mediating dietary

®The contents of this chapter have been copied and/or adapted from the following
manuscript in preparation: Rana, N.; Aziz, M.A.; Serya, R.A.T.; Lasheen, D. S.; Samir,
N; Abouzid, K.A.M.; West, F.G. A novel fluorescence-based assay for the
identification of GLUTS inhibitors through systematic screening of 2,5-anhydro D-
mannitol derivatives.
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fructose uptake across the apical membrane of the small intestine.!! Based on amino
acid sequence, substrate preferences, tissue specificity, and structural similarity,
GLUTs have been classified into three major groups. Class I comprises GLUTs 1-4
and 14 and primarily facilitates D-glucose transport. Class-II is composed of GLUTs 5,
7,9, and 11, showing relatively high specificity towards D-fructose. However, the Class
III family (GLUTs 6, 8, 10, 12, and 13) is structurally atypical and its functional activity
is still poorly understood.*”-12"15

Plenty of disease states such as obesity, insulin resistance diabetes, gout, and
non-alcoholic fatty liver diseaseare characterized by alteration in the expression
patterns of hexose transporters (GLUTSs).'®?° Consequently, interest in these GLUT
transporters have grown recently as they were found to be overexpressed in tumor cells
owing to faster cell division and altered metabolic profiles, demanding a continuous
supply of hexose fuel.?*2? Of the 14 GLUT family members, GLUT5 shows a unique
substrate preference towards D-fructose, the second most abundant energy substrate in

tumor cells.!'Intrestingly, this high affinity fructose transporter exhibits overexpression

23,24 25,26

in breast carcinoma cell lines, along with other numerous cancers,”>~° while tightly
regulated in normal healthy tissues.!’” Such dependence of the metabolically
compromised cancer cells on high nutrient uptake provides avenues to exploit GLUTS5
as a valuable target in anticancer imaging and therapeutic approaches.

GLUTS, together with other GLUT transporter proteins, belongs to the larger
major facilitator superfamily (MFS), having a barrel structure in which two clusters of
six transmembrane helices surround the central aqueous pore containing the substrate
binding site.?’2° Recent X-ray crystal structure analyses suggest that hexose transport
is achieved through a conformational shift of the protein folding between outward-
open, occluded, and inward-open conformational states.?’ " The existence of certain
critical hydroxyl substituents as well as their stereochemistry on the D-fructose
molecule tends to play a fundamental role in the D-fructose-GLUTS binding process.
The carbon skeleton of D-fructose, in addition, is believed to be responsible for the

nonpolar interactions between D-fructose and hydrophobic amino acid residues of the

GLUTS protein.*!6-2831
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Previously performed structure activity relationship studies on GLUTS
substrates demonstrated the ability of its binding pocket to accept D-fructose in its
furanose and pyranose ring forms.>? Moreover, the C-1, C-3 and C-4 hydroxyl groups
of the D-fructose molecule appear to form essential hydrogen bonding interactions with
specific amino acid residues within the binding pocket for efficient uptake.'®*?3? In
contrast, the role of the hydroxyl groups at C-2 and C-6 was found to play a
insignificant role in substrate recognition, rendering several C-6 labeled D-fructose
analogs readily handled by GLUTS5.!%3235 Nevertheless, after GLUTS mediated
transport into intracellular space, accumulation of these probes inside the cells is
hampered and substantial efflux occurs due to masking of C-6 hydroxyl group as a
potential site for phosphorylation by hexokinase enzymes, resulting in loss of metabolic
trapping.>®*” Elimination of the C-2 hemiacetal hydroxyl group of D-fructose attained
a fructose analog with Cz2-symmetry, 2,5-anhydro-D-mannitol (2,5-AM), which closely
resembles the methyl-B-D-fructofuranoside structure and exhibit slightly higher
affinity to GLUTS5 than D-fructose.* To resolve the high efflux property observed with
C-6 modified D-fructose analogs, the two primary hydroxyl groups at C-1/C-6 of 2,5-
AM should be left untouched, while modifications at C-3 or C-4 positions could be
evaluated for their tolerability by GLUTS.

In an early thorough study conducted by our group, a detailed structure activity
relationship analysis was carried out through a series of C-3 modified 2,5-AM-based
derivatives, exhibiting different hydrogen bond donor/acceptor properties. It was
emphasized that retention of hydrogen bond donor ability at the C-3 position is key for
GLUTS mediated uptake with very high affinity.’® In a further complementary study,
aiming to provide more broad insight into GLUTS structural demands and binding
pocket requirements, we have synthesized a selection of C-3 derived 2,5-AM probes,
installed with different hydrogen bond donor moieties.>* The transport properties of
these probes were investigated in the GLUTS5-expressing murine breast cancer cell line
EMT6 against the radiolabeled GLUTS5 substrate, 6-['*F]-deoxy-6-fluoro-D-fructose
(6-['F] FDF), using the non-radiolabeled fructose derivative and 6-FDF (I) as the

reference compound (Figure 4.1).3%37 Relative to 6-FDF, several compounds displayed
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strong inhibitory activity on 6-['®F]FDF uptake into EMT6 cells (refer to Chapter 2).
Figure 4.1 presents reported analogs and inhibitors that acts through different GLUT
pathways.35:38:40-42

In this current study, a novel fluorescence-based assay has been developed with
the ultimate purpose of evaluating the affinity of various C-3 modified 2,5-AM
compounds to GLUTS, using our own synthesized reference compound, 6-NBDF (II)
(Figure 4.1). This fluorescently labeled fructose analog is exploited as an alternative
reference compound to 6-['®F]FDF, eliminating the need to synthesize any radiolabeled
moiety. Accordingly, an extended series of our previously synthesized C-3 derived 2,5-
AM compounds, bearing hydrogen bond donor functionalities (namely anilines,
amides, sulfonamides, ureas, and thioureas) were evaluated in murine EMT6 mammary
cells utilizing this new fluorescent-based assay (Figure 4.2). In addition, we also

performed this assay with compounds depicted in Figure 4.1 by treating them as

reference compounds.
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Figure 4.1. Compounds acting on different GLUT pathway
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Figure 4.2. A series of C-3 derived 2,5-AM compounds

4.2. Results and Discussion

4.2.1. Synthesis of C-3 modified 2,5-AM derivatives

Various C-3 derived 2,5-AM compounds (2-15) were synthesized according to the
synthetic route depicted in Scheme 4.1. The key intermediate 3-amino-3-deoxy-2,5-
anhydro-D-mannitol (1) was prepared according to the procedure reported in our
previous study,*> and was then functionalized to different C-3 modified 2,5-AM
derivatives. (Scheme 4.1) Compounds 2, 6, 7, 8, and 10 were synthesized according to
the reported procedure.*® Herein, the pyrido aniline derivatives (3 and 4) were obtained
through reacting amine (1) with 2-chloro-3-nitropyridine and 2,6-difluoro-3-
nitropyridine, respectively in DMF, while the synthesis of the amide derivative (5) was
accomplished by treating the amine (1) with N-succinimidyl 3-phenylpropanoate in
methanol. Formation of compounds 3 and 4 occurred via ipso substitution. In case of
4, regioselectivity was observed as amino group of 2,5-AM displaced fluoro group at

C-2 position of pyridine reagent. Formation of compound 5 proceeed through the

153



reaction of NHS ester with amino group of 2,5-AM forming an amide bond and N-
hydroxy succinimide as the by product. Regarding sulfonamide derivative (9), its
preparation involved condensation reaction between amine (1) and 4-fluoro-3-
nitrobenzenesulfonyl chloride in presence of sodium carbonate and acetonitrile at
ambient temperature. To afford thiourea compound (11), amine (1) was reacted in with
4-fluorophenyl-2-(trifluoromethyl) phenyl isothiocyanate in methanaol for 15 hours.
Finally, amine (1) was treated with different isocyanate derivatives in DMF at room

temperature affording the urea derivatives (12-15) in good to moderate yields. (Scheme

4.1)
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Scheme 4.1. Synthesis of C-3 derived 2,5-AM compounds. Reagents and conditions: a) 2-chloro-3-
nitropyridine, NaHCOs3;, DMF, RT, 12 h then 80 °C, 15 h, 47%; b) 2,6-difluoro-3-nitropyridine,
NaHCOs;, DMF, RT, 2 h, 50%; ¢) N-succinimidyl 3-phenylpropanoate, MeOH, RT, 2 h, 80%; d) 4-
fluoro-3-nitrobenzenesulfonyl chloride, Na,COs;, MeCN, RT, 16 h, 60%; e) 4-fluorophenyl-2-
(trifluoromethyl)phenyl isothiocyanate, MeOH, RT, 15 h, 54%; f) Isocyanate derivatives: Benzyl
isocyanate, 4-fluorophenyl isocyanate, 4-fluoro-3-(trifluoromethyl)phenyl isocyanate, 4-fluoro-3-
nitrophenyl isocyanate, DMF, RT, 15 h

155



4.2.2. Biological Evaluation

4.2.2.1. Validation of 6-NBDF as a reference compound

6-NBDF probe 11, the reference compound used in the assay under development here
has been previously reported to be transported via GLUTS pathway and could have the
potential to serve as a laboratory tool for assessing the trafficking of D-fructose mimics
inside GLUTS5-expressing breast cancer cells.*® It was observed that 6-NBDF was taken
up rapidly into the mammalian EMT6 cell line via GLUTS machinery and
competitively inhibited the uptake of ['*C]-D-fructose, the natural substrate of GLUTS,
with an ICso = 2.9 + 1.14 mM.’! In addition, complementary qualitative confocal
microscopy experiments were conducted, offering solid evidence for 6-NBDF cell
internalization. Furthermore, uptake was inhibited in the presence of D-fructose but
was unaffected by D-glucose, indicating primary uptake via GLUTS5 rather than
GLUT?2.?8 These studies provided key support for the hypothesis that 6-NBDF II could
serve as a reference compound in our proposed fluorescence-based GLUTS assay.

To evaluate the suitability of the fluorescent probe molecule II as a reference
compound in this assay, several preliminary experiments were conducted. First, the
concentration-dependent uptake of II by EMT6 cell lines was examined. It was
observed that a linear relationship of fluorescence intensity occurred with the
incubation of EMTG6 cells with increasing concentrations of probe II. (Figure 4.3 Panel
A). Secondly, 350 uM (0.35 mM) of II was incubated in EMT6 cells at different
intervals for 2 h to determine the time-dependent uptake of the probe compound. As
anticipated, the fluorescence signal was detected to be continuously increasing with
time (Figure 4.3 Panel B). An increase in fluorescence intensity in both concentration
and time-based manner would set the basis for optimization of an inhibition assay to

determine the optimal time and concentration of 6-NBDF to be used for further steps.
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Figure 4.3. A) Concentration-dependent uptake of 6-NBDF into EMT6 cells with different
concentrations ranging from 104-107-9x107'-1 M); B) Time-dependent uptake of 6-NBDF into EMT6
cells measured at different time intervals up to 2h

4.2.2.2. In vitro 6-NBDF uptake inhibition assay by C-3 modified 2,5-AM
compounds

The effect of structural variation among the novel C-3 modified 2,5-AM derivatives
described above was investigated to gain a better understanding of the interactions
required for GLUTS5 recognition. The murine mammary carcinoma cell line EMT®6,
previously shown to express the GLUTS transporter, was used in these experiments to
measure the concentration-dependent inhibition of their uptake of II by derivatives 2-
15. Table 4.1 and Figures 4.4-4.9 depict the concentration dependent inhibition of 6-
NBDF uptake into EMT6 cells in presence of different compounds (2-15) and their

1Cso values.
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Table 4.1. Half-maximum inhibition concentrations (ICsj) for C-3 derived 2,5-AM compounds (2-15),
D-fructose, GLUTS substrate (III), cytochalasin B (IV), quercetin (V), and MSNBA (VI) against the
uptake of 6-NBDF and 6-['®F]FDF>° into EMT6 cells. Data shown as mean + SEM from n data points
out of x experiments; n.d. = not determined,— not performed, ®50% inhibition was observed.*

Compound n/x  ICsp (mM) against 1Csp (mM) against
6-NBDF 6-["3F|FDF (refer
to chapter 2)*

2 9/3 1.05 1.10+0.17
3 9/3 2.24 -
4 9/3 0.99 -
5 9/3 n.d. -
6 9/3 1.48 2.31+0.35
7 9/3 n.d. ~6 (estimated)
8 9/3 4.63 n.d.
9 9/3 1.61 -
10 9/3 n.d. -
11 9/3 6.84 -
12 9/3 2.16 -
13 9/3 n.d. -
14 9/3 2.88 -
15 9/3 5.04 -
Cytochalasin B 9/3 n.d. b
Quercetin 9/3 n.d. -
MSNBA 9/3 n.d. n.d.
I 9/3 2.92 -
D-Fructose 9/3 1710 342 £ 74
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We initiated our study by investigating the effect of D-fructose as a reference
to study its inhibitory effect on 6-NBDF uptake. An ICso of 1.7 M was observed which
is quite high even though D-fructose is the natural substrate of GLUTS.

Aniline derivatives 2, 3, and 4 were found to be potent inhibitors of 6-NBDF
uptake into the EMT6 cells, compared to D-fructose, with ICso values of 1.05, 2.24, and
0.99 mM respectively (Table 4.1 and Figure 4.4). These findings are consistent with
our previously reported result of compound 3 (refer to Chapter 2)*°, which was found
to be a potent inhibitor of 6-['*F]FDF uptake by EMT6 cells. Such potent activity
exerted by these probes may be due to the collective electron withdrawing influence of
the benzene ring substituents. These substituents are expected to remove electron

density from the aniline nitrogen, rendering it a better hydrogen bond donor.

Compounds + 0.35mM 6-NBDF
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Figure 4.4. Concentration-dependent inhibition of 6-NBDF uptake into EMT6 cells of C-3 derived 2,5-
AM compounds 2, 3, 4, and D-fructose. Data are shown as mean + SEM of n data points from 2-4
experiments

Moving to the amide-bearing derivatives (Figure 4.5, Table 4.1), compound 5
exhibited no effect on 6-NBDF uptake into EMT6 cells. However, compound 6, with
an aryl ring incorporated by a slightly long tether compared to 5, displayed a significant
inhibitory activity with an ICso of 1.48 mM, demonstrating the affinity and tolerability
of GLUTS binding pocket to an oxime ether linkage in the tether. Again, some
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consistency was noticed with our previous 6-['"*F]FDF uptake result, where 6 showed
potency in inhibiting the uptake of 6-['®F]FDF with an ICso of 2.31 + 0.35 mM. (refer
to Chapter 2)

Compounds + 0.35mM 6-NBDF
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Figure 4.5. Concentration-dependent inhibition of 6-NBDF uptake into EMT6 cells of C-3 derived 2,5-
AM compounds 5, 6, and D-fructese. Data are shown as mean = SEM of n data points from 2-4
experiments

Sulfonamide 7 displayed no inhibition of uptake of II by EMT6 cells.
Interestingly, sulfonamides 8 and 9 showed strong inhibitions with ICso values of 4.63
mM and 1.61 mM respectively (Figure 4.6 and Table 4.1). On the contrary,
sulfonamide 7 did moderately inhibit the uptake of 6-['*F]FDF with an approximate
ICs0 of 6 mM. For compounds 8 and 9, the mentioned observations could be delineated
due to the presence of electron withdrawing groups (-CF3 and -NO2) leading to
diminishing of electron density on the amine linker with nitro group being a strong

electron withdrawing than the trifluoromethyl group.
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Compounds + 0.35mM 6-NBDF
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Figure 4.6. Concentration-dependent inhibition of 6-NBDF uptake into EMT6 cells of C-3 derived 2,5-
AM compounds 7, 8, 9, and D-fructose. Data are shown as mean + SEM of n data points from 2-4
experiments

Compound 10 containing a thiourea moiety, exerted no inhibitory effect
aligning with the results obtained in case of 6-['8F]FDF transport. However, compound
11 displayed relatively weak inhibitory effect with an ICso of 6.84 mM (Figure 4.7 and
Table 4.1).

Compounds + 0.35mM 6-NBDF
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Figure 4.7. Concentration-dependent inhibition of 6-NBDF uptake into EMT6 cells of C-3 derived 2,5-
AM compounds 10,11, and D-fructose. Data are shown as mean + SEM of n data points from 2-4
experiments. Further measurements of 11 and 12 were limited due to their poor solubility in buffer
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Finally, upon evaluating novel urea-linked 2,5-AM derivatives 12-15 (Figure
4.8 and Table 4.1), we observed that urea functionalization at C-3 in compounds 12,
14, and 15 is generally tolerated and resulted in a significant increase in the inhibition
efficacy, in comparison to D-fructose, with ICso values of 2.16, 2.35 and 5.04 mM
respectively. In the case of urea and thiourea containing derivatives, substituents on the
benzyl ring are not involved in conjugation with NH at C-3, and the presence of these
substituents on the remote aryl ring would not participate in influencing the hydrogen
bonding capacity of NH at C-3. Compound 13 having the same para fluorine atom
substituent similar to that of thiourea derivative 10, exhibited no inhibitory effect
suggesting similar type of binding interactions of these two compounds with GLUTS.
In the case of 14 and 11, also bearing the same substituents, a slight difference in I1Cso
values (6.84 vs 2.88 mM) was noted. Lastly, compound 15, demonstrated a moderate
inhibitory activity with an ICso 0f 5.04 mM. These findings suggests that there must be
other interactions are involved with the amino acid residues in the GLUTS binding

pocket, causing the observed difference in potencies.

Compounds + 0.35mM 6-NBDF

-o- 12 (9/3)
150
= 13 (9/3)
3 } . 14 (9/3)
100 = -+ 15 (9/3)
ﬁ —— D-fructose (9/3)
2
50
¢
0 1 I I 1
6 -4 2 0 2

LogC (mol/L)

Figure 4.8. Concentration-dependent inhibition of 6-NBDF uptake into EMT6 cells of C-3 derived 2,5-
AM compounds 12, 13, 14, 15, and D-fructose Data are shown as mean + SEM of n data points from
2-4 experiments. Further measurements of 15 were limited due to its poor solubility in buffer

Furthermore, we examined the 6-NBDF uptake profile in the presence of

different GLUT inhibitors (Figure 4.9 and Table 4.1). Cytochalasin B IV, an
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established inhibitor of GLUT1-4 facilitated transport,*' as well as quercetin V, which
competitively inhibits glucose entry via GLUT2,* afforded no decrease in the uptake
of 6-NBDF by EMT6 cells. The absence of any apparent effects by known Class |
GLUT inhibitors provides good evidence that uptake of 6-NBDF II occurs via the
principal fructose transporter, GLUTS. In addition, the effect of MSNBA VI, the first
reported selective inhibitor of GLUTS, displayed an ICso of 5.8+0.5 uM to test the
inhibition of yeast expressed GLUTS5,* was also studied against 6-NBDF entry into
the EMT6 cancer cell line. Surprisingly, no drop in 6-NBDF uptake was observed till
0.1 mM concentration of MSNBA VI, after which further measurements were limited
by the poor solubility of VI (Table 4.1 and Figure 4.9). Compound III, which was
previously shown to be a potent inhibitor of ['*C]-D-fructose uptake, was also
investigated against the uptake of 6-NBDF II. Predictably, it was found to strongly
inhibit 6-NBDF uptake with an ICso 0of 2.92 mM. These preliminary studies can indicate
that any novel compound from subsequent screens employing II as a reference probe

can be viewed as a potential GLUTS inhibitor.

Compounds + 0.35mM 6-NBDF
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Figure 4.9. Concentration-dependent inhibition of 6-NBDF uptake into EMT6 cells of C-3 derived 2,5-
AM compounds Cytochalasin B, Quercetin, MSNBA, GLUTS substrate 111, and D-fructose. Data are
shown as mean + SEM of n data points from 2-4 experiments

As a result, out of different functional group linkers tested, compounds having

electron deficient aniline displayed maximum potency followed by compounds having
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sulfonamide linkers. In addition, some compounds gave contradictory results in two
assays reported: (1) measurement of inhibition of uptake of 6-NBDF and (2)
measurement of inhibition of uptake of 6-['*F]FDF. Since the inhibition is measured
against the uptake of two different reference compounds, these conflicting results might
be due to different types of interactions of both reference compounds with GLUTS5 and
the involvement of more than one transporter in their transport as 6-['SF]FDF is
reported to be transported through both GLUT2 and GLUTS. Compound 8 displayed
inhibition of 6-NBDF uptake whereas no inhibition was observed in 6-['*F]FDF
uptake. This might suggest that maybe a higher concentration of this compound is
needed to cause inhibition of 6-['®F]FDF uptake and it is more selective to GLUTS5
causing strong inhibition in fluorescence of 6-NBDF. On the contrary, in case of
compound 7, inhibition in uptake of 6-['®F]JFDF was observed with no inhibition
observed in uptake of 6-NBDF. This might suggest that 7 is getting transported through
the same route as 6-['®F]FDF, selectively through GLUT2 to cause inhibition in its
uptake Further cytotoxicity studies and inhibition studies of 6-NBDF using 6-FDF are
needed to understand these contradictory results and to study selectivity of fructose
transporters. Regarding different inhibitors of GLUTSs tested, none of the inhibitors
caused any measurable inhibition of uptake of 6-NBDF. Surprisingly, the previously
reported GLUTS inhibitor, MSNBA did not show even slight inhibition at the
concentration reported at which it exerts 50% inhibition in D-['*C]-fructose uptake.
This work helps to understand the structure activity relationship between 2,5-AM
analogs and GLUTS concerning the importance of hydrogen bonding requirements and

recognition of different linkers with different affinity.

4.3. Conclusions

In summary, we have shown that 6-NBDF can be used as a reference standard to study
the inhibition of small molecules to determine GLUTS affinity for such molecules. We
also observed that inhibition values were in the same range for the same compounds
that were tested in the 6-['*F]FDF inhibition assay, except D-fructose. Similar
performance by 6-NBDF II relative to the earlier radiolabeled probe 6-['*F]FDF raises

the possibility of easy generalization and automation of the assay, potentially allowing
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for a high-throughput screen for GLUTS inhibitors. However, one important limitation
of any fluorescence-based assay is the potential for confounding results due to the
intrinsic fluorescence of some compounds in the screening library. Along with this
newly developed fluorescent assay, 11-14 novel and previously reported C-3 modified
2,5-AM derivatives were characterized for their ability to be recognized and
transported by the facilitated hexose transporter GLUTS. Out of the library, 4-5
compounds displayed much greater potency than the reference D-fructose itself. In
addition, it was observed that D-fructose displayed an ICso of 1.7M, which is 5-fold
higher than the ICso value observed (322 mM) in the 6-['®F]FDF inhibition assay. This
observation suggests that GLUTS has a greater affinity for 11 than it does for 6-[ '*F]FDF
requiring a greater concentration of D-fructose to exert an inhibitory effect on uptake
of 6-NBDF. Future studies are needed to understand the binding kinetics of this
inhibition to provide better understanding on behavior of GLUTS binding. The assay
reported here shows another method for monitoring the inhibition effect and transport
of different derivatives. In addition, it would help to study transporter kinetics to
analyze the type of inhibition (competitive, allosteric, noncompetitive) exhibited by
these compounds. Further studies are underway to determine the role and fate of these
compounds in hopes that these studies will help to identify and design another

generation of selective GLUTS substrates.

4.4. Experimental Section
4.4.1. Synthesis

Materials and Methods

Reactions were carried out in oven-dried glassware under a positive argon or nitrogen
atmosphere unless otherwise stated. Transfer of anhydrous solvents and reagents was
accomplished with oven-dried syringes or cannula. Solvents were distilled before use,
and dimethylformamide (DMF) and acetonitrile (MeCN) were distilled from calcium
hydride. Chemicals were purchased from Sigma-Aldrich Inc. and were used without
further purification. Thin layer chromatography was performed on glass plates

preloaded with 0.25 mm silica gel matrix. Flash chromatography columns were packed
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with 230—400 mesh silica gel. Optical rotations were measured with Perkin Elmer 241
polarimeter, at 22 + 2 °C. Proton nuclear magnetic resonance spectra (‘H NMR) were
recorded at 500 MHz or 700 MHz and coupling constants (J) are reported in Hertz
(Hz). Standard notation was used to describe the multiplicity of signals observed in 'H
NMR spectra: broad (br), multiplet (m), singlet (s), doublet (d), triplet (t), etc. Carbon
nuclear magnetic resonance spectra ('*CNMR) were recorded at 100 MHz or 125 MHz
and are reported & (ppm) relative to the center line of the septet from methanol-d4 (49.3
ppm), triplet of chloroform-d (77.2 ppm), or septet of DMSO-d¢ (39.5 ppm). Infrared
(IR) spectra were measured with a FT-IR 3000 spectrophotometer. Mass spectra were
determined on a high-resolution electrospray positive ion mode spectrometer

GLUT inhibitors, cytochalasin B IV and quercetin V were purchased from Sigma—
Aldrich Inc. in solid state. GLUTS5 inhibitor, MSNBA VI, was synthesized based on
the reported procedures.** Key amine compound, 3-Amino-3-deoxy-2,5-anhydro-D-
mannitol (1), was prepared from 3-Azido-3-deoxy-2,5-anhydro-D-mannitol according

to the reported procedure.*

3-deoxy-3-[N-(3-nitropyridyl)amino]-2,5-anhydro-D-mannitol (3)

Amine 1 (0.12 g, 0.73 mmol) and dry DMF (12 mL) were stirred in a one-neck 50 mL
round bottom flask, maintained under N2 atmosphere, until it is completely dissolved.
Excess amount of NaHCO3 (0.42 g, 5.1 mol) was added to the flask, followed by the
addition of 2-chloro-3-nitropyridine (0.24 g, 1.4 mmol). The resulting mixture was left
to stir at room temperature for 12 h before it was heated at 80 °C for 15 h. After
overnight stirring, the solution was allowed to cool to room temperature, solids were
filtered off and the filtrate was then concentrated under reduced pressure. The obtained
crude compound was subjected to silica gel column chromatography eluted with a
DCM/MeOH solvent mixture (gradient from 100:0 to 95:5). Fractions containing the
desired product were combined and concentrated under vacuum providing yellow
sticky solid (3) (0.095 g, 47%). Ry 0.40 (DCM/MeOH, 90:10); [a]p?® = -2.94 (¢ 0.17,
MeOH); IR (cast film) 3341, 2956, 2920, 2851, 2102, 1733, 1609, 1508, 1444, 1411,
1377, 1358, 1314 cm™'; 'TH NMR (700 MHz, CD3OD): § 8.49 (dd, J= 8.3, 1.8 Hz, 1H),
8.44 (dd, J=4.5, 1.8 Hz, 1H), 6.79 (dd, J = 8.3, 4.5 Hz, 1H), 4.76 (t, J = 6.0 Hz, 1H),
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4.26 (t,J = 5.8 Hz, 1H), 4.04 (ddd, J= 6.4, 5.5, 3.6 Hz, 1H), 3.98 (ddd, J=5.9, 4.4, 2.8
Hz, 1H), 3.79 (dd, J = 5.5, 3.3 Hz, 1H), 3.78 (dd, J = 5.6, 3.2 Hz, 1H), 3.74 (dd, J =
12.0, 5.5 Hz, 1H), 3.69 (dd, J = 11.9, 4.4 Hz, 1H); '*C NMR (176 MHz, CD30D): &
156.3, 153.6, 136.5, 130.0, 113.5, 86.1, 85.2, 78.2, 63.8, 63.2, 61.3; HRMS (ESI) calcd
for C11H14N306 [M-H] 284.0888; found 284.0895.

3-deoxy-3-[N-(5-fluoro-2-nitropyridyl)amino]-2,5-anhydro-D-mannitol (4)
Amine 1 (0.14 g, 0.86 mmol) was dissolved in freshly distilled DMF (20 mL) under N2
atmosphere. Excess amount of NaHCOs; (0.53 g, 6.3 mol) and 2,6-difluoro-3-
nitropyridine*>*® (0.14 g, 0.86 mmol) was subsequently added, and vigorous stirring
was continued at room temperature for 2 h. Solids were removed by filtration before
the resultant filtrate was concentrated under reduced pressure. The obtained crude
compound was purified via silica gel column chromatography using a DCM/MeOH
solvent mixture (gradient from 100:0 to 95:5). Fractions containing the desired product
were combined and concentrated under vacuum to yield yellow solid (4) (0.13 g, 50%).
Rr 0.3 (DCM/MeOH, 90:10); [a]p?® = -1.06 (c 0.17, MeOH); FT-IR (cast film) 3327,
2951,2919,2851, 1624, 1582, 1544, 1458, 1432, 1362, 1331, 1259 cm™'; 'H NMR (400
MHz, CD30D): 6 8.62 (dd, J=8.9, 7.0 Hz, 1H), 6.36 (dd, /= 8.9, 3.2 Hz, 1H), 4.69 (t,
J=5.4Hz, 1H), 4.27 (t, J=5.3 Hz, 1H), 4.04 (td, J= 5.6, 3.8 Hz, 1H), 3.98 (ddd, J =
5.5,4.0,2.7 Hz, 1H), 3.80 — 3.75 (m, 2H), 3.68 (dd, /= 11.9, 4.0 Hz, 1H), 3.62 (dd, J
=7.9, 5.5 Hz, 1H); 3*C NMR (176 MHz, D20): 5 164.1 (d, J=375.1 Hz), 153.4, 143.1
(d,/=12.6 Hz), 126.9,99.3 (d, /=40.3 Hz), 84.2, 82.9, 76.5, 62.2, 62.1, 59.2; HRMS
(ESI) calcd for C11H13FN30s [M-H] 302.0794; found 302.0787.

3-deoxy-3-[N-(dihydrocinnamide)amino]-2,5-anhydro-D-mannitol (5)

Amine 1 (0.25 g, 1.5 mmol) was dissolved in MeOH (5 mL) under N2 atmosphere. To
the homogeneous mixture, NHS ester of dihydro-cinnamoyl chloride (0.38 g, 1.5
mmol) was added and stirred for 24 h at room temperature. The reaction mixture was
concentrated under reduced pressure. The obtained crude compound was purified via
silica gel column chromatography using a DCM/MeOH solvent mixture (gradient from
100:0 to 95:5). Fractions containing the desired product were combined and

concentrated under vacuum to obtain yellow solid (0.37 g, 80%). Rr0.5 (DCM/MeOH,
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90:10); [a]p*® = 5.00 (c 0.10, MeOH); IR (cast film) 3278, 3064, 2920, 2852, 2919,
1649, 1557, 1453, 1378, 1323, 1050, 718 cm™'; '"H NMR (400 MHz, CD3OD): § 7.26
(t,J=7.6 Hz, 2H), 7.22 — 7.19 (m, 2H), 7.18 — 7.15 (m, 1H), 4.14 (t, /= 7.4 Hz, 1H),
3.99 (t,J=7.0 Hz, 1H), 3.81 (ddd, J=7.3, 5.0, 3.0 Hz, 1H), 3.70 (dd, /= 12.0, 3.0 Hz,
1H), 3.66 (ddd, J = 7.6, 5.6, 3.1 Hz, 1H), 3.62 — 3.58 (m, 1H), 3.58 — 3.55 (m, 1H),
3.51 (dd, J=12.0, 5.6 Hz, 1H), 2.91 (dd, J = 15.7, 8.0 Hz, 2H), 2.51 (td, J= 7.5, 4.3
Hz, 2H); *C NMR (176 MHz, CD30D): § 174.3, 140.6, 128.05, 128.01, 125.8, 83.6,
82.0,75.2,62.2,61.4,57.7,37.4,31.4; HRMS (ESI) calcd for Ci1sH21NNaOs [M+Na]*
318.1308; found 318.1312.
3-deoxy-3-|N-(4-Fluoro-3-nitrobenzenesulfonamide)amino]-2,5-anhydro-D-
mannitol (9)

A 50 mL round bottomed flask, maintained under N2 atmosphere, was charged with
amine 1 (0.22 g, 1.3 mmol) which was dissolved in freshly distilled MeCN (15 mL). 4-
Fluoro-3-nitrobenzenesulfonyl chloride*® (0.39 g, 1.6 mmol) was then added to the
flask, followed by addition of excess Na2COs3 (0.55 g, 5.2 mol). This heterogeneous
mixture was allowed to stir at room temperature. After 16 h, solids were filtered off
and washed with excess of MeCN. The filtrate was then evaporated under vacuum to
yield a crude product, which was subjected to silica gel column chromatography eluting
with a DCM/MeOH solvent mixture (gradient from 100:0 to 92:8). Fractions
containing compounds were combined and concentrated under vacuum to yield a pure
product of 9 as yellow sticky solid (0.37 g, 60%). Ry 0.4 (DCM/MeOH, 90:10); [o]p*
= +4.53 (¢ 0.19, MeOH); IR (cast film) 3328, 3113, 2929, 1664, 1609, 1530, 1486,
1459, 1350, 1269, 1241 cm™'; '"H NMR (700 MHz, D20): & 8.71 (dd, J = 6.8, 2.4 Hz,
1H), 8.30 (dq, /= 8.9, 2.7 Hz, 1H), 7.71 — 7.64 (m, 1H), 4.00 (t, /= 7.8 Hz, 1H), 3.86
(dddd, J=8.2,4.5, 2.6, 1.0 Hz, 1H), 3.82 — 3.78 (m, 1H), 3.78 — 3.76 (m, 1H), 3.75 —
3.72 (m, 1H), 3.70 (dd, J=12.5, 2.7 Hz, 1H), 3.61 (dd, J=12.6, 5.0 Hz, 1H), 3.52 (dd,
J=12.5,4.5Hz, 1H); *C NMR (176 MHz, CD30D): § 158.5 (d, J=268.7 Hz), 140.5,
135.5, 135.4, 126.7, 120.5 (d, J = 22.2 Hz), 84.6, 83.0, 76.7, 62.6, 62.4, 61.7; HRMS
(ESI) calcd for Ci12H14FN20sS [M-H] 365.0460; found 365.0459.
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3-deoxy-3-[N-(1-(4-fluorophenyl-3-(trifluoromethyl)phenyl)thiourea]-2,5-
anhydro-D-mannitol (11)

In a one-neck 50 mL round bottom flask, maintained under N2 atmosphere, amine 1
(0.11 g, 0.67 mmol) was dissolved in MeOH (15 mL). 4-Fluorophenyl-3-
(trifluoromethyl)phenyl isothiocyanate (0.22 g, 1.0 mmol) was added to the flask and
vigorous stirring of the homogenous mixture was continued at room temperature for 15
h. MeOH was removed under reduced pressure and the crude compound was purified
via silica gel column chromatography using a DCM/MeOH solvent mixture (gradient
from 100:0 to 95:5). Fractions containing the desired product were combined and
concentrated under vacuum to provide brown oil of 11 (0.14 g, 54%). Rr 0.31
(DCM/MeOH, 90:10); [a]p**= +4.4 (c 0.20, MeOH); IR (cast film) 3298, 3067, 2927,
1707, 1628, 1545, 1507, 1436, 1327, 1269, 1235, 1166 cm’'; 'H NMR (400 MHz,
CDsOD): 6 7.80 (dd, J = 6.5, 2.8 Hz, 1H), 7.65 (dt, /= 7.4, 3.4 Hz, 1H), 7.28 (t, J =
9.6 Hz, 1H), 4.17 (t, J= 5.9 Hz, 1H), 3.94 (dd, /= 8.4, 3.3 Hz, 1H), 3.91 (dt, J= 6.2,
2.1 Hz, 1H), 3.80 (dd, J = 12.0, 3.5 Hz, 1H), 3.77 — 3.74 (m, 1H), 3.72 (d, J = 2.9 Hz,
1H), 3.62 (d, J = 4 Hz, 1H), 3.60 (d, J = 5 Hz, 1H); *C NMR (176 MHz, CD3;OD): §
182.0, 156.6 (d, J = 252.7 Hz), 135.5, 130.3, 130.1, 122.8, 122.4 (d, J = 271.4 Hz),
116.8 (d, J = 23.6 Hz), 84.5, 83.6, 76.2, 63.0, 62.4, 61.6; HRMS (ESI) calcd
C14H16F4N204SNa [M+Na]" 407.0659; found 407.0659.

General Procedure to synthesize (12), (13), (14) and (15):

A flask, maintained under N2 atmosphere was charged with amine 1 (0.13 g, 1.2 mmol)
and freshly distilled DMF (20 mL). At room temperature, NaHCO3 (0.35 g, 4.1 mol)
was added to the reaction mixture, followed by the addition of the isocyanate derivative
(0.16 g, 1.2 mmol of benzyl isocyanate for 12; 0.16 g, 1.2 mmol of 4-fluorophenyl
isocyanate for 13; 0.24 g, 1.2 mmol of 4-fluorophenyl-3-(trifluoromethyl)phenyl
isocyanate for 14; 0.21 g, 1.2 mmol of 4-fluorophenyl-3-nitrophenyl isocyanate for 15).
The mixture was left to stir for 16 h before solids were filtered off and the filtrate was
removed under reduced pressure. The resultant crude product was purified by
subjecting to silica gel column chromatography eluted with a DCM/MeOH solvent
mixture (gradient from 100:0 to 94:6 for 12; 100:0 to 92:8 for 13; 100:0 92:8 for 14;
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100:0 to 93:7 for 15). Fractions containing the desired product were combined and

concentrated under a vacuum to yield the pure compound.

3-deoxy-3-[N-(1-(benzyl)urea)amino|-2,5-anhydro-D-mannitol (12)

White sticky solid (0.20 g, 86%). Rr0.45 (DCM/MeOH, 90:10); [a]p*’= +7.00 (c 0.10,
MeOH); IR (cast film) 3329, 2923, 1648, 1567, 1453, 1315, 1056, 830, 701 cm™'; 'H
NMR (600 MHz, CD30D): & 7.33 —7.26 (m, 4H), 7.24 — 7.20 (m, 1H), 4.32 (d, J =
1.9 Hz, 2H), 4.03 — 3.95 (m, 2H), 3.82 (tt,/=4.9, 2.9 Hz, 1H), 3.77 (ddd, /= 7.7, 5.4,
3.3 Hz, 1H), 3.73 (dd, J = 12.0, 3.0 Hz, 1H), 3.70 (dd, J = 12.0, 3.4 Hz, 1H), 3.65 —
3.62 (m, 1H), 3.62 — 3.59 (m, 1H); '*C NMR (176 MHz, CD3OD): § 159.6, 139.6,
128.0, 126.8, 126.6, 83.5, 82.6, 75.9, 62.2, 61.6, 58.7, 43.3; HRMS (ESI) calcd for
C14H21N205 [M+H]" 297.1445; found 297.1445.

3-deoxy-3-[N-(1-(4-fluorophenyl)urea)amino]-2,5-anhydro-D-mannitol (13)
White sticky solid (0.16 g, 66%). Rr0.25 (DCM/MeOH, 90:10); [a]p*’=+7.87 (¢ 0.32,
MeOH); IR (cast film) 3322, 2924, 2855, 1677, 1614, 1564, 1510, 1460, 1407, 1310,
1216, 1156 cm™'; 'TH NMR (700 MHz, D20): & 7.29 (dd, J= 8.9, 4.9 Hz, 2H), 7.13 (4,
J=8.9 Hz, 2H), 4.17 (t, /= 7.8 Hz, 1H), 4.15 (t, J = 7.3 Hz, 1H), 3.96 (ddd, J = 7.3,
5.0,2.9 Hz, 1H), 3.93 (ddd, /= 8.2, 5.4, 2.9 Hz, 1H), 3.83 — 3.81 (m, 1H), 3.81 — 3.78
(m, 1H), 3.72 (dd, J= 5.3, 2.7 Hz, 1H), 3.70 (dd, J = 5.4, 2.7 Hz, 1H); 3*C NMR (176
MHz, CD30OD): 8 160.6, 158.7 (d, J = 171.6 Hz), 136.8, 122.2 (d, J = 7.8 Hz), 116.1
(d, J = 22.7 Hz), 85.1, 84.1, 77.3, 63.7, 63.0, 60.0; HRMS (ESI) caled for
C13H17FN20sNa [M+Na]" 323.1014; found 323.1013.
3-deoxy-3-[N-(1-(4-fluorophenyl-3-(trifluoromethyl)phenyl)urea)amino]-2,5-
anhydro-D-mannitol (14)

Clear liquid (0.18 g, 61%). Ry 0.26 (DCM/MeOH, 90:10); [a]po**= +13.44 (c 0.18,
MeOH); IR (cast film) 3323, 2940, 2879, 1678, 1629, 1611, 1568, 1505, 1428, 1331,
1255, 1226, 1135cm™; "TH NMR (700 MHz, CD30D): § 7.80 (dd, J = 6.3, 2.8 Hz, 1H),
7.56 (ddd, J=9.1,4.2,2.9 Hz, 1H), 7.21 (t,J=9.6 Hz, 1H), 4.10 — 4.08 (m, 1H), 4.08
—4.06 (m, 1H), 3.88 —3.85 (m, 1H), 3.85 — 3.83 (m, 1H), 3.77 — 3.75 (m, 1H), 3.75 —
3.72 (m, 1H), 3.67 (dd, J=12.0, 5.6 Hz, 1H), 3.64 (dd, J=11.9, 4.6 Hz, 1H); '*C NMR
(176 MHz, CD30OD): 6 157.8, 156.1 (d, J = 249.4 Hz), 137.6, 125.4 (d, J = 7.8 Hz),
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124.0 (d, J=271.2 Hz), 118.8 (dd, J = 32.7, 13.2 Hz), 118.2, 118.1, 85.1, 84.1, 77.2,
63.7, 63.0, 59.9; HRMS (ESI) calcd for CisHisFaN20Os [M-H]" 367.0923; found
367.0918.

3-deoxy-3-|N-(1-(4-fluorophenyl-3-nitrophenyl)urea)amino|-2,5-anhydro-D-
mannitol (15)

Yellowish white sticky solid (0.15 g, 55%). Rr 0.25 (DCM/MeOH, 90:10); [a]p*’=
+11.13 (¢ 0.23, MeOH); IR (cast film) 3326, 3072, 2933, 1686, 1608, 1564, 1540, 1501,
1406, 1351, 1221 cm™; "H NMR (600 MHz, CD3OD): & 8.26 (dd, J= 6.6, 2.8 Hz, 1H),
7.62 (ddd, J=9.1, 3.8, 2.8 Hz, 1H), 7.30 (dd, J = 10.8, 9.1 Hz, 1H), 4.11 — 4.08 (m,
1H), 4.06 (d, J= 6.6 Hz, 1H), 3.86 (td, J=4.1, 3.3, 1.6 Hz, 1H), 3.85 — 3.82 (m, 1H),
3.77-3.74 (m, 1H), 3.74 — 3.71 (m, 1H), 3.67 (dd, J= 12.0, 5.6 Hz, 1H), 3.63 (dd, J =
12.0, 4.6 Hz, 1H); '3C NMR (176 MHz, CD3OD): § 157.5, 151.6 (d, Jc.r = 257.5 Hz),
138.1 (d, J = 85.0 Hz), 137.9, 126.5, 119.3 (d, J=22.1 Hz), 116.2, 85.1, 84.1, 77.2,
63.7, 63.1, 59.9; HRMS (ESI) caled for C13H16FN30O7Na [M+Na]" 368.0864; found
368.0864.

4.4.2. In vitro cell experiments

Instruments

A Cytation5 BioTek fluorescence plate reader was used to measure the 6-NBDF

fluorescence in EMT6 cells.

Buffer solutions
Glucose-free Krebs—Ringer buffer solution (120 mM NaCl, 25 mM NaHCOs, 4

mM KCI, 1.2mM KH2POs4, 2.5 mM MgSQOs4, 70 uM CaCl., pH 7.4) was used for the
studies with EMT6 cells. Cold phosphate-buffered saline (PBS) (137 mM NacCl,
2.7mM KCIl, 10 mM Na2HPO4, 2 mM KH2PO4) was used to wash the extracellular

probes.

Cell culture

Murine EMT6 mammary gland tumor cells were grown in a humidified 5% CO2

incubator at 37°C, in Gibco DMEM/F-12 media supplemented with 15 mM HEPES, I-
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glutamine, 10% fetal bovine serum (GIBCO 12483; Gibco, Gaithersburg, MD) and 1%

penicillin/streptomycin with media renewal every 2 to 3 days.

Concentration-dependent uptake of 6-NBDF into EMT6 cells

EMT6 cells were allowed to reach confluence in 12-well cell culture plates with media
renewal every 2 days. 1 hour before conducting the uptake study, the media was
removed and the plates were washed twice with glucose—free Krebs—Ringer buffer
solution, after which, 1 mL of Krebs—Ringer buffer solution was added to each well.
The plates were incubated at 37 °C for 1 hour under this glucose-free condition. After
1 hour of incubation, Krebs—Ringer buffer was removed from each well, and 500 pL
of Krebs—Ringer buffer containing different concentrations of 6-NBDF (1074 -107'-
9x107'-1 M) was incubated within each well for a specific period (30 minutes) in a CO2
incubator at 37 °C. After incubation, the media was aspirated and each well was rinsed
with 1 mL ice-cold PBS buffer (1x3), where the plates were stirred for 3 min on a
rotating rocker after each wash. After rinsing, 1 mL of PBS buffer was added to each
well and fluorescence count was measured via a fluorescence plate reader. The net
fluorescence value corresponding to a specific well was calculated by subtracting the
background fluorescence value (auto-fluorescence of a well with EMT6 cells and PBS

buffer was referred to as background fluorescence).

Time-dependent uptake of 6-NBDF into EMT6 cells

EMT6 cells were allowed to reach confluence in 12-well cell culture plates with media
renewal every 2 days. 1 hour before conducting the uptake study, the media was
removed and the plates were washed twice with glucose—free Krebs—Ringer buffer
solution, after which, 1 mL of Krebs—Ringer buffer solution was added to each well.
The plates were incubated at 37 °C for 1 hour under this glucose-free condition. After
1 hour of incubation, Krebs—Ringer buffer was removed from each well, and 500 pL
of Krebs—Ringer buffer containing 350 uM of 6-NBDF was incubated within each well
for different periods (0- 10- 20- 30- 45- 60- 90- 120 minutes) in a CO2 incubator at 37
°C. After incubation, the media was aspirated and each well was rinsed with 1 mL ice-
cold PBS buffer (1x3), where the plates were stirred for 3 min on a rotating rocker after

each wash. After rinsing, 1 mL of PBS buffer was added to each well and fluorescence
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count was measured via a fluorescence plate reader. The net fluorescence value
corresponding to a specific well was calculated by subtracting the background
fluorescence value (auto-fluorescence of a well with EMT6 cells and PBS buffer was

referred to as background fluorescence).

General procedure for in vitro inhibition of 6-NBDF uptake into EMT6 cells:

EMT6 cells were allowed to reach confluence in 12-well cell culture plates with media
renewal every 2 days. 1 hour before conducting the uptake study, the media was
removed and the plates were washed twice with glucose—free Krebs—Ringer buffer
solution, after which, 1 mL of Krebs—Ringer buffer solution was added to each well.
The plates were incubated at 37 °C for 1 hour under this glucose-free condition. After
1 hour incubation, Krebs—Ringer buffer was removed from each well and 500 pL of
glucose-free Krebs-Ringer buffer was added within each well for 1 hour, containing
350 uM of 6-NBDF and increasing concentrations of the 2,5-AM derivatives 2-15
(107°-107° M) or fructose (1077-1073 M) or cytochalasin B (IV) (1077-107> M) or
quercetin (V) (1077-107> M) or MSNBA (VI) (1077-10"* M) and no compound at all for
comparison (blank, 100% uptake). After incubation, the media was aspirated and each
well was rinsed with 1 mL ice-cold PBS buffer (1x3), where the plates were stirred for
3 min on a rotating rocker after each wash. After rinsing, 1 mL of PBS buffer was added
into each well and fluorescence count was measured via fluorescence plate reader. Net
fluorescence value corresponding to a specific well was calculated after subtracting the
background fluorescence value (auto-fluorescence of a well with EMT®6 cells and PBS
buffer was referred as background fluorescence). Competitive inhibition assays were
carried out three times using different batches of cells. Graphs were constructed using
GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, U.S.A.) and half-maximum
inhibition concentrations (ICso) were determined from the concentration-inhibition

curves through graphical analysis.
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Future directions

5.1. Identification of GLUTS inhibitors through high
throughput screening (HTS)

As mentioned in Chapter 1, abnormal expression of GLUTS is associated with a
number of disease states, especially cancer. Since these transporters are required for
the internalization of important nutrients and metabolic fuels such as glucose and
fructose, their inhibition could effectively starve cells of their necessary nutrients. As
a result, there is a growing interest in finding potential inhibitors of various GLUTs!?3
and various HTS methods have been reported to identify inhibitors from a known
library of substrates.* Due to aberrant fructose metabolism and its correlation with
several cancers, we have proposed that selective inhibitors of GLUTS could be of
significant therapeutic value. We envision that fluorescent probes developed by our
group (6-NBDF and 3-NBDAM, Figure 5.1)° that selectively target GLUTS can be

developed in a straightforward approach for high throughput screening to identify new

promising hits in the search to develop them as GLUTS inhibitors.
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Figure 5.1. Reported GLUTS5 probes

Figure 5.2 represents the small number of GLUTS inhibitors reported to date
that have shown low ICso values with poor selectivity among various other
transporters.® Inhibition of fructose uptake will have therapeutic relevance in the
treatment of various cancers and diseases. We are currently working with 6-NBDF as

a fluorescent probe and in collaboration with the Centre for High Throughput Chemical
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Biology (HTCB) at Simon Fraser University (SFU), and we are hoping to develop a
scalable assay that can be used in conjunction with a library of ca. 10,000 natural

product extracts and 30,000 drugs like compounds.
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Figure 5.2. Reported GLUTS inhibitors

Figure 5.3 represents the general scheme for carrying out HTS studies in
collaboration with SFU. The first step involves optimization experiments to render the

assay reliable, scalable, and subject to automation.
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Drug Discovery Process - GLUTS Inhibitors
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Collaboration with HTCB centre at SFU

Figure 5.3. General scheme for the development of GLUTS inhibitors

For initial assays, I used 96-well and 384-well plates to optimize the
confluency and concentration dependent inhibition of 6-NBDF against D-fructose and
potent 2,5-AM derivatives. Figure 5.4 represents the sample layout of 96-well plate
displaying different parameters used for initial optimization. However, due to
subsequent manual washing of the plate, a great reduction in confluency (from 100%

to 40%) was observed.
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Figure 5.4. Sample format for 96-well plate for optimization

Therefore, HTCB staff recommended using their automated plate washer at
their facility to generate reliable data. In addition, the facility at HTCB is more adept
to generate granular data from individual cells using high content microscopy rather
than bulk data obtained from a plate reader. After optimization and identification of
hits from the first screen, a secondary screen involves validating hits by performing a

radioactive assay employing ['“C]-D-fructose, a commercially available radioactive
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form of the natural substrate for GLUTS. The next step involves a variety of docking
studies to evaluate the interactions of identified hits with the published 3-dimensional
structure of GLUTS. In these studies, compounds will be allowed to blindly dock with
GLUTS in its outward open conformation using Auto Dock as previously reported.’
In this experiment, we will be mostly focusing on the inhibitors that actively
block the passage leading to the central core of the protein. Compounds in that subset
will be modified in silico and docked with protein in order to identify optimal structures
for GLUTS binding interactions. Analogs/hits predicted to have greater binding or PK
properties will be synthesized and screened for their inhibitory potency, and this
process will be iterated through the design and synthesis of focused compound libraries
until a suitable preclinical candidate is identified. This part of the project focuses on
developing a scalable assay for HTS to identify GLUTS inhibitors, designing, and
generation of the novel drug like structures based upon hits from HTS with a potential

therapeutic value in the treatment of cancer.

5.2. NIR dye conjugated fructose probes

Fluorescent dyes constructed from small organic molecules and functioning in the near
infrared region (NIR) are of great interest in chemical biology.” NIR fluorescent probes
offer multiple advantages including minimal autofluorescence from biological
samples, low phototoxicity, high signal to noise ratio, reduced light scattering, high
tissue penetration, and inexpensive laser diode excitation. There are several classes of
dyes that are readily available such as cyanines, pthalocyanines, and squarines.’
However, aggregate formation and aqueous insolubility are issues encountered with
squarine and pthalocyanine dyes in biological systems. With cyanine dyes, high molar
absorptivity, good photostability, and strong fluorescence are observed making them
excellent NIR dyes. Nonetheless, great efforts have been applied to improve the
photochemical and photophysical properties of NIR dyes like addition of hydrophilic
groups (sulfonate, carboxylate, etc.) to improve aqueous solubility, increase in stearic
to reduce aggregation, and addition of charged functional groups.” As a result, the
development of fluorescent probes aiding in the visualization of tumors can be of great

interest to the biomedical imaging community. Therefore, in this project,
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fructose/mannitol conjugated NIR dyes can be developed for studying the trafficking
of tagged sugar in tumor cells selectively via GLUTS pathway. The development of
new and improved fluorescent probes would be a significant step-in real-time imaging
with fundamental and translational applications. Figure 5.5 represents the fluorescent

probes that can be developed categorized according to available fluorescent dyes.

Cyanine

Rhodamine

Figure 5.5. Potential NIR dye-fructose/mannitol conjugates

Consequently, there is high demand for fructose based NIR dye tracer for drug
delivery research. It is worth exploring the influence of NIR fluorescent dye conjugate
of fructose/mannitol on the cellular uptake through hexose transporters. In addition to
tumor imaging, NIR dyes can also be utilized as theranostic (therapeutic and
diagnostic) agents for photothermal therapy (PTT) and photodynamic therapy (PDT).

PTT (Figure 5.6) is a noninvasive approach that destroys tumor cells by

generating heat within a tumor by absorption of specific light in the NIR region.® In the

183



case of PDT (Figure 5.7), photosensitizers and light irradiation is applied to induce
oxidation reactions with biomacromolecules generating radicals and ion species to
destroy tumor tissues.® Therefore, after examining the accumulation of developed
fluorescent probes in the tumor, the same probe will guide laser treatment to destroy
the tumor cells in cancer areas. Yuan and coworkers have reported a review focusing
on the progress and application of NIR dyes along with the limitations offered by both
mentioned therapies.® Such dyes could be used to form hexose conjugates to guide the
probe selectively at tumor cite followed by using that probe for fluorescence guided

PTT/PDT.
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Figure 5.6. Photothermal therapy (Figure copied with permission from Pinto et al.®)
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Figure 5.7. Photodynamic therapy (Figure copied with permission from Pinto et al.?)
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5.3.l}nﬂuence of molecular charge on fructose-based imaging
probe

Due to unique substrate preference and overexpression of GLUTSs in various diseases
and cancer, imaging agents targeting this biomarker have gained special attention in
the past few decades.”!*!! Several studies have reported the impact of molecular charge
and its potential influence on cellular uptake. Park and coworkers reported the influence
of the overall charge of glucose probes (Figure 5.8) on GLUT-specific cellular uptake
and it was reported that positively charged glucose bioprobe (GB2-Cy3) displayed
GLUT dependent uptake as compared to its negatively charged and zwitterionic
analogs.'? In 2018, Jo and coworkers also reported two NIR-based glucose tracers
having similar photophysical properties but different charges on the overall
fluorochrome glycoconjugates (Figure 5.8). It was observed that tracer (Glc-SiR-
COOH) with net charge = 0 displayed GLUT-mediated cellular uptake behavior and
demonstrated its potential usage in monitoring the effect of anticancer agents in live

cells.”?

GB2-Cy3
(net charge = +1)

Glc-SiR-COOH Glc-SiR-Me
(net charge = 0) (net charge = +1)

Figure 5.8. Examples of glucose probes with different overall charge
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A similar strategy can be used to study the effect of molecular charge on
GLUTS machinery by incorporating charged moieties into fructose or mannitol-based
probes. However, the tolerability of GLUTS’s binding pocket for bulky IR dyes is still
under study. In Chapter 3, we observed GLUTS dependent uptake of fluorescein
conjugated 2,5-AM derivative with net charge =0.

Figures 5.9 and 5.10 depict different conjugates that can be developed (with
fluorophores either directly conjugated or having a linker in between) to study the
influence of the charge effect.!®!® The goal of this project is to gain mechanistic
understanding of GLUTS specific uptake and would provide a valuable tool for
monitoring cancer and metabolic diseases. Such probes could also aid in the

development of high content screening system in drug discovery.

Z A\
C-3 amino-2,5-AM C-6 amino-D-fructose
o) .
HO/ r.S_7/\OH ;T‘\N/ .
‘ H
HO™  'NH HO

Fru-Bodipy Fru-Bodipy Fru-Bodipy
(net charge = -1) (net charge = 0) (net charge = +1)

Figure 5.9. Potential fructose/mannitol “BODIPY” based probes with different overall charge
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FB2-Cy3
(net charge = +1)

FB2-Cy3-S2
(net charge = -1)

Fru-SiR-COOH Fru-SiR-Me
(net charge = 0) (net charge = +1)

Figure 5.10. Potential fructose/mannitol Cy5- and Si-Rhodamine based probes with different overall
charge

5.4. Dual probe conjugates
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In recent years, the combination of different imaging methods and developing such
probes with multiple functionalities has been getting more attention and significantly
advanced in the field of precision medicine and monitoring treatment responses. 416
Noninvasive cancer imaging is an essential tool for accurate diagnosis in precision
medicine.!” PET is one of the most widely used and sensitive technique for detecting
physiological and metabolic processes. This technique can be combined with
fluorescence imaging (FI) allowing longitudinal imaging to ensure maximum removal
of the tumor.

The development of dual probes would provide synergistic capabilities for both
modalities eliminating the need of developing two different imaging modalities with
different biodistribution profiles. In such studies, the tumor would be first located
through PET followed by using fluorescence guided surgical resection of the tumor.
PET is a high sensitivity imaging method generating images with unlimited tissue
penetration depth whereas FI offers its particular application for in situ detection of
tumor margins in real time (not limited by the short half-life displayed by PET
radionuclides) while minimizing damage to healthy tissue.'® In a recent review, several
PET/FI probes have been reported demonstrating different platforms and vectors on
which dual probes can be developed. A similar strategy can be used for the
development of fructose/2,5-AM derived dual probe for improved detection of
GLUTS5.' So far, no dual probes for the detection of GLUTS5 as a biomarker have been
reported. Yuen and coworkers have recently reported dual functionality glucose
derivative (2-FBDG), and tested its uptake against the gold standard, 2-['*F]-FDG for
transport through GLUT1 (Figure 5.11).'6 They also reported other dual probes with
different scaffolds (diarylpyrazoline/diarylpyrazole and benzoxadiazole fluorophores)
displaying the potential methods for developing dual PET/FI imaging agents for
GLUTS. However, the low excitation/emission wavelength range of the above-
mentioned probes provides a disadvantage for their usage in vivo experiments. To
overcome this limitation, fructose/2,5-AM can be conjugated to dyes with longer
emission wavelength providing the tolerance of GLUTS to bulky, non-polar, sterically

hindered conjugates is well examined and understood.
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Figure 5.11. Reported glucose conjugate dual probes

Figure 5.12 represents the examples of dual probe conjugates that can be
developed to examine GLUTS mediated uptake and its application in the detection of
the tumor. Such probes can be labeled with different radionuclides other than '*F as
such as *Cu, %%Ga, ¥Zr, %I, etc. Radionuclides are selected based on the desired
biological half-life of the radiotracer. In this study, ''C, '8F, and ®Ga are appropriate
choices for labeling of small molecules as these radionuclides will decay and will be

quickly washed out from the body.

189



Figure 5.12. Potential fructose/mannitol conjugate dual probes

5.5. Evaluating other scaffolds toward GLUTS binding
Holman and coworkers reported 2,5-AM as a high affinity GLUTS5 ligand."” In D-
fructose, the ring oxygen and several of the hydroxyl groups are reported to play a
critical role in binding interactions with the GLUTS5 binding pocket allowing for their
smooth passage.?’ These results allow us to explore other structures that resemble the
scaffold of 2,5-AM. As represented in Scheme 5.1., 2,5-dihydroxymethyl-3,4-
dihydroxy pyrrole (DMDP)*' and dihydroxymethyl-3,4-dihydroxy thiophene
(DMDT)??, two structures are proposed having same stereochemistry mimicking 2,5-
AM. Evaluation of both the scaffolds against 2,5-AM and D-fructose would give more
insight into understanding the binding mechanism with GLUTS.
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Scheme 5.1. Synthesis of aza- and thio- sugar from respective starting materials

The development of radiolabeled and fluorophore labeled DMDP and DMDT
may Yyield novel scaffolds to target GLUTS. DMDP is expected to exist as an
ammonium salt at physiological pH due to basic secondary amine functionality.
Labeling of DMDP (Figure 5.13) could be obtained at ring nitrogen by having an
electron withdrawing linker (amide, sulfonamide, electron deficient aniline) to keep
ring nitrogen unprotonated at physiological pH. In the case of DMDT (Figure 5.13),
the sulfur atom is generally considered a weak hydrogen bonding acceptor due to its
low electronegativity. In addition, the inductively withdrawing effect of primary and
secondary hydroxyl groups would overall result in making it a weak hydrogen bond
acceptor as compared to DMDP and 2,5-AM. In addition, ring sulfur cannot be labeled
due to its bivalency, DMDT can only be labeled at the same positions as in 2,5-AM.
Although, such experiments should be conducted after evaluating the affinity of both
DMDP/DMDT towards GLUTS.
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Figure 5.13. Potential tracers with aza- and thio- sugars

5.6. Targeting other diseases showing overexpression of
GLUTS and development of small molecule drug conjugates

5.6.1. Overexpression of GLUTS in other diseases

As mentioned in chapter 1, high GLUTS expression and abnormal fructose metabolism
are associated with the number of diseases and cancer such as diabetes, NASH
(NAFLD), lung adenocarcinoma, and gout.?**?*> Because of this association, there is
a significant potential for developing and using reported fructose/mannitol-based
probes for early detection before progression to severe form of any disease. Similarly,
evaluation of the known and currently in development of GLUTS inhibitors could also

be beneficial for the treatment of such diseases.

5.6.2. Small molecule drug conjugates (SMDCs)

SMDCs are a promising approach for targeted therapy as it involves small molecules
(Figure 5.14) as the targeted ligand attached to a potent cytotoxic agent via a cleavable
linker. The release of this cytotoxic agent selectively in the tumor microenvironment
would result in enhancing the therapeutic potential of anticancer drugs.?® Ghosh and
coworkers have reported a review discussing SMDC design, spacer, linker, targeting

ligand, and therapeutic payloads along with SMDCs used in clinics.?¢
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Spacer

Figure 5.14. General representation of small molecule drug conjugates (Figure copied with permission
from Patel et al.?®)

Tanasova et al. recently reported chlorambucil (CLB) 2,5-AM conjugate
(Figure 5.15) and reported moderate inhibition in comparison to just chlorambucil
drug.”’” Such observations were rationalized due to enhanced hydrophilicity of
conjugates affecting the selective uptake via GLUTS. Therefore, it is important to first
evaluate the hydrophobicity and affinity of any conjugates to be developed. However,
the presence of long and hydrophilic linker, conjugate of a small cytotoxic agent can

eliminate the limitation of insoluble and impermeable conjugates.
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Figure 5.15. Reported mannitol-based drug conjugate

Figure 5.16 represents the potential mannitol-mitomycin drug conjugates
(containing spacer and linker) that can be developed to selectively deliver cytotoxic
payloads to GLUTS expressing cancers. Anticancer drugs or therapeutic payloads
generally act by inhibiting the cellular functions (such as cytokinesis, replication of
DNA, and synthesis of proteins or metabolic mechanisms (such as sugar transport, and

glycolysis).?® Therefore, the development of fructose/mannitol-based drug conjugates
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targeting fructose transporters can be of great significance for delivering the anticancer

drug selectively to the targeted cells limiting the exposure to healthy cells.

Spacer
’ COOH
Ay
o H Cleavable linker

2,5-AM (Substrate for GLUT5)

NH,

Mitomycin (Drug)
Figure 5.16. Potential fructose/mannitol-based mitomycin drug conjugates

SMDCs can also be modified to identify the overexpressed receptors in the
compromised cells through imaging by associating the same substrate/ligand to a tracer
(radionuclides, NIR dyes) allowing inspection of deeply buried tumor tissue for optical

tumor resection during surgery.

5.7. Fructose directed labeling of GLUTS transporter with
fluorescent tag in live cells

This method involves a selective and noninvasive approach to study the function and
localization of native GLUTS. This strategy overcomes the requirement of genetic
modification of receptors. By taking advantage of fructose as the preferred substrate
for GLUTS, a fluorophore can be linked to fructose through a linker as demonstrated
in Figures 5.17 and 5.18.2% In this strategy, an amino group of lysine (from amino acid
residues present on the receptor) would react with an electrophilic region of the linker
leading to the dissociation of the fructose moiety and thus causing the labeling of the
protein. Kellam and coworkers recently reported the same approach to label GPCR by
designing a fluorescent antagonist and observed irreversible fluorescent labeling in
presence of an unlabeled antagonist (even at high concentration).?® This approach could

also be used to visualize receptor trafficking without affecting the binding site of the
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receptor and to study the signaling in endogenously and clinically relevant systems

(Figure 5.18).

3. With flucrophore covalently bound to

Figure 5.17. Schematic representation of covalently labeled GPCR (Figure copied with permission
from Stoddart et al.?®)

Figure 5.18. Potential fructose-fluorophore conjugate for labeling of GLUTS

5.8. Mechanistic insight into the activation mechanism of
GLUTS and its spatial distribution

There are several studies discussing the uptake of fructose via GLUTS and its
association with diseases. However, molecular mechanisms of its transport and
activation along with GLUTS5’s distribution pattern on the cell membrane remain
unknown. In 2018, Wang and coworkers performed super resolution imaging to

investigate the assembly of GLUTI1 and reported the activation of GLUTI which
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induced the sporadic distribution of GLUTI1 in order to facilitate the transport of
glucose (Figure 5.19).%° They also observed the influence of lipid rafts on the cluster
formation ability of transporter. A similar approach could be used to understand and
study the activation and distribution of GLUTS by labeling the transporter with anti-
GLUTS antibodies.?’ Such experiments might provide crucial information on the
regulatory factors, clustering features, and the relationship between GLUTS5 activation

and distribution.

J-eontrol

Figure 5.19. Super resolution images of changes in GLUT!1 cluster on control (A), MBCD (cyclodextrin)
treated (C), and the corresponding magnified images with clusters circled in white (B and D) (Figure
copied with permission from Yan et al.?°)

5.9. Conclusion

Due to the strong correlation of the number of disease states with abnormal expression
of GLUTS, this transporter protein has become an intriguing target to be explored for
the development of therapeutic and diagnostic probes. This chapter describes the
exciting directions that could be taken in the area of GLUTS targeting small molecules.
In addition, it would be enlightening to know the mechanism of transport through
GLUTS and changes in distribution pattern on the surface with alterations in their

dynamic environment.
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Appendix I: NMR spectra
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