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Resumo

Exploragcdo do metabolismo central para o tratamento do cancro: a procura de novos

inibidores da hexocinase 2

A alteracdo da via glicolitica € uma caracteristica reconhecida nas células cancerigenas. O aumento da
glicdlise , e a sua modulagao representa assim uma oportunidade no tratamento do cancro. Varias enzimas
estdo sobreexpressas na via glicolitica de diferentes tipos de células cancerigenas, nomeadamente a
hexocinase 2 (HK2). Curiosamente, esta enzima n&o esta apenas envolvida no primeiro, € mais decisivo,
passo da glicdlise, e consequentemente em outras subvias do metabolismo central, mas também na
imortalizagdo das células cancerigenas. Quando a HK2 se encontra cataliticamente ativa, € capaz de
interagir com a membrana mitocondrial externa (MOM), prevenindo a normal sinalizagéo pro-apoptoética. O
bloqueio desta interagdo promove a ligagdo de proteinas pro-apoptéticas a MOM, estimulando a apoptose
nas células cancerigenas. Assim, a inibicdo da HK2 é proposta como uma estratégia para reduzir a maior

fonte de energia das células cancerigenas, diminuindo a proliferagao celular e promovendo a apoptose.

Com o objetivo de encontrar compostos “hit” capazes de interferir com a atividade catalitica da HK2, foi
implementada uma estratégia multidisciplinar que envolveu um rastreio virtual baseado na estrutura (SBVS)
e a sua validagado que incluiu estudos in silico, sintese organica e uma componente de caracterizagao
quimica, bioquimica e biolégica dos compostos obtidos. Apds a preparagéo do protocolo de SBVS usando
como método o docking molecular implementado no programa GOLD V.5.2, foram rastreadas varias
bibliotecas de compostos virtuais tais como DrugBank, NCI (National Cancer Institute) e InterBioScreen
(natural products database). Deste processo resultaram 2981 moléculas que foram consideradas potenciais
inibidoras da HK2. Estas moléculas foram ainda filtradas com base na previsdo das suas propriedades drug-
like. O protocolo foi validado experimentalmente através de um ensaio bioquimico, utilizando-se 64 das
moléculas selecionadas (10 uM) e a enzima HK2. Os resultados demonstraram que todos os compostos
afetaram a atividade da HK2. Destes, 22 compostos evidenciaram ter capacidade para inibir a HK2 na
mesma extensdo ou mais proeminentemente que o inibidor conhecido 3-bromopiruvato. Deste modo,
comprovou-se que o protocolo de SBVS utilizado é capaz de identificar moléculas bioativas cujas estruturas
poderdo ser otimizadas e/ou submetidas a testes mais elaborados. Neste projeto foi utilizada a sintese
organica como ferramenta para a obtengdo de um inibidor conhecido e de uma familia de potenciais
inibidores. De acordo com o conhecimento obtido a priori relativamente a sensibilidade de varios tipos de
linhas celulares a inibigao/eliminagao da HK2, foi avaliado um conjunto de 62 moléculas selecionadas pelo
seu potencial efeito na inibicdo da proliferacdo celular de células do carcinoma hepatocelular. As oito
moléculas com maior potencial foram avaliadas como inibidores da proliferacdo de outras linhas celulares,
tendo também sido testado o seu efeito na glicdlise destas células, paralelamente com dois inibidores da
HK2 conhecidos. Foram utilizadas células CHO modificadas para a expressao seletiva da HK1, HK2 ou HK4
para determinar a seletividade de quatro dos inibidores da glicélise descobertos neste estudo. Os quatro
compostos inibiram a glicdlise a 10 yM em todos os tipos de células CHO testados. Contudo, resultados
preliminares mostraram que um destes compostos é capaz de inibir com elevada seletividade, a uma
concentragdo mais reduzida (1.5 uM), as células CHO que expressam especificamente a isozima HK2.
Embora sejam necessarios mais estudos para confirmar o potencial desta molécula, estes resultados
encorajam a consideracdo da HK2 como alvo em futuras campanhas de descoberta de farmacos contra o

cancro.






Abstract

Altered central metabolism is a well-established hallmark of cancer cells. The glycolytic pathway has
been demonstrated to be consistently increased in these cells, representing a pool of opportunities to
be explored for cancer treatment. Several enzymes involved in glycolysis are overexpressed in
different types of cancer cells, namely hexokinase 2 (HK2). This enzyme is not only involved in the
first and most determinant step of glycolysis, and subsequently in the different branched pathways,
but also in the immortalization of cancer cells. When catalytically active, HK2 is able to bind to the
mitochondrial outer membrane (MOM), preventing the normal pro-apoptotic signaling. The disruption
of this interaction promotes the binding of pro-apoptotic proteins to MOM, stimulating the enhancement
of apoptosis in cancer cells. The inhibition of HK2 is proposed as a strategy to reduce the main source
of energy to cancer cells, thus significantly decreasing cancer cell proliferation and increasing

apoptosis.

As an effort to find hit compounds able to interfere with the HK2 catalytic activity, a multidisciplinary
strategy that involved a structure-based virtual screening (SBVS) campaign and its validation was
implemented. This effort included in silico studies and organic synthesis, complemented with chemical,
biochemical and biological characterization of the molecules. After the design of the SBVS protocol
using molecular docking calculations with GOLD 5.2 software, several virtual compound libraries such
as DrugBank, NCI and InterBioScreen Natural Products were screened. As result, 2981 molecules with
the potential to act as new HK2 inhibitors were identified. After filtering those molecules according to
the prediction of drug-like properties, biochemical validation of the aforementioned protocol was
conducted using 64 selected molecules at 10 uM against HK2. Preliminary results showed that all test
molecules affected HK2 activity to some extent. Twenty-two molecules were found to inhibit the HK2
activity more prominently or in the same range as the known inhibitor 3-bromopyruvate (3BP). Thus,
the experimental data supported the predictions of the SBVS procedure, which is able recognize
bioactive molecules, ready for structural optimization and/or further testing. Synthetic chemistry was
used as tool to synthesize a potent known inhibitor to compare the activity of the newly developed
compounds. Additionally, another family of potential HK2 inhibitors found on the SBVS was synthesized.
Based on earlier knowledge regarding the sensitivity of several cell lines to HK2 inhibition/ablation, a
set of 62 previously selected molecules were firstly evaluated as potential proliferation inhibitors of
hepatocellular carcinoma cells. The best eight molecules were then evaluated as proliferation inhibitors
of other cell lines and their impact on glycolysis was measured, along with that of two known HK2
inhibitors. Engineered CHO cells overexpressing HK1, HK2 or HK4 were used to determine the isozyme
selectivity of four glycolytic inhibitors found in this work. All compounds were able to inhibit glycolysis
at 10 yM in all tested CHO cell lines. However, selective inhibition of HK2-expressing cells was
preliminarily observed for one of the compounds at a lower concentration (1.5 yM). While further studies
are required to confirm the potential of this molecule, these results support consideration of HK2 as a

target in future cancer drug discovery campaigns.
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Figure 52. Biochemical evaluation of the synthesized compounds as HK2 inhibitors at 10 uM. The amount of ADP
formed is directly related with the generation of G6P and consequently with the % of reaction occurred in the
presence of potential inhibitors (results as average +SD, * p<0.05). “Cmpd 25" was able to inhibit the formation of

G6P by 97%, contrary to the other molecules that did not significantly reduce the HK2 activity. ..............ccceeene 87

Figure 53. Screening of 62 PHK2Is yielded eight molecules capable of prominently inhibiting cell proliferation.

From those, four were found to inhibit the glycolytic pathway. ............ccooiii i 117

Figure 54. Detection of untreated PC3 cells using the brightfield of Celigo Adherent Cell Cytometer (Nexcelom
Bioscience LLC, Lawrence, MA, USA). Image on the left shows PC3 cells (brighter round white spots) and, on the
right, the image shows the ability of the method in identifying (green) those cells. ..........cccovriiiiiiiiiiiniciiee. 118

Figure 55. Expected profiles of glycolytic function (A) [256] and mitochondrial respiration (B) [257]. Arrows indicate
the injection of each compound. Changes in pH/[Oz2] are detected in real-time. ...........ccccociiiiii e 120

Figure 56. HK2 ablation reduces proliferation by 50% after 7 days treatment in prostate cancer cells LNCaP and
PC3 (A) and HCC cells (Huh7) (B) cells. Effect of HK2 silencing in prostate cancer cells DU145 (A) was not
significant. Adapted from Nogueira et al (2018) [175] (A) and DeWaal et al (2018) [174] (B). shScr - cells
expressing an inducible control (Scr); shHK2 - HK2 silenced cells; Nt (control) and HK2 (HK2 silenced cells )
shRNA indicate Dox-inducible non-targeting and HK2 shRNA, respectively; ##p<0.0003 versus shScr; Error bars
correspond to SEM; *p < 0.05, **p < 0.01, ***p<0.001 versus shScr; by Student’s t-test.. See literature [174,175]

fOr MOre INFOrMAtioN. ... 121

Figure 57. Expression of each HK on PC3, H7 (Huh7), H3B (Hep3B), HG2 (HepG2), and engineered CHO cells
monitored by immunoblotting. CHO EV cells possessed a residual amount of GCK. ...........ccccooiiiiiiiiiiniiiinnns 122

Figure 58. Glycolytic function profile of PC3 (green) and Huh7 (pink) cells based on changes in the extracellular
acidification rate (ECAR) in response to injection of 10 mM glucose, 1uM oligomycin and 50 mM 2DG. Error bars
COMTESPONA 10 SEM. ...ttt et et e e e a bt e oo ab et e e o bt e e e bttt e e ane e e e s ba e e e e nbe e e e naneeas 122

Figure 59. Engineered M15-4 CHO expressing HK2, HK1 or GCK (WT) and EV present different glycolysis rates
and glycolytic function profiles. A - Glycolytic response of CHO cells to injection of 10 mM glucose. B - Glycolytic
function profile of CHO cell lines (HK1 —blue, HK2 —orange, GCK — yellow, EV — red), based on changes in the
extracellular acidification rate (ECAR) in response to injection of 10 mM glucose, 1uM oligomycin and 50 mM 2DG.

Error bars correSPONd t0 SEM.........ooo it e e e e e e e e e e e e e e e e e e e e raeaaeeeaanrnnes 122

Figure 60. A - Effect of “cmpd 25” and “cmpd 34” on Huh7 cells proliferation for 168h (seven days), at 1, 5 or 10
MM, compared with control cells treated with vehicle (DMSO). B - Structures of “cmpd 25” and “cmpd 34” and ICso
reported for the inhibition of HK1 and HK2 with the ADP-Glo™ kit [43]. Error bars correspond to SD................ 123

Figure 61. Effect of 62 PHK2Is and “cmpd 25” on Huh7 cells proliferation after 7 days at 10 uM. Each color
corresponds to a measurement at a certain timepoint (0, 24, 48, 72, 120 or 168h). “Cmpd 25” is represented by
number 3 (highlighted in red). To compare the effect of each PHK2I with “cmpd 25”, a red dashed line is drawn
across all PHK2I bars, marking the maximum relative cell number obtained with cells treated with “cmpd 25”. Error
bars correspond to SD. The asterisks represent significant differences compared to the control (p < 0.05). Number
of cells is normalized according with the cell count on day O (first day of treatment with DMSO, “cmpd 25” or
PHIZIS ). .ottt et et e et ee e e e ee et e et e e e e et e e ettt ettt e e e et en et eeen e 124

Figure 62. Cell death in Huh7 cells after 48h of treatment with PHK2Is in the presence or absence of 5 yM
sorafenib. Cells were treated with 1Cso concentrations of PHK2I previously determined for cell proliferation in the

same cells. On the left, the total number of cells was measured using Hoechst dye. On the right, the percentage of
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dead cells was measured using Pl. The number 25 represents “cmpd 25” and 34 represents “cmpd 34”. #-p <
0.05 (Student’s t) compared to the 0 uM Sorafenib control; * p < 0.05 (Student’s t) compared to the 5 uM Sorafenib

control; Error bars correSPONd 10 SD.......coiiiiiiii e e e e e e et aaaaaa e 126

Figure 63. Effect of PHK2Is (10 uM) in PC3 cells’ proliferation (A) and death (B). A - Effect of PHK2Is in the number
of cells after 72h (left) and 144h (right) of treatment. B - Results of the cell death experiment, represented by the
total number of cells (left) and the number of dead cells (right) compared with control. The number 25 represents
“‘cmpd 25” and 34 represents “cmpd 34”. * p < 0.05 (Student’s t) compared to the control; Error bars correspond
1030 5 PSSP 128

Figure 64. Effect of PHK2Is at 10 uM in CHO cell lines’ proliferation (A) and cell death (B).........c.cccoeccevennneen. 130
Figure 65. PHK2I 21 provoked complete cell death in short periods of time, at low micromolar concentrations.131
Figure 66. Schematic summary of the protocols applied for GST and CMST experiments. ............ccceceeeernneen. 131

Figure 67. Glycolytic function and Mitochondrial respiration profiles of Huh7 cells treated with “cmpd 25” and “cmpd

34” (1, 5, and 10 pM) compared with control cells. Error bars correspond to SEM. .........cccooviiiiiiiiiiiiiineiee. 133

Figure 68. Glycolysis, assessed as a measure of % change in ECAR compared with control. The number 25
represents “cmpd 25” and 34 represents “cmpd 34”. * p < 0.05 (Student’s t) compared with the control. Results
were obtained from one-time experiment (triplicates or quadruplicates) for PHK2Is 6, 18, 21, and 60. Results with
“‘cmpd 25", “cmpd34” and PHK2I 40 were obtained from two independent experiments). Error bars correspond to
] PSSP 133

Figure 69. Glycolytic function and mitochondrial respiration profiles of PHK2Is 6, 18, 21, 40, and 60 at different
concentrations. Results were obtained from one-time experiment (triplicates or quadruplicates), except for PHK2I

40 (n=2, triplicates or quadruplicates). Error bars correspond 10 SEM.........cccoiiiiiiiiiiiieiiee e 134

Figure 70. Change in ECAR of Huh7 (A), PC3 (B), and CHO (C) cells after injection of 10 mM glucose, transduced
as glycolytic response during GST. Cells underwent prior treatment with known inhibitors and PHK2Is at 10 uM.
The number 25 represents “cmpd 25” and 34 represents “cmpd 34”. * p < 0.05 (Student’s t) regarding control cells
(DMSO). Error bars correspond t0 SEM. .........ooiiiiiiieeee e e e e e nneeas 136

Figure 71. Glycolytic response observed during GST with CHO cells treated with compounds 6, 7, 10 and 60 at
1.5 yM. Compound 10 inhibits CHO HK2 and not CHO HK1 cells. * - p < 0.05 (Student’s t) regarding the

corresponding control. Error bars correspond to SEM. Results from one-time experiment............cccccoeccceeinneen. 137

Figure 72. Effect of PHK2I 10 at 10 and 1.5 pM on glycolytic function, glycolysis and non-glycolytic acidification of
CHO CGK (yellow), CHO HK1 (blue) and CHO HK2 cells (orange). C corresponds to control cells. Lighter colors
(black outline) in glycolytic function graphs correspond to treated cells. * p < 0.05 (Student’s t) compared to the

corresponding control. Error bars correspond to SEM. Results from one-time experiment............c..ccoccviiineen. 138
Figure 73. Schematic summary of protocols applied for '3C isotopic labeling experiments...............cccccueevenne... 139

Figure 74. '3C isotopic labeling of the glycolytic pathway in Huh7 cells treated with either “cmpd 25" or PHK2Is, 6,
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Figure 75. '3C isotopic labeling experiments in Huh7 (A, B, C) and CHO (D, E, F) cells. Labeled glucose was
introduced in the culture medium and the incubations lasted for 16h before cell harvesting. Both for PHK2|-treated
(5 uM) and control cells, M+0 represents the non-labeled species and M+3 or M+6 represent labeled species with
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Introduction and aims

Cancer is the second most frequent cause of death worldwide. Over 18 million new cancer cases and
9.6 million cancer-related deaths are estimated to have occurred in 2018. By 2040, twenty-seven million

new cancer cases per year are anticipated [1].

As a multifaceted disease, cancer is not easy to characterize and target. Cancer cells are
heterogeneous and exhibit a deeply complex behavior, involving multiple factors in multiple pathways,
and are capable to adapt to various constraints. Indeed, since cancer cell physiology is not fully
understood, the possibility of treating the disease by acting upon one target or pathway has long been
abandoned and its unlikely success has been clearly recognized [2—4]. Moreover, while many potent
drugs have been developed, a considerable number of cancer cell types are known to become therapy-
resistant and develop alternative survival routes, as in the case of radiotherapy [5] or chemotherapy

with cytotoxic agents [6].

Chemoresistance is considered the key challenge in cancer research. Several molecular mechanisms
of how cells avoid the induction of apoptosis commonly instigated by chemotherapeutics have been
reported [7,8]. In this regard, rational drug combinations are being planned to achieve the synergy
needed to fight these routes [9]. Particularly, blocking specific pathways in altered cancer metabolism
seems to attain a potentially safe and efficient approach to overcome drug resistance in combination
with chemotherapeutics [10-12]. A common feature of resistant cancer cells is related with the aberrant
energy metabolism in which aerobic glycolysis occurs at high rates. Many enzymes in the glycolytic
pathway have their expression altered in cancer compared with normal cells, mostly due to the

overexpression of several specific isozymes [12,13].

The present research project explores the overexpression of the glycolytic enzyme hexokinase 2 (HK2),
envisioning its use as a therapeutic target towards cancer therapy. HK2, often dubbed cancer’s double-
edged sword, is able to meet the anabolic and catabolic needs of cancer cells but is also involved in
anti-apoptotic mechanisms through its binding to mitochondrial outer membrane (MOM), promoting the
cancer cells’ proliferation and immortalization [14]. HK2 inhibition can lead to cytostatic effects and
sensitize cancer cells to several commercial drugs or radiation [5,6,15-17]. Proof-of-concept of the
viability of targeting HK2 was previously provided, emphasizing the requirement of HK2 for tumor
initiation and maintenance, and the therapeutic effect of HK2 ablation, without systemic constraints in
adult mice [18]. However, an obstacle to this strategy is the high amino acid similarity and identity
between HK2 and the HK1 isozyme that must be overcome to obtain safer drugs. HK1 is ubiquitously

expressed in human cells and its inhibition might lead to harmful events.

Considering the non-availability of specific HK2 inhibitors in the clinic or even in clinical trials, the main
aim of this project was the discovery of small molecules able to act as potent and selective HK2
inhibitors, which might allow milder and more effective treatments. Toward this end, a multidisciplinary

strategy involving a structure-based virtual screening (SBVS) campaign and its validation was
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developed, and it includes in silico studies, organic synthesis and a chemical, biochemical and biological

characterization of the compounds component. Specifically, the main objectives of this project were:

Deep understanding of HK2 function and structure (Chapter 2);

Definition of an accurate in silico protocol suitable to be used for SBVS on HK2 catalytic pocket
(Chapter 3);

Virtual screening of libraries of commercially available molecules and selection of potential hits
for HK2 inhibition (Chapter3);

Acquisition or synthesis of a selection of potential hits (Chapter 3 and 4)

Experimental validation of the SBVS protocol, by biochemical evaluation of the ability of
selected molecules to inhibit the catalytic activity of HK2 (Chapter 3 and 4);

Assessment of hit molecules in more biologically complex environments. Evaluation of the
effect of hits on cell proliferation, glycolysis, formation of G6P (Chapter 5);

Insight into the structural differences between to HK1 and HK2 structures (Chapter 6).

This dissertation is organized in 8 chapters according to the subject. Following the present chapter

where the theme and objectives are established, and chapter 2, the next four chapters are

independently structured. Chapter 3, 4, 5 and 6 are subdivided into an overview, results and

discussion, conclusions and experimental procedures. Given the multidisciplinarity of the research

project, a brief description of the applied methodology is provided in the beginning of each chapter,

as part of the general overview. Next paragraphs succinctly describe the content expected in each

chapter:

Chapter Il: State-of-art — this chapter aims to integrate the objectives of this dissertation
in the current state-of-art. Altered glycolysis is summarized and hexokinases (HKs) field is
fully explored. This literature review is based on the following review paper [19]: Garcia,
S. N.; Guedes, R. C.; Marques, M. M. Unlocking the potential of HK2 in cancer metabolism
and therapeutics. Curr. Med. Chem. 2019, 26 (41), 7285-
7322.https://doi.org/10.2174/0929867326666181213092652

Chapter Ill: Structure Based Virtual Screening (SBVS) — This chapter describes a

SBVS campaign, and discusses its biochemical validation.

Chapter IV: Chemical synthesis — Synthetic routes for the synthesis of a family of
potential hits of HK2 inhibition and a known HK2 inhibitor are described. The biochemical
evaluation of the synthetized compounds is presented.

Chapter V: Biochemical and biological evaluation — The biological characterization of
the selected compounds is presented. Cell proliferation, cell death, interference on

glycolysis and mitochondrial respiration were evaluated.


https://doi.org/10.2174/0929867326666181213092652
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= Chapter VI: Structural and dynamic behavior comparison between HK1 and HK2: a
Molecular Dynamics approach to explore potential drug selectivity— In this chapter
molecular dynamics studies are explored for comparison of HK1 and HK2 structures.

= Chapter VII: Final remarks and Future work — Joint conclusions are stated, the
relevance of the obtained results, and the future of the project are discussed. Perspectives

on cancer therapy mediated by metabolism intervention are also outlined.

Finally, the manuscript ends with the list of bibliography (Chapter 8 — References) referenced
throughout the manuscript. Moreover, there are some relevant annexes to supplement presented

information.
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catalytic HK2-MOM
activity / \ Interaction
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source of energy apoptosis

Cancer cells’ eradication and/or decreased

resistance to chemotherapeutics

T |
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Figure 1. Schematic view of the project aims.
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" The present chapter is based on the following paper: Garcia, S. N.; Guedes, R. C.; Marques, M. M. Unlocking
the potential of HK2 in cancer metabolism and therapeutics. Curr. Med. Chem. 2019, 26 (41), 7285-7322.
https://doi.org/10.2174/0929867326666181213092652 [19].
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1. Hallmarks of cancer cells: Reprogramming of Energy

Metabolism

Cancer hallmarks have been described as “acquired functional capabilities that allow cancer cells to
survive, proliferate and disseminate” [20] or, more precisely, as “acquired evolutionary-advantageous
characteristics that complementarily promote transformation of phenotypically normal cells into
malignant ones, and promote progression of malignant cells while sacrificing/exploiting host tissue” [21].
The establishment of hallmarks provides a more systematic organization of the remarkable features of
cancer cells and enables the understanding of their complexity and heterogenicity in order to exploit
them in a more rational manner [20]. Currently, eight hallmarks are generally recognized: sustaining
proliferative signaling, evading growth suppressors, resisting cell death, enabling replicative immortality,
inducing angiogenesis, activating invasion and metastasis, evading immune destruction, and
reprogramming energy metabolism. These processes may occur in cancer cells in different extents,
allowing cells to be more dependent on one hallmark than another. However, these hallmarks are

closely related, as part of a tightly controlled iterative system [20,21].

The recently extended knowledge about the metabolic network of human cancer has consolidated prior
information and added important insights, reinforcing the pool of opportunities that this field might offer
to achieve the ultimate goal of cancer treatment. The most important aspects of altered cancer
metabolism have been well documented and summarized in the last years [13,22—-25]. Several specific
pathways were noticed to be consistently enhanced, contributing to resistance, namely the glutamine
and glucose metabolisms as main energy sources. Moreover, cancer cells require higher levels of
catabolite uptake, transfer and utilization when compared with their normal counterparts. Figure 2
highlights the enhanced steps in central cancer metabolism, contrasting with the regular flux. A strategy
involving catabolite deprivation might be a selective and effective anticancer treatment approach. Since
glucose (Figure 3, 1) is considered the main fuel and the most critical nutrient for proliferation and
survival of several cancer cell types, interfering with glycolysis could be a key adjuvant in this fight
[26,27].

1.1. Impaired glycolysis

Otto Warburg’s research work in the first half of the 20" century resulted in the confirmation of a
consistently altered metabolism in cancer cells, and almost a hundred years later his theory is still valid
in many cases. Warburg postulated that the origin of cancer cells is driven by an irreversible respiratory
damage event that leads the cell to find an alternative means of obtaining ATP and essential substrates
via fermentation (i.e., glycolysis) rather than through the normal mitochondrial oxidative phosphorylation
(OXPHOS). Even in the presence of oxygen, cells are unable to recover from damage that caused them
to use glycolysis (“aerobic glycolysis”) as their main pathway to obtain energy and thus cancer cells do

not return to a normal status [28]. This effect was later named the “Warburg Effect”, after its discoverer.
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Although tumors with normal OXPHOS were quickly discovered, glycolysis is generally still found to be
upregulated [13,29].

Glycogenesis
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Glycoproteins
Ribonucleotides
NADPH
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Figure 2. Summarized scheme of central metabolism focused on glycolysis and the tricarboxylic acid (TCA) cycle.
Blue arrows represent reactions/pathways significantly upregulated in cancer cells and orange arrows represent
the downregulated ones. Highlighted isozymes (red) are consistently upregulated in several cancer cells (adapted
from Hu, et al. [11]). a-KG, a-ketoglutarate; 3PG, 3-phosphoglycerate; ADP, adenosine diphosphate; ALDO,
aldolase: ATP, adenosine triphosphate; CS, citrate synthase; DHAP, dihydroxyacetone phosphate; ENO, enolase;
F1,6BP, fructose-1,6-bisphosphate; F6P, fructose-6-phosphate; FAS, fatty acid synthesis; FH, fumarate
hydrogenase; G3P, glyceraldehyde-3-phosphate; GG6P, glucose-6-phosphate; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; Gin, glutamine; GLS, glutaminase; Glu, glutamate; GLUD, glutamate dehydrogenase;
GLUT, glucose transporter; GPI, G6P isomerase; HK, hexokinase; IDH, isocitrate dehydrogenase; LDH, lactate

dehydrogenase; MCT, monocarboxylate transporter; MDH, malate dehydrogenase; NAD'/H, nicotinamide
adenine dinucleotide (oxidized/reduced); OAA, oxaloacetate;,  OGDH, a-ketoglutarate dehydrogenase;
OXOPHOS, oxidative phosphorylation; PC, pyruvate carboxylase; PDH, pyruvate dehydrogenase; PEP,
phosphoenolpyruvate; PFK, phosphofructokinase; PGK, phosphoglycerate kinase; PGAM, phosphoglycerate
mutase; PK, pyruvate kinase; PPP, pentose phosphate pathway; SCS, succinate synthase; SDH, succinate
dehydrogenase; TP, triosephosphate isomerase. Adapted from Garcia et al (2019) [19].

Regardless of these early findings, interfering with glycolysis has only started to be seen as a relevant
tool for cancer therapy in recent years, in addition to other strategies directly affecting signal
transduction pathways and genetic and epigenetic perturbations [13]. Nevertheless, due to the
recognition of a consistently enhanced glycolysis pathway, glucose uptake and glycolytic activity of
cancer cells have been exploited for tumor detection. Regarding diagnosis, 2-'8fluoro-2-deoxy-glucose
("®FDG) remains the most commonly used radiotracer for positron emission tomography (PET). '®FDG
(Figure 3, ll) is transported into the cell by glucose transporters (GLUT1-14) and is captured by HKs to
be metabolized. Increased glycolytic activity is then detected by the accumulation of the positron-

labeled glucose analogue [30].
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Figure 3. Structures of Glucose (I), FDG (ll) and G6P (Ill)

In order to ensure high proliferation rates, cancer cells must have access to multiple nutrients that allow
for a rapid cell growth and further cell division. This is achieved by an increase in anabolic pathways
and low dependence on high levels of ATP for cell survival and proliferation. Furthermore, the
occurrence of enhanced glycolysis can be explained by kinetic considerations. Indeed, OXPHOS is
more efficient, converting one molecule of glucose into 36 ATP molecules while the glycolysis outcome
is only 6 ATP molecules, but the latter is 10-100 times faster [31]. Glycolysis is a tightly regulated
process in which HKs, phosphofructokinase (PFK) and pyruvate kinase (PK) play a vital role as subjects
of allosteric regulation and maintain the necessary homeostasis and adequate levels of metabolic

intermediates. HKs are the most influential operative enzymes in setting the flux through glycolysis [32].

Similarly, in normal and cancer cells, the first step is glucose uptake, carried out by GLUT, specifically
GLUT1, which is usually overexpressed in cancer cells. By capturing and catalyzing glucose
phosphorylation into glucose-6-phosphate (G6P, Figure 3, Ill), HKs are involved in the first and most
controlling step of the glycolysis process. With the consumption of ATP, this reaction is highly exergonic
and thus considered irreversible in the intracellular medium [32]. Following the glycolytic chain, G6P is
reversibly isomerized to fructose-6-phosphate (F6P), which is then irreversibly phosphorylated at C1 by
phosphofructokinase (PFK), with ATP consumption. After biotransformation of fructose-1,6-
bisphosphate (F1,6BP) into phosphoenolpyruvate (PEP) by a series of reversible reactions, pyruvate
kinases (PK — PKM1, PKM2, PKR, and PKL) catalyze its irreversible conversion to pyruvate with
concomitant ATP generation. The irreversible reactions catalyzed by HKs, PFK and PKs are then
considered controlling checkpoints for glycolysis. After the pyruvate production step, glycolysis is mostly
followed by OXPHOS in normal cells, with pyruvate entering the tricarboxylic acid (TCA) cycle, or less
likely proceeds to fermentation by catalytic conversion of pyruvate into lactate, mediated by lactate
dehydrogenase (LDH). Lactate is rapidly expelled to the extracellular space by monocarboxylate

transporters (MCT1-4) to maintain an adequate intracellular pH [32].

Generally, cancer cells behave differently, and the reaction flux is altered, wherein specific isozymes
have been demonstrated to be upregulated (highlighted in red in Figure 2). Extensive comparative
studies between multiple types of primary tumors and healthy tissues enabled the conclusion that all
reactions involved in glycolysis are upregulated in cancer cells, as are many reactions involved in the

anabolic pathways leading to nucleotides, amino acids and lipids. Among the enzyme families involved

11
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in central metabolism, HK, phosphoglucomutase (PGM), enolase (ENO), and LDH are the most
frequently upregulated in multiple types of cancer cells; typically, at least one isozyme from these
families is overexpressed. On the other hand, many catalytic processes required for OXPHOS appear

to be downregulated (highlighted with orange arrows in Figure 2) [33].

Although blocking an upregulated pathway in cancer may appear a straightforward strategy, the marked
heterogeneity among cancer cells precludes establishing a universal pattern. Accordingly, successful
therapeutic interventions upon specific metabolic pathways suggest more personalized approaches. A
few examples of attempted strategies along the glycolytic pathway and some of their drawbacks follow

in the next subsections.

1.2. Blocking Glycolytic Steps

GLUT-1 is overexpressed in many cancer cells and is envisioned as a therapeutic target. However its
broad expression in healthy tissues precludes its further exploitation [13]. By contrast, certain enzyme
families associated with the glycolytic process, such as HK and G6P isomerase (GPI), which are also
involved in transcriptional and apoptosis regulation, appear more relevant [34]. Besides its catalytic
role, GPI (also known as autocrine motility factor) acts as promoter of proliferation and cancer cells’
motility, enabling tumor invasion by inducing the matrix metalloproteinase-3. In addition to its own
product, F6P, other GPI inhibitors have been developed, namely 6-phosphogluconic acid [34] (annex
1 — S-l). PFK is also a potential target. This enzyme is naturally inhibited by several endogenous
molecules, such as PEP, lactate, palmitoyl CoA, ATP or N-acetylglucosamine (GlcNAc) (annex 1 — S-
Il to S-VI)., shunting F6P to the pentose phosphate (PPP) pathway with NADPH regeneration. However,
enhancing PPP still provides a benefit to cancer cells. In addition, the accumulation of F6P will lead to
its reversible conversion into G6P, which may also constrain glycolysis by the inhibition of HKs [13].
Aldolase, specifically the isoform A (ALDO A), is also overexpressed in cancer cells. Small molecule
ALDO A inhibitors (e.g., 3-deoxyglucose and 3-fluoro-p-glucose (annex 1 — S-VII, S-VIII) have been
investigated [13,34]. Likewise, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) inhibitors (e.g.,
iodoacetate - annex 1 — S-IX ) have been developed [34]. GADPH, which is enhanced at low
NAD*/NADH ratios, contributes to the glycolytic cycle but its inhibition favors the PPP by accumulating
upstream products [35]. Phosphoglycerate kinase (PGK) has an interesting potential. Besides its
participation in glycolysis, this enzyme is able to reduce disulfide bridges and seems to initiate
proteolysis of angiostatin, ultimately increasing angiogenesis [32]. Phosphoglycerate mutase (PGAM)
and enolase (ENO) are also being investigated due to their consistent overexpression in cancer cells
[34]; nevertheless, no other roles with potential influence in cancer development appear to have been
found for these enzymes. Among the PK isozymes, PKM2, which is the most commonly expressed in
cancer cells, has been considered a promising target, but its usefulness is controversial in view of
inconsistent reports of potential benefits with either activation or inhibition of the enzyme [13,23]. Lactate

dehydrogenase (LDH) is generally overexpressed in cancer cells and thus also considered a potential
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target. LDH inhibitors are being developed in order to inhibit glycolysis and enhance the use of pyruvate
in the TCA cycle. Nevertheless, LDH acts too downstream of the glycolytic chain; due to the
accumulation of metabolic substrates for anabolic pathways, its inhibition would probably be insufficient
to produce a significant therapeutic effect. Similarly, inhibition of the monocarboxylate transporter
(MCT), with ensuing accumulation of lactate and its increased conversion into pyruvate, has been
considered to prevent glycolysis; moreover, the concomitant acidification of the intracellular medium

can prompt apoptosis [13].

In conclusion, blocking various glycolytic steps in cancer cells is an appealing strategy, but its

achievement carries several limitations.

1.3.  Blocking multiple pathways

In oxidative tumors, which rely on OXPHOS to obtain raw nutrients, the use of anti-glycolytic agents
seems, to some extent, fruitless. These cancer cells can obtain substrates from other pathways,
including catabolism of lipids, ketone bodies, and amino acids, namely through the oxidation of
glutamine, upon which some cancer cells are highly dependent [22]. Another difficulty is the metabolic
adaptation of cancer cells, which can switch from one pathway to another at different stages of the
disease. Dual inhibition of glycolysis and glutaminolysis has emerged as a potential therapeutic strategy
in these cases, with positive in vitro results in controlling ovarian cancer cells proliferation [27]. Similarly,
combined inhibition of glycolysis, glutaminolysis and de novo fatty acid synthesis showed promising
results in thirteen diverse cell lines [36]. Indeed, given the possibility of metabolic reprogramming upon
glycolysis inhibition, a multitarget approach should be a more efficient therapeutic strategy than simply
targeting the glycolytic pathway. In this regard, considering the subcellular location of the processes
involved in the central metabolism (Figure 2), inhibiting both glycolysis and mitochondria activity might

represent the most effective way to fight cancer cells [34].

1.4. Limited success of current glycolytic inhibitors

Although, in theory, the glycolysis inhibition strategy appears very attractive, targeting this pathway had
met limited success and current glycolysis inhibitors, have been repeatedly put aside [23]. In fact, the
glycolytic inhibitors discovered and tested so far are not very effective and carry significant side effects
[22,23]. 2-Deoxyglucose (2DG, IV, Figure 4) is one of the most well-known compounds able to inhibit
the glycolytic pathway, specifically for its effect on HK upon conversion into 2DG-6-phosphate, causing
inhibition of cell proliferation, and leading to cell death. Nevertheless, this non-selective compound
entails low tolerability and excessive side-effects due to the high concentrations required to produce an
effect; its benefit has been controversial in clinical trials, some of which have been discontinued [37,38].
Likewise, clinical trials using lonidamine (LND, V) were stopped due to lack of positive results [39]; still,

LND is approved in some European countries. Moreover, albeit 3-bromopyruvate (3BP, VI) seems to
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be a promising compound, which is expected to enter clinical trials soon [40], its non-selective alkylating

properties [41] raise concerns.

Attempts to selectively inhibit specific isoenzymes involved in cancer glycolysis have gradually come to
light, namely those targeting PKM2 [42] and HK2 [43]. In the near future, overcoming the high structural
similarity among isoforms is expected to become a major goal (and a reality), ultimately giving rise to

an increased availability of selective glycolytic inhibitors. A new generation of glycolytic inhibitors with

improved potency and selectivity is undoubtedly needed.
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Figure 4. Structures of glycolytic inhibitors 2DG (IV), LND (V) and 3BP (VI)

1.5. HK2 as a potential target

The importance of HKs in glycolysis as the enzymes that catalyze the first (irreversible) step of glycolysis
was mentioned above. The HK product, G6P, is not only necessary to proceed to OXPHOS but also to
the anabolic processes of PPP; thus, G6P is crucial for the synthesis of nucleotides, glycogenesis, and
the hexosamine synthesis pathway. Due to the regeneration of NADPH in PPP, HKs are also ultimately
involved in fatty acid synthesis and redox control [32]. Among the four most well-studied human HKs
(HK1-4) [44], the HK2 isoform was found to be particularly and consistently overexpressed in cancer
cells [33]. Interestingly, HK1 and HK2 have been demonstrated to inhibit apoptosis by a non-catalytic
process [45]. Indeed, seeking newly synthesized ATP and an enhancement of the glycolysis rate, these
isoforms bind to MOM, most likely to a voltage-dependent anion channel (VDAC) [46]. VDAC-1 is the
major protein of MOM in eukaryotes, mediating the permeation of metabolites into/out of the
intermembrane space, including the newly synthesised ATP [47], and regulates the intrinsic pathway
for apoptosis. Briefly, HK/VDAC interaction avoids the binding of proapoptotic factors, preventing the
continuation of the programmed cell death and contributing for the immortalization of cancer cells
[16,45,48-50].

Taken together, these observations suggest that HK2 is an excellent potential target for cancer
treatment, since a dual role in reprogramming the central metabolism and contributing to avoid
senescence of cancer cells can be envisaged. Potent and selective inhibitors for HK2 over HK1 should
largely affect cancer cells without compromising systemic homeostasis and normal metabolic functions
related to HK1 [43].
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2. Hexokinases

HKs are part of the group of anomeric sugar kinases that perform essential roles in carbohydrate
metabolism, particularly in glycolysis. Kinases are a diverse class of enzymes (over six hundred human
kinases have been identified) able to catalyze the transfer of a phosphate group from a phosphate of a
phosphate donor (e.g., ATP), to an acceptor (e.g., sugar) [51]. Specifically, HKs catalyze the
phosphorylation of hexoses such as glucose (I), mannose (IV) and fructose (V), generally at the oxygen
bound to C6 (Figure 5 - A), using ATP as the phosphate donor [44] (Figure 5 - B). HK isozymes are
widely distributed in nature and are responsible for the first step of glucose usage in all eukaryotic cells

and in many prokaryotes [52].

There are five monomeric HK isozymes currently known in the human genome: HK 1-4, named
according to their electrophoretic mobility [44,52], and HK domain-containing protein-1 (HKDC1), the one
most recently identified [53]. Specifically, HK1-3 and HKDC1 are 100 kDa proteins, while HK4 (or
glucokinase — GCK) has approximately half the size [44]. Concerning the evolutionary process, HK2 is
suggested as the isozyme most closely related to ancestral HK, with the others resulting from different
types of mutations, mostly in the N-terminal half, or the complete absence of this domain (in GCK). The
retention of catalytic activity in both halves of HK2, rather than the C-terminal binding pocket only, such
as in HK1 and HK3, is also consistent with this view [54]. Data on the amino acid sequences of human
HKs [55], including a comparison of identity and similarity among the different isozymes, are presented
in Table 1.
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Figure 5. A - Common substrates of HKs. B - Simplified mechanism of G6P formation. Besides Asp657 that activates
the oxygen for the nucleophilic attack, other residues stabilize the substrates and allow the reaction, such as Ser603 and
Arg539 (not shown).
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Table 1. Characterization and comparative data of human HKs sequences of amino acids.

lsozyme UniProtKB? Weight Catalytic Length Identity/Similarity® (%)
entry (kDa) pockets (res) HK1 HK2 HK3 HK4¢ HKDC1
HK1 P19367 100 1 917 - 73/87 52/69 53/72 71/85
HK2 P52789 100 2 917  73/87 - 55/72 55/73 68/85
HK3 P52790 100 1 923  52/69 55/72 - 52/72  53/70
HK4 P35557 50 1 465  27/37 28/37 26/36 - 26/36
HKDC1 Q2TBS0 100 1 917 71/85 68/85 52/69 52/71 -

aUniProtKB entries [55]° Calculated with MOE2016 software. ° Obtained by the alignment of HK* C-terminal and HK4; res —

niimher of residiies

2.1. Roles and distribution of HKs

HKs in mammals seem to be similarly distributed among tissues, although there are clear differences
in the expression of specific isozymes [56]. Table 2 summarizes information on the most common
tissue distribution of the best known HKs and their subcellular location. The next subsections detail

more information about each member of the human HK family.

2.1.1. HK1-3

HK1 is commonly expressed in most cells, with particular predominance in the brain [57] and kidneys
[56]. It plays a catabolic role, by introducing glucose into the glycolytic metabolism in order to produce
ATP (energy) [57]. Likewise, HK2 is broadly expressed, although it is typically present at much lower
levels in most tissues; nonetheless, HK2 is the predominant isozyme in insulin-sensitive tissues (e.g.,

skeletal and cardiac muscles; adipose tissue).

HK1 and HK2 seem to exhibit similar subcellular location, specifically in cytoplasmic fractions and MOM
[57]. Interestingly, HK2 was also found to be associated with the nucleus in the presence of inhibitors
such as 2DG or clotrimazole [58,59]. These isozymes are recognized as mainly responsible for the
general HK activity, although HK2 (as well as HK3) is more likely associated with the anabolic processes
of glycogen synthesis and PPP [57,60]. In common, HK1-3 are inhibited by their own product, G6P, and
by high concentrations of inorganic phosphate. Remarkably, lower inorganic phosphate levels inhibit
HK2 and HK3 activity, but do not affect HK1 [57].

Compared to HK1 and HK2, HK3 exhibits the highest affinity for glucose and the lowest affinity for ATP
[61]. Contrasting with HK1 and HK2, HKS is inhibited by high concentrations of glucose [52,61], which
seems to be related with substrate binding to the C-terminal pocket [61]. HK3 lacks the initial
hydrophobic moiety present in the N-terminal domain of HK1 and HK2, which leads to a considerable

difference in the three-dimensional structure, different subcellular locations and, subsequently, different
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roles. For instance, unlike HK1 and HK2, HK3 is unable to bind to mitochondria and is found in the
periphery of the cell nucleus [57]. HK3 is a weakly expressed isozyme in mammalian cells, detected
primarily in the liver, kidney [56], spleen and lungs [60]; as a result, its role in hexose metabolism does

not appear to have been fully characterized [44,60].

2.1.2. HK4/GCK

GCK has been shown to be tissue-specific, restricted to liver and pancreas, where it is expressed in
high levels [56,60] and plays critical roles, namely in glycogenesis in the liver, and in pancreatic 8-cells,
through the control of insulin secretion [62]. The pivotal role of this enzyme in glucose homeostasis has
been recognized over the years and different types of diabetes have been related to mutated GCK
[44,62—-65]. Indeed, GCK activation has been regarded as a valid therapeutic strategy against diabetes
and hyperglycemia [66—68]. Interestingly, GCK exhibits lower affinity for the glucose substrate than
HK1-3 [52]; however, it does not appear to be inhibited by G6P to the extent observed for HK1-3 under
physiological conditions [44,52,62]. Another feature of GCK is its translocation to the nucleus in
hepatocytes when complexed with glucokinase regulatory-protein, a process that inhibits its catalytic

activity and confers protection from proteolysis in the cytoplasm [69].

Recently, a novel HK4-like mammalian isozyme has been reported. This isozyme is a 55 kDa protein,
designated Polyphosphate-Dependent Glucokinase (PDGK), which appears to be structurally related
with HK4. PDGK uses inorganic polyphosphates as predominant substrates and was significantly found
in liver, heart, muscle and lung of ovine, porcine, bovine and rat species [70]. In the house mouse, the
gene was found to be expressed and, contrary to other HKs, ADP is used as substrate instead of ATP;
this could be an advantage when energy resources (ATP levels) are lower (e.g., low mitochondrial
OXPHOS during aerobic glycolysis, enhanced in cancer states) [71]. Nonetheless, additional studies

on the activity and expression of this isozyme are required.

2.1.3. HKDC1

HKDC1 was recently described in the human and other species’ genomes [53]. In humans, this isozyme
is also widely expressed, namely in thymus, colon, esophagus, pharynx, and eye tissues [13], small
and large intestine, pancreas, and lung; however, the retention of HK function and enzymatic activity
have not been totally characterized [13]. Recently, enzymatic HKDC1 activity was detected in vitro,
suggesting a contribution of HKDC1 to the total HK activity in different cell types, albeit reduced when
compared with HK1 [67]. High levels of HKDC1 expression in liver have been associated with
pregnancy and gestational hyperglycemia [67—70]; it has also been found in hepatocarcinoma [71] and
lung cancer tissues [72]. Nevertheless, further structural and biochemical characterization of HKDC1 is

still required to clarify its role(s).
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Table 2. HKs tissue distribution and subcellular location.

_Human Tissue Distribution Subcellular
isozyme? location
. Cytoplasm
HK1 Broadly expressed (high levels)
MOM
Broadly expressed (low levels) Cytoplasm
HK2 Adipose, Skeletal and Cardiac MOM
Muscle (Higher levels) Nucleus
HK3 Little expressed (Kidney, Liver, Cytoplasm
Spleen, Lungs) Nucleus periphery
Cytoplasm
HK4 (GCK) Liver, Pancreas (B-cells)
Nucleus

@ Due to the current limited knowledge about HKDC1 this enzyme is not included in this analysis.

2.2. Structures

Mammalian HKs have long been considered to be substantially different from those of other
organisms [52]; however, while sequences share in fact low identity, several examples show that the
three-dimensional (3D) structures might be close. For instance, human HK1 (hHK1, PDBID:4F90 [72],
2.65A, 2013), hHK2 (PDBID:2NZT [73], 2.45 A, 2006), rat HK1 (rHK1, PDBID:1BG3 [74], 2.80 A, 1998),
Schistosoma mansoni HK (sHK, PDBID:1BDG [74], 2.60 A, 1998), yeast HKPI (yHKPI, PDBID:3B8A
[75], 2.95 A, 2008) and Arabidopsis thaliana HK1 (AtHK1, PDBID:4QS7 [76], R=2.00 A, 2015) are quite
similar (average RMSD= 1.70 A). When the overlap is directed towards the catalytic pocket, the
similarity is even higher (RMSD= 1.20 A). Analizing the identity and similarity were analyzed using 29
residues belonging to the glucose cavity, the agreement was 90-100% and 93-100%, respectively
(Figure 6). Accordingly, HKs present highly (structurally) conserved catalytic pockets between different
species, even in HKs sharing low overall identity with hHK1 (rHK1 - 94%, sHK - 23%, yHKP1 - 17%,
AtHK1 - 18%).

The first HK 3D structure, yeast (Saccharomyces cerevisiae) HKB, was resolved by X-ray
crystallography (PDBID:2YHX) in 1978 [77]. Currently, seventy-five HK or HK-related structures are
included in the Protein Data Bank (PDB, https://www.rcsb.org/) [78], namely forty-six from human origin.
From those, thirty-one are GCK, ten represent HK1, four HK2, one is related to the HK3 structure,

representing the C-terminal domain [61]. None is associated to HKDC1.

Sharing high identity and similarity, HK1, 2 and 3 are composed by two structurally identical domains,
N-terminal (NTD) and C-terminal (CTD), each with a glucose/G6P binding pocket. On the other hand,
GCKis constituted by a unique domain. Interestingly, only HK2 has been shown to have two catalytically

active pockets; by contrast, in HK1 and HK3 only the pocket located in the C-terminus has catalytic
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activity [54,79,80]. Moreover, the N-terminal catalytic pocket has been shown to provide the major

enzyme activity of HK2 [54].

Structurally, the N- and C- domains are linked by a long eight-turn a-helix (helix-a'3), each formed by a
large and a small subdomain. The active site is located in the cleft between the two subdomains [73].
Although several studies [53,81] have contributed with important insights, more investigation on the

catalytic/noncatalytic NTD of HK isozymes should be carried out.

According to alignment information from the UniProt database(www.uniprot.org) [55], human HK1 and
HK2 havean identity of 73% and a similarity of 87% (the highest among HKs), both with a sequence
length of 917 residues [82] (Table 1). As aforementioned, only HK1 and HK2 possess a hydrophobic
N-terminal helix (1-12 aa) able to interact with MOM [57].

Regarding HK4, no G6P was found in any of the reported structures, which is consistent with the lack
of inhibition by its own product (vide supra). This isozyme has been crystallized mostly with activators
and with its substrate (glucose) and/or non-hydrolyzable ATP analogues, such as adenosine- 5’-(3-y-
imino)-triphosphate (AMP-PNP) and adenosine-5'-(y-thiotriphosphate (ATPyS). When glucose is
present, both the a- and S-isomers were found, suggesting weak anomeric selectivity [78].

The induced fit caused by glucose binding to HKs, which involves rigid body rotation and non-rigid body
conformational changes, was established long ago [74,75,83]. Basically, a small (non-rigid) subdomain
rotates ~17° towards the direction of a large (rigid) subdomain, generating a closed state of the protein.
The different conformations of several described loops [75,84], as well as changes in the subdomain
positions, have become easier to identify by comparison of the most recent structures of HK2
crystallized with strong inhibitors (open state) [43] and the previously obtained structure of HK2
crystallized with glucose (PDBID: 2NZT [73]), in the closed state (Figure 7).

As for the ATP pocket, the molecule is thought to overlap with G6P via the common phosphate group
[75]. ATP has not yet been crystallized with any HK, presumably because it is easily hydrolyzable and/or
competes with G6P for the pocket [74,83]. Nonetheless, AMP-PNP and ATPyS have been crystallized
with HK4 (PDBID:3ID8, 3FGU, 3VEY) and found localized close to glucose, overlapping the G6P site,
which is consistent with the proposed hypothesis [85,86]. Indeed, this possible competition represents
a plausible basis for the G6P inhibition mechanism. In another reported structure, PDBID:1QHA [87],
human HK1 was crystallized with AMP-PNP; however, the small molecule seems to bind superficially,
quite far from the glucose binding site, suggesting that phosphate transfer to glucose from this site
would be hampered. It has been proposed that this non-catalytic pocket, thought to accommodate ATP,
may be important for the interaction of HK1 and HK2 with MOM [87]; yet, other phosphorylations,

including autophosphorylation, are not excluded [88].

Many functions and activities have been attributed to HKs. Nonetheless, despite important insights and
new crystallographic structures, HKs specific mechanisms of action are still not fully understood,
including the mechanism of inhibition by G6P, the reason for the existence of non-catalytic pockets
whose structure highly resembles the active catalytic pockets, and the binding mode(s) to MOM. Thus,

much remains unknown and further research is warranted.
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Figure 7. HK induced fit. A, molecular surfaces of PDB:2NZT, representing HK2 in the closed state (left), and PDB:5HEX,
representing HK2 in the open state (right). The catalytic pocket is expanded, showing different conformations of the
enzyme. The small (nonrigid) subdomain (yellow) and the large (rigid) subdomain (blue) are shown. B, HK2 interaction
with glucose (PDB:2NZT) (left) and a potent inhibitor (PDB:5HEX) (right) in the catalytic pocket. The difference in the
distance between Thr863 and Thr536 is highlighted in the two conformational states. Adapted from [19].
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2.3. Expression of HK2

2.3.1. HK2 expression in normal cells

HK2 expression is present in normal insulin-sensitive tissues and depends on insulin levels. A
phosphorylation cascade is triggered when insulin binds to and induces the intrinsic tyrosine kinase
activity of its receptor. Phosphorylation of the insulin receptor substrate (IRS-1) leads to the activation
of the phosphatidylinositol 3-kinase (PI3K) pathway, which in turn activates the p70/p85 S6 protein
kinase (P70%%%), inducing HK2 mRNA transcription, a rapamycin-sensitive process [89,90].
Catecholamines also induce HK2 expression, through activation of the cyclic AMP (cAMP) pathway,
ultimately leading to activation of the cAMP response element (CRE). When active, CRE enhances
transcription by binding to promoters of HK2 expression. Activation of nuclear transcription factor Y (NF-

Y) also promotes HK2 expression [91].

2.3.2. HK2 upregulation in cancer cells

Numerous recent studies on different cancer types have noted HK2 overexpression [5,92—-97] in many
different tissues (Figure 8). Among these, cholangiocarcinoma [95], oral squamous cell [98], lung [99],
cervical [100], colorectal [101], gastric [102], liver [103], breast [104], prostate [105], and laryngeal [5]
cancer are well-documented, as are brain astrocytoma, glioblastoma, and oligodendroglioma, cervical
squamous cell carcinoma, head and neck squamous cell carcinoma, renal cell carcinoma, diffuse large
B-cell Iymphoma, Hodgkin’s Ilymphoma, peripheral T-cell lymphoma, pancreatic ductal

adenocarcinoma, and papillary thyroid carcinoma [33].

In addition to overexpression in cancer cells, HK2 is upregulated in cancer-associated stromal
fibroblasts [106], as well as in severe inflammatory states, consisten with the increased glycolytic activity

of immune system cells [99].

The HK2 promoter region was found to be activated by multiple variables, such as low oxygen
concentration or the presence of phorbol esters, and has a promiscuous potential to participate in
different signal transduction cascades [89]. Genetic and epigenetic mechanisms, related to oncogenes,
tumor suppressor genes (e.g. mutated p53) and micro RNAs (miRNA), have been reported to promote
HK2 overexpression in cancer cells [5,89,107]. However, the main influential mechanism seems to be
the hypoxia-induced factor-1a (HIF-1a) activation, which is increased in many cancers. HIF-1q, the a
subunit of the HIF-1 dimer, acts as the major transcriptional regulator of cancer metabolism, increasing
the transcription of genes involved in glycolysis, cell survival/proliferation, angiogenesis and metastasis.
It is also related with chemo- and radio-resistance of several cancers, since it is capable to adapt to
new imposed conditions through changes in cancer metabolism [5]. Upon activation of HIF-1
heterodimer (e.g., by hypoxic, inflammatory, metabolic and oxidative stress) expression of some

isoforms of glycolytic enzymes is induced, such as HK2, leading to increased levels of glycolysis but
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also decreased OXPHOS and mitochondrial function [29,34,108,109]. Notably, HK1 expression does
not seem to be altered by HIF-1[108].
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Figure 8. Examples of tissues where cancer cells have shown overexpression of HK2 [5,92-97].

2.3.3. HK2 downregulation

Downregulation of HK2 has also been investigated. One of the most common strategies is through
antagonism of the phosphatase and tensin homolog (PTEN) on the PI3K pathway [5,110].
Likewise, taurine upregulated gene 1 (TUG1), a long noncoding RNA, seems to participate in the
regulation of early stages of cancer development, as well as the regulation of HK2 expression at
the translational level, its ubiquitination and subsequent degradation [111]. Similarly, sirtuin 6
(SIRT6), a mammalian NAD*-dependent histone deacetylase, is a negative regulator of HK2 [112].
HK2 has also been reported to be a substrate for chaperone-mediated autophagy (CMA), which
could be exploited to eliminate cancer cells by inducing a metabolic catastrophe, through
degradation of HK2 [113]. Moreover, several miRNAs have been demonstrated to regulate glucose
metabolism and cell proliferation and some have been shown to inhibit HK2 expression and tumor
cell growth [114-121].

Exogenous downregulation has also been reported. Several small molecules have been found to
reduce HK2 expression, namely the glycolytic inhibitor, 2DG (1V, Figure 4) [58]. Among these (Figure
9), licochalcone (IX) has been shown to affect HK2 expression by blocking the Akt signaling pathway
in gastric cancer cells [122]. Chrysin (X) has also been reported as a glycolysis inhibitor and apoptosis
promoter, which reduces HK2 expression, possibly by directly destabilizing HIF-1a [123]. Resveratrol
(XI), a known scavenger of reactive oxygen species (ROS) with recognized anticancer properties, has
also been shown to inhibit HK2 expression. This molecule was found to inhibit several signaling
pathways, including PI3K [17]. Fenofibrate (XII) is capable of detaching HK2 from the MOM,; it has been

shown to reduce HK2 expression and favor the TCA cycle in oral squamous cell carcinoma [98].
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Jolkinolide B (XIII) is another recently described molecule able to downregulate glycolysis in lung cancer
cells, including the expression of HK2, by interfering with the Akt/mTOR pathway; the compound had a
moderate overall effect on cell proliferation (ICso = 60-80 pM) [124]. Halofuginone (XIV) also inhibits the
Akt/mTOR pathway, leading to diminished HK2 expression; it has been shown to slow glycolysis, inhibit
cell proliferation and induce apoptosis, in addition to inhibiting lipid synthesis and reducing NADPH
production [125]. Finally, oroxylin A (XV) was shown to inhibit the s-Src proto-oncogene pathway (c-
Src/Akt/HK2), which resulted in controlled metastasis propagation due to sensitization of lung cancer

cells to apoptosis following detachment from the extracellular matrix [126].

2.3.4. HK1 Expression in Cancer Cells

Contrasting with HK2, little is reported about the contribution of HK1 to tumorigenesis. This isoform
was occasionally found to be overexpressed in cancer cells, including from breast, bladder, colon,
renal and esophageal cancer [89,93,127]. Recent data revealed the involvement of a common
growth factor, the platelet-derived growth factor (PDGF), in the overexpression of both HK1 and
HK2. PDGF was found to activate the c-Src proto-oncogene, which is involved in many human

cancers that affect multiple tissues, namely breast, colon, liver, lung, pancreas and prostate [117].
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Figure 9. Structures of small molecule inhibitors of HK2 expression.
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2.4. HK anti-apoptotic activity

2.4.1. HK-VDAC interaction

Mitochondrial function is crucial for cell survival and its impairment is associated with numerous
diseases, such as neurodegenerative and cardiovascular disorders, as well as cancer. VDAC is now
documented as a regulator of metabolic and energetic function, acting as a key contributor to the cell
death/survival duality, with roles on normal mitochondrial function, cytoprotection, and mitochondria-

induced apoptosis [128].

In cancer cells, translocation of HK2 to the MOM is induced, wherein approximately two thirds of the
enzyme are bound to VDAC [89]. The serine/threonine-specific protein Akt kinase activates HK2 by
phosphorylation of residue Thr473 and enables a stronger interaction, enhancing glycolysis by the
access of freshly synthesized ATP and reducing the sensitivity of HK2 to be inhibited by the product
G6P [129-131].

The HK/VDAC interaction is thought to stabilize the mitochondrial membrane, control the redox potential
and prevent pro-apoptotic factors (Bax and Bak) from binding to MOM [16,45,48], thereby averting
destabilization of the mitochondrial membrane and liberation of other pro-apoptotic elements (e.g.,
cytochrome c) that would trigger apoptosis [45,49,50]. As mentioned above, this mechanism is relevant
for the immortalization of the cancer cells. The mode of binding between HK2 and VDAC is a subject
of discussion and has not been uncovered yet, but the N-terminal a-helices of each protein have been

recognized to be essential for the interaction [132—134].

Under this scope, HK2 also plays important roles in other pathways. Specifically, HK2 acts as protector
against ischemia and ischemia reperfusion injury. During ischemia, OXPHOS is inhibited by the lack of
oxygen and glycolysis is the main route to obtain ATP and G6P for anabolic and catabolic pathways.
While reperfusion of oxygen leads to oxidative stress and inflammation, the ability of HK1/2 to bind to
MOM and prevent apoptosis can preclude premature cell death [135]. In this regard, HK2 inhibition must

be taken with precaution towards this type of disorders.

2.4.2. HK2-TIGAR interaction

The TIGAR (TP53-induced glycolysis and apoptosis regulator) protein can function as the fructose-2,6-
bisphosphatase domain of PFK2/FBPase-2, converting fructose-2,6-bisphosphate into fructose-6-
phosphate (F6P). Since fructose-2,6-bisphosphate is an activator of PFK, TIGAR can downregulate
glycolysis and enhance PPP, ultimately leading to the biosynthesis of nucleotides and regeneration of
NADPH. This product is then crucial for the regeneration of GSH and ROS deactivation [136].

An HK2-TIGAR complex, capable of modulating HK2 activity, was identified in the mitochondria during
hypoxia. The complex appears to be formed by interaction of the last residues of the TIGAR C-terminus

with HK2 (the specific HK2 residues involved are unknown). This interaction seems to increase HK2
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activity, enhancing the cell’s machinery against ROS, and stabilizing the mitochondrial membrane
potential, thereby contributing to the anti-apoptotic role of HK2. In terms of metabolism, the association
of the two proteins enhances G6P levels, which explains the consequent protection of the cell against
oxidative stress, for instance during ischemia reperfusion [137,138]. Moreover, the specific interaction
of TIGAR with HK2, but not HK1, may be the reason why HK2 is associated with anabolic processes

while HK1 is involved with catabolic processes [57].

3. Available HK2 Inhibitors

Several glycolytic inhibitors have been patented and published since long ago; however, while many
were tested in clinical trials, they never reached the market [139,140]. Among these inhibitors are
metformin [141-144] (XXV), 3BP [145] (VI), 2DG [146,147] (IV), LND [148] (V) and analogs and
derivatives from those, claimed as HK inhibitors, but their effect is rarely noticed at concentrations below
the millimolar range. A representative number of such structures is shown on Figure 10 (A and B),
along with relevant experimental data, obtained with human or mammal HK enzymes, unless noted

otherwise.

In more recent years, patents on glucosamine derivatives as HK inhibitors have arisen in a much more
promising perspective, with strong HK2 inhibitors in the nanomolar range [149,150]. The effects of
glucosamine derivatives on yeast [151,152] and bovine brain [151] HKs have long been recognized.
Maley and Lardy, in 1955 [151], and Coats et al., in 1992 [152], synthesized a battery of N-acyl-
glucosamines (e.g., XXVIII-XXXI, Figure 11) apparently capable of inhibiting those enzymes. From the
new era of glucosamine HK2 inhibitors, the first relevant work was developed by Lin et al., where 2,6-
disubstituted glucosamine derivatives with remarkable potency and selectivity were developed
[43,150]. This study started from a hit compound (ICso0 Hk2 = 6.3 pM, ICso Hk1 = 2.0 pM) obtained by high
throughput screening, which was then derivatized following a rational design. The objective of targeting
the G6P pocket was achieved and compounds with an effect in the very low nanomolar range and
highly selective for the HK2 isozyme were found (Figure 11), along with other non-selective HK1/HK2
inhibitors [43]. Furthermore, the disclosure of crystallographic structures of the enzymes with inhibitors
encouraged the understanding of the main interactions involved in the inhibition. On the other hand,
despite the need for further SAR studies to fully comprehend the selectivity mechanism, this work
uncovered some key structural features for effective HK inhibition: a) presence of a sugar moiety; b)
ability to occupy the total extension of the catalytic pocket; ¢) ability to mimic phosphate groups and
allow H-bond formation; d) presence of large substituents, which may provide additional interactions
and block the entry of substrates or G6P. Selectivity towards HK1 seems to be improved by large
substituents on the 2-position: o,m-Cl or p- substituents such as CN. These characteristics have
provided effective compounds (ICsos in the low nanomolar range), some of which up to 2 orders of
magnitude more potent for HK2 than for HK1. While selectivity toward HK2 over HK1 does not appear

easy to achieve, in this work it was demonstrated to be possible.
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Likewise, another patented work on glucosamine derivatives also reports promising molecules in the
nanomolar range of inhibition (Figure 12). In contrast to the molecules referred above, in this work
glucosamine is mostly substituted in the amine group, forming an amide bound to an indole or oxazole
moiety that is further derivatized. Oxazolines fusing the sugar ring by the oxygen on C1 with the amine
on C2 were also reported, showing that a free hydroxyl group on C1 is not essential for the activity
(Figure 12, LIII, LIV) [149].

In the last years few SBDD strategies were followed and several non-sugar like molecules were
developed (XXXII-XXXIV) [153-155]. Namely, benserazide (XXXII, Figure 10), a known “frequent
hitter” [156], was found to inhibit HK2 modestly and was used to the development of lead compounds,
with better activity profile. The authors claimed the discovery of a new scaffold for HK2 inhibition, despite
the still weak in vitro results [155]. Despite the potential of these molecules to promiscuity, no other off-

target interactions were evaluated, and inhibition of the isozyme HK1 was not investigated.

Other inhibitors of HK have arisen in search for antiparasitic molecules (XXXV-XXXIX, Figure 10) [157—
161]. Evaluation of these molecules against human HKs could generate useful information about the

action of these molecules in the host.

Among known inhibitors, the most common structural features are sugar-like moieties, particularly
glucose analogues that maintain several hydroxyl groups. Aromatic (e.g., benzoyl or phenyl) and
halogen (e.g., Cl, Br) substituents are also frequent, increasing the lipophilic character of the molecules.
Carboxylic acid groups or bioisosteric replacements, such as ester and sulfonamide groups, are also
shared by the majority of the structures. A comparison of structures and biological activities suggests

that the most potent molecules are long and not significantly branched, with amphipathic character.

Methyl jasmonate (LV) derivatives were found to disrupt the interaction between HK and VDAC [162].
More recently, some molecules were developed and found to present satisfactory inhibition in both
biochemical and cell-based assays (Figure 13) [163]. Regarding the interaction between HK2 and
VDAC, other compounds have been shown to disrupt it, promoting apoptosis, namely the glycolytic
inhibitors 3BP (XXIV) [41] and lonidamine (XXV) [164], clotrimazole (LVI) [45,59], fenofibrate (X) [98]
and some peptides derived from the N-terminal regions of VDAC [165,166] or HK2 [167].
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Figure 10. Structures of described HK2 inhibitors. A - Reported HKZ2 inhibitors derivatives/analogs of hexoses. B -
Other structures of HK2 inhibitors. Ki values are indicated in green. Common features are highlighted in blue and
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27



Il — State-of-Art

c
N cl C‘
Re TN
s o)
SR G
HO “N
oH M
XL "empd 27" XLI "empd 17" XLl "cmpd 23"
8nM | 130 nM 8nM | 25 nM 16 nM | 100 nM
cl o
S
| o HO ) Ho
N7 0. ,OH ! 4 O p
S |
H 0"
o H
XLIII "empd 26" XLIV "empd 30" XLV "cmpd 28"
20 nM | 100 nM 20 nM | 10 nM 25 nM | 50 nM
c a @
cl c1 a
e Bee. G
S\ﬁ (0] o s 0. ,OH
HOY N " g i %
. O 1N HO" N
OH o 0
XLVI "cmpd 25" XLVII cmpd 14 XLVIIl "empd 33"
32nM | 25 nM 1M | 8 nM 5 pM | 25 nM

Figure 11. Potent and selective HK1 and HK2 inhibitors [43]. The compound designations in quotation marks
maintain the numbering used in the original study. The concentrations under each structure represent the
corresponding ICso values for HK1 (left) and HK2 (right).

cl
cl
cl
O #Q
0 HO
N g 5 jDHH N "
?H H \ C;),““ N | OH
0 HO ) =N
0 HG  oH © N
7 YoH N
HO  HO
XLIX "3" L"5" LI"83"
3nM 3nM 0.9 nM
Cl
. oS
N
OH O 040 [
/
o— H N a HO SN
il S( N
1] HO' 0
HO 3 0 HO™ o) OH |
HG OH © M
At L1111 LIV "116"
LIl "84
0.9 nM 18 nM 32 nM

Figure 12. Potent and selective HK1 and HK2 inhibitors [43]. Numbers in quotation marks maintain the numbering
used in the original study. The concentrations under each structure represent the corresponding ICso values for
HK2[149].



Il — State-of-Art

° ®

LV Methyl jasmonate LVI Clotrimazole

Figure 13. Structures of the HK2-VDAC interaction inhibitors LV, methyl jasmonate, and LVI, clotrimazole.

4. Targeting HK2

HK2 overexpression has been associated with a myriad of tumors (vide supra). Although HK levels
may differ according to the specific tumor, and broad conclusions about the ubiquitous
overexpression of a particular isoform must be regarded with caution, HK2 has been considered
an important cancer biomarker, related with advanced state and aggressive tumors and a poor
prognosis [93,168,169].

HK1/HK2 have multiple biological roles in several pathways and diseases other than cancer (Fig. 14),
some of which were unveiled very recently [170-172]. Indeed, HKs have been identified as one
of the metabolic enzymes types that can act as protein kinases and phosphorylate different protein
substrates [88]. Understanding the HK2 interactome is thus essential to comprehend the strengths

and limitations of using HK2 inhibition as a therapeutic strategy.
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Figure 14. Examples of diseases/pathways, other than cancer, with HK2 involvement.
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4.1. Proof of concept

The consequences of HK2 gene knockout and HK2 ablation were investigated, and several reports are

described below.

In a proof-of-concept study for the HK2 targeting for cancer treatment, Patra et al. [18] used a conditional
knockout mouse model to demonstrate that deletion of the Hk2 gene has an impact on tumorigenesis,
by showing that HK2 was required for tumor initiation and maintenance in KRas-driven lung cancer,
and ErbB2-driven breast cancer, even though HK1 continued to be expressed and did not change
significantly. In immortalized embryonic fibroblasts generated from these mice, HK2 deletion caused
impaired oncogenic transformation, glucose consumption was reduced by 50% and the total remaining
HK activity was reduced by 70%. In vivo, Hk2 deletion impaired tumor growth and development, and
restored expression of HK2 led to restored tumorigenesis. Similarly to the mouse model, HK2 ablation
inhibited the neoplastic phenotype of human lung and breast cancer cells in vitro and in vivo. This study
also demonstrated that HK2 is critical to divert glucose into metabolic pathways required for anabolic
processes in cancer cells (e.g., ribonucleotide synthesis via PPP, or serine biosynthesis). Moreover,
systemic Hk2 deletion did not appear to exert adverse physiological consequences in the mice [18]. In
line with these results, knocking down HK2 expression significantly attenuated cancer cell growth in

mouse and human lung cancer cell lines [97,173].

The required presence of HK2 for tumorigenesis was further confirmed recently in a mouse model for
hepatocarcinogenesis, in which deletion of hepatic HK2 inhibited the tumor incidence without severe
physiological consequences. In human hepatocellular carcinoma cells, HK2 ablation also reduced
proliferation by ~50% and increased cell death. Glucose uptake was reduced by approximately 40%,
as well as lactate production and pyruvate secretion, and no effect on glutamine uptake was observed.
Combination of HK2 depletion with the chemotherapeutic agent sorafenib and metformin largely
increased the therapeutic effect [174]. Likewise, HK2 is also required for prostate cancer development
and its deletion induces both cytostatic and cytotoxic effects, with effects both in vivo and in vitro.

Moreover, chemoresistance to etoposide was dramatically decreased in mice [175].

Under this scope, HK2 knockdown was also shown to overcome resistance and sensitize human colon
and cervical cancer cells to the actions of 5-fluoruracil and radiotherapy, respectively [176,177].
Furthermore, the combination of HK2 downregulation by resveratrol with sorafenib administration
resulted in enhanced anticancer effects, including decreased resistance to the chemotherapeutic agent
in mice [171].
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4.2. Strengths

HK2 ablation/inhibition should entail a substantial decrease of glycolysis that affects multiple branched
pathways of central metabolism such as glycogenesis, the hexosamine pathway (protein glycosylation),
the biosynthesis of essential nutrients (e.g., amino acids, nucleotides, and fatty acids), as well as the

metabolic energy balance, affecting both fermentation and the TCA cycle [13].

The general effects of HK2 knockout or downregulation have consistently been associated with 1)

reduction of cell proliferation, 2) lower glycolysis levels and eventually 3) enhanced cell death related

to the detachment of HK2 from MOM. Additionally, the concomitant use of chemotherapeutic agents

tends to increase the therapeutic effect, 4) overcoming resistance. One well-known example is the

synergistic enhancement of cisplatin-induced cytotoxicity that results from disruption of the HK2-VDAC

association [16]. Moreover, the available evidence is consistent with 5) no enhancement of HK1

expression in cancer cells to overcome HK2 deficiency [18,108].

Regarding the potential for synergy, 6) HK2 inhibition might be an ally of immunotherapy [178].

Despite T-cells acquiring energy primarily from oxidative glycolysis and being highly dependent on
HKs, a compensation of HK1 overexpression specifically in CD4 and CD8 T-cells in adult mice

with systemic deletion of HK2 was reported [171].

Interestingly, 7) the presence of HK1 in normal tissues that mostly express HK2 (insulin-dependent

tissues) would be enough to maintain normal glucose homeostasis under resting conditions and a

normal diet in the absence of HK2 activity [179].

Also importantly, the current in vitro and in vivo data indicate that 8) the absence of HK2 can provide a

therapeutic benefit without limiting side effects [18].

Besides the effect in cancer cells, 9) other diseases and disorders might benefit from HK2
inhibition. HK2 inhibition was found to be relevant for reduction of neuroinflammation and seems
to be a promising strategy to treat hypoxia-associated neural injuries, namely ischemic strokes
[180]. Regarding the immune system, the inhibition of HK2 and its relocation to the cytosol seem
to induce the inflammasome activation, and stabilize the major histocompatibility (MHC-1) clusters
[181,182]. HK2 inhibition has also emerged as a sustainable strategy in the therapy of coagulation
disorders, since there is an indication of HK2 overexpression in thrombotic plaques that affects the

regular initiation of the coagulation cascade [183].

4.3. Limitations

One of the main drawbacks of the inhibition of HK2 could be the predominance of this HK isozyme in
the heart, which could limit the targeting of HK2 for cancer treatment. Nonetheless, under normal
aerobic conditions, the adult heart relies on fatty acid oxidation for energy production, and only 5% of

cells are estimated to use glycolysis [135]; as such, partial ablation of HK2 did not lead to altered glucose
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metabolism [179]. Also noteworthy, adult skeletal muscles generally use fatty acids as alternative

energy substrates [18].

Still, as referred above (section 2.7.1.), interaction of HK2 with VDAC confers protection to the cell
by precluding apoptosis not only in cancer cells, but also in ischemia and reperfusion injury, 1)
avoiding premature cell death; therefore, HK2 inhibition could provoke damages.

Moreover, 2) HK1/2 are crucial for protection against the early onset of Parkinson’s disease. This

effect is due to the fact that Parkinson’s disease is closely related with mitochondrial dysfunction,
involved with TIGAR, mutated DJ-1 protein, and PINK1/parkin pathway, all affected by HK2
[138,170,184,185].

Diabetes mellitus is characterized by a defective glucose homeostasis. A suggested strategy for
type-ll diabetes treatment is the use of HK4-activators to enhance glucose uptake and induce

insulin secretion. In turn, 3) low HK2 expression and G6P levels were found in non-insulin-

dependent diabetes mellitus. Regarding these observations, and the known HK role in glucose

homeostasis, HK2 inhibition should be regarded with caution in therapies aimed at diabetic
individuals [66,186—188].

Other canonical and non-canonical roles of HK2 are still being elucidated. More information is
expected to emerge soon regarding a better understanding of the pathways in which HK2 is
involved, how its modulation may be applied for therapeutic purposes, and what are the likely

consequences/side effects of this modulation.

Although the potential of HK2 as a therapeutic target has been recognized before, its druggability has
been disputed. The hydrophilicity of residues in the catalytic pocket has been regarded as a limitation
to designing molecules with suitable pharmacokinetic properties. Moreover, the catalytic pockets of HK1
and HK2 are virtually indistinguishable, hampering selective inhibition of HK2. Nonetheless, even if
selectivity is not fully achieved, a non-selective HK inhibitor would still be expected to preferentially
affect cancer cells, due to increased glycolysis compared to normal cells, thereby limiting side effects

to some extent.
4.4. Strategy to target HK2

Taken together, the data described in this chapter support the inhibition of HK2 as a promising target
for cancer treatment, particularly in combination with cytotoxic compounds. Exploring an inhibitory effect
at the catalytic site with small molecules seems to be the most straightforward strategy, as long as
selectivity is achieved. Indeed, although gene therapy, involving specific HK2 ablation, has been

suggested [189], the applicability of this type of therapy is not trivial yet.

In this regard, this research project envisions the development of potent and selective HK2 inhibitors
as potential anticancer agents that prevent resistance mechanisms. The available information on the
expression, functions and activities of HKs, their structures and known inhibitors presented herein

assisted to perceive the heart of the matter.
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Using the structural features of HK2 as a base for the rational design of selective HK2 inhibitors with
proper pharmacokinetic and toxicological properties, an SBVS was devised to obtain “virtual” hits with
the potential to inhibit HK2. The potential hits were acquired or synthesized and biochemically and

biologically evaluated (Figure 15, A).

Achieving selectivity against HK2 over HK1 is one of the greatest challenges in the field. Despite the
high similarity and identity between HK1 and HK2, certain properties are different such as the response
to the presence of inorganic phosphate. While selective molecules have already been achieve, strong
rationale for the observed selectivity. Has not been found yet. Herein, a structural comparison between
HK1 and HK2 is also reported using sequence/static structures and molecular dynamics, to uncover
differences that can potentially be exploited in the design of more selective HK2 inhibitors, assisting in

the future development of this type of modulators (Figure 15, B).
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structures
Figure 15 . Schematic view of the tasks explored in this research project. A corresponds to the path used to find
potential HK2 inhibitors and their biological and biochemical evaluation. Path B was used fo find differences between
HK1 and HK2 to improve selectivity of further inhibitors.
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1. Overview

Potent HK2 inhibitors were developed by Lin et al. after a high-throughput screening (HTS) campaign with
millions of molecules wherein the hit compound that later gave rise to more potent molecules was discovered
[43]. Despite the increasing progress in HTS campaigns, HTS still does not mean success, as its costs are
immeasurable [190,191], and it is usually not accessible to most researchers. Fortunately, other ways to
screen readily-available molecules that cover a wide chemical space have emerged, mainly due to the great

improvement in the computational field related to biochemistry and medicinal chemistry.

In this chapter, a structure-based virtual screening (SBVS) campaign designed to find HK2 inhibitors is
described (Figure 16). After developing an appropriate molecular docking protocol, several virtual databases
with thousands of molecules were screened. Following identification (and selection) of potential binding of
the molecules to the receptor of interest, the molecules were filtered according to their predicted
physicochemical and pharmacokinetic properties. Finally, the protocol was biochemically validated after
procurement of 64 potential HK2 inhibitors. The identity of the acquired molecules was confirmed by NMR
and MS. In addition to the molecules selected from the SBVS campaign, a few metal complexes where
ruthenium is coordinated with carbohydrate-containing ligands were also evaluated as potential HK2
inhibitors. The next subsections (1.1. — 1.5.) will enlighten the reader about a few important concepts related

to the methodologies explored in this chapter.
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Figure 16. Schematic view of the steps taken to conclude the SBVS campaign to find potential HK2 inhibitors. PK:
Pharmacokinetics.

1.1. Insights into the Structure Based Virtual Screening approach

The drug development pathway from hit discovery to commercialization is known to be highly time-consuming
and costly [192] (Figure 17 - A). Computer-aided drug discovery (CADD) has emerged as a strategy capable
of assisting several steps in the drug discovery process in order to reduce time and costs, namely in the hit
discovery and hit-to-lead stages. Hit discovery by computational approaches has met “limited” success so
far, but due to improved algorithms and computational power, it is becoming more reliable and is foreseen to
be increasingly ingrained in the pipeline. Moreover, failure at an early stage is inexpensive, and the new data
can be used to refine the method without large investments [193,194]. Following the resolution of the first

protein structures by X-ray crystallography, structure-based drug design (SBDD) soon emerged as a widely

37



[Il — Structure-based virtual screening

used key methodology and as an important branch of the rational drug design process. This structural biology
strategy of pursuing the “perfect fit”, coupled with a constant progress in computational techniques, has

resulted in the development of numerous drugs [195].

Regarding the druggability of HK2, the difficult access to known inhibitors, analysis of the catalytic pocket,
and the availability of recent crystallographic structures with reasonable resolution in interaction with
inhibitors, meant that an SBDD strategy would be more plausible to find novel inhibitors, rather than
methodologies involving, for instance, ligand-based knowledge. Following this concept, an SBVS strategy
was developed using molecular docking (Figure 17 - B). SBVS allows a virtual evaluation of millions of
potential small molecules HK2 modulators from selected virtual libraries. Using databases of commercial
compounds, time and resources can be saved by skipping the synthesis of organic molecules in a first stage.
When some of these molecules are not commercially available, at least there is a high chance that the
synthetic route has been already published, simplifying the synthesis process. Computer-aided de novo
design considering the catalytic pocket as a model could be an alternative strategy; however, organic
synthesis of potential modulators must be carried out in this case. Since the molecules will tend to be novel,
the synthetic route development could be time-consuming and only a small number of molecules would
actually be experimentally tested. Virtual screening (VS) using a structure-based pharmacophore is another
promising methodology; however, the knowledge about the most important interactions in the catalytic pocket

for efficient HK2 inhibition is not fully unveiled, which precluded its use in this project.
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Figure 17. A- Simplified drug discovery pipeline. B- Experimental and theoretical approaches for hit discovery after selection
of the biological target. In this project a theoretical approach was followed to find small molecule modulators for HK2, using
molecular docking as the base technique for VS.
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1.1.1. Molecular Docking

Molecular docking, possibly the most widely used method in SBDD, aims to predict as accurately as possible
the best pose (orientation, conformation, affinity) of a ligand in a protein binding site. Docking consists of two
parts, namely, the accurate prediction of the orientation (pose) of the bioactive conformation into the binding
pocket, and the estimation of the tightness of target-ligand interactions (scoring). Continued improvements
in docking grant users access to better searching algorithms and scoring functions. While the first step relies
on generating multiple conformations that search the entire conformational space, scoring functions rank
these conformations based on the calculation of multiple terms related to the interaction energy between the
ligand and the receptor, including electrostatic interactions, hydrogen bonds and van der Waals interactions.
Altogether, efforts are made to find the most probable binding mode between the receptor and the ligand,
which might be a small molecule or another macromolecule [196—198]. In line with the goal of this project,

only small molecules will be considered as potential ligands.

The search for suitable conformations involves a geometric and chemical compatibility to avoid the
overlapping atoms and favor interactions between the receptor and the ligand. In conformational search, the
structural parameters of the ligands, such as torsional (dihedral), translational and rotational degrees of
freedom, are incrementally modified. The two critical factors in a search procedure are speed and efficiency
in covering the relevant conformational space. On the other hand, the scoring functions should be fast enough
to allow it to be applied to a large number of potential solutions and discriminate effectively between active
and inactive conformations. Calculations can be performed using any pocket/cavity of the receptor, or in this
case, using the catalytic binding site of HK2 . Generally, no flexibility is assigned to the receptor structure
(semi-flexible docking). This is seen as a limitation of the method in highly dynamic systems. Moreover, some
flexibility can be added, for instance, to specific (and flexible) residues in the binding site. To improve the
quality and reliability of the predictions, docking can be followed by molecular dynamics calculations in which
the full flexibility of the receptor as well as the influence of the solvent is considered. However, the
computational power and time required to modulate the interactions for thousands of molecules precludes
the use of this technique for VS. Aiming at a balance between accuracy and efficiency, more simplified

methods are accepted, considering a rigid receptor and a flexible ligand [196—198].
1.2. Prediction of ADMET properties

Until the end of the last century, poor pharmacokinetics accounted for the highest attrition rate in drug
discovery. In recent decades, advances in medicinal chemistry and biological pharmacokinetic modeling
have significantly reduced the failure due to unsatisfactory absorption, distribution, metabolism, excretion
and toxicological (ADMET) properties [192]. The prediction of pharmacokinetic properties has thus become
paramount, and methods have been developed along with prediction and simulation of receptor-ligand
binding. Besides the important pharmacodynamic properties that a small molecule must achieve, the concern
related with physicochemical and ADMET properties is equally important in order to find efficient, safe and
inexpensive drugs. In this way, the chance of failure in later stages of the drug development pipeline has

been considerably reduced, avoiding wasted resources [199-201]. Development in this field has mostly
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arisen in recent years and several free or commercial software, webservers and databases are now available
[202]. Overall, the prediction of pharmacokinetic parameters relies on models based on artificial intelligence

derived from available in vitro data [200,203].

Filtering molecules during a screening process based on the prediction of these properties can be an asset
in molecule selection. Nevertheless, finding the appropriate moment to apply these filters can be challenging.
On the one hand, using these filters before VS simulations saves computational time, which will only be
applied to more drug-like molecules [200]. For instance, this can be especially interesting when a particular
property is required, such as crossing the blood-brain barrier. On the other hand, the possibility of removing
molecules with potentially interesting pharmacodynamic properties too soon is a risk, since the

physicochemical and pharmacokinetic properties of certain molecules may be improved at a later stage.

Another strategy is to apply these filters after VS calculations, the approach chosen for this project. In this
case, the risk of losing potential ligands at an early stage was considered too high, due to the nature of the
target (a very hydrophilic binding pocket). Furthermore, at the end of the VS, just a small percentage of the
initial database is evaluated, which allows a more thorough analysis of the results and a more rational

decision on the molecules selected for further steps.

As this is an iterative process, there is no straight path with mandatory steps along the way, but the
understanding that ADMET prediction can be useful in different stages, depending on the project itself, has

been confirmed to be profoundly important [203].

Following SBVS, the computational calculation of ADMET and physicochemical properties was carried out.
To summarize, the well-known webserver FAF-Drugs4 (Free ADME-Tox Filtering Tool) [204,205] was used
to generate different predictions/calculations, such as oral bioavailability, solubility, number of Lipinski
violations and detection of PAINS (Pan-Assay Interference Compounds — false positive molecules) moieties
(Figure 18). Different filters can be (and were) applied individually such as a profiler of protein-protein
interactions inhibitors (IPPI), the Lilly MedChem Rules [206], or the retrieval of covalent inhibitors. Based on
the presence of substructures and moieties known to be involved in toxicity problems, the server can
categorize each molecule as ‘accepted’, ‘rejected’, or ‘intermediate’, depending on the structural alerts found.
‘Accepted’ corresponds to molecules without structural alerts and with proper physicochemical properties;
an ‘intermediate’ result carries low-risk structural alerts, with a number of occurrences below the threshold;
‘rejected’ molecules are considered as such because they do not meet the physicochemical requests, contain
a high-risk structural alert, and/or exceed the acceptable number of low-risk structural alerts [205]. Still, it
should be up to the user to carefully evaluate the predictions and decide whether the motives for exclusion
are reasonable for the ongoing project. To complement the results, the OCHEM (Online chemical modeling

environment) [207] server allowed the prediction of toxicity and interaction with metabolic enzymes.
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Figure 18. Examples of PAINS substructures.

1.3. Biochemical validation of the SBVS

After the theoretical calculations, the SBVS must be experimentally validated in order to assure that the
model used is in fact able to generate adequate ligands for the molecular target. Preferentially, two different
methods should be used to safeguard against potentially erroneous results due to interference with the
assay. Here, a high-performance liquid chromatography (HPLC) assay, coupled with ultraviolet (UV)

detection, and a luminescence-based assay were applied.

1.3.1. ADP detection by HPLC

HPLC-UV is a widely used technique to separate, analyze, and quantify the components of different types of
samples able to absorb UV light at certain wavelengths. Quantification of ATP and ADP in different samples
using HPLC-UV has been reported since long ago [208-210]. More recently, HK activity in mouse tissue
homogenates was determined by this method. The biggest advantage of this method, compared to others,
is related to the direct quantification of one of the products of HK activity (ADP), without any coupled reaction
[211]. The method requires the construction of a standard curve for ADP and/or ATP to determine the

concentration of the metabolite in the sample, using the calculation of the area under the curve (AUC).

1.3.2. ADP detection by Luminescence - ADP-Glo™ Kinase Assay

Luminescence detection is known to be one of the most sensitive and reliable techniques for ATP/ADP measurements,
without interference from fluorescent compounds [212]. The ADP-Glo™ Kinase Assay is based on the bioluminescence
generated by the biochemical conversion of luciferin into oxyluciferin, catalyzed by luciferase in the presence of ATP and
Oz, releasing a yellow-green photon (Scheme 1). Briefly, HK2 converts glucose and ATP into G6P and ADP. In a
seguence of reactions, the ADP-Glo™ Kinase Assay depletes the remaining ATP (by conversion to AMP) and then uses
the previously synthesized ADP to generate ATP, which will be used in the last step for the luminescence generation. In

this way, luminescence is proportional to the amount of ADP initially formed.
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Scheme 1. Conversion of luciferin into oxyluciferin catalyzed by luciferase in the presence of ATP and O:.

2. Results and discussion

2.1. Molecular docking protocol design and validation

After identifying several characteristics of the molecular target, a suitable molecular docking protocol to be
used for SBVS was devised and validated in order to achieve the most reliable protocol capable of
reproducing as accurately as possible the experimentally obtained data. Different procedures, algorithms
and features were evaluated, including different software packages, specifically Autodock4 [213], Autodock

Vina [214], and GOLD 5.2 [215]. Figure 19 summarizes the variables that were considered to devise the
molecular docking protocol.

0.1.0
> 3 i\@

Figure 19. Variables tested for the design of the molecular docking protocol.

At first, each X-ray ligand was redocked into the corresponding crystallographic structure (self-docking). Four
structures of HK2 were found in the PDB [78], PDBID (resolution, year): 2NZT (2.45 A, 2006) [73], 5HEX
(2.73 A, 2016), 5SHFU (2.92 A, 2016) and 5HG1 (2.76 A, 2016) [43] (Table 3). 2NZT has the natural ligands,
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glucose and G6P, in both pockets of each chain. The remaining structures have complexed HK2 inhibitors:
5HEX, “cmpd 30” (the best inhibitor from that work) (ICso = 10 nM), 5HFU, “cmpd 27” (ICs0 = 130 nM), and
5HG1, “cmpd 27" (ICso = 6.3 uM). Altogether, these structures are able to represent different states of the
pocket caused by the induced fit of glucose/natural ligands and different inhibitors. 2NZT represents a closed
conformation of the pocket, while 5SHG1 represents an intermediate structure and 5SHEX and 5HFU represent
an open structure of the pocket. Table 3 shows some characteristics of these structures and the RMSD
between structures that agrees with the stated above, where the largest differences are found in the
comparison of 2NZT with SHEX and 5HFU. All structures exhibit similar resolutions. To simplify the process,
only chain A (of each of the structures) was used for the calculations. Between the N- and C-termini, the

chosen pocket was the C-terminus, which is the one with more catalytic information available.

Table 3. Information on the available X-ray structures of HK2 on PDB [78]. The difference between structures is
measured through RMSD calculation based on the Ca of the residues' backbone.

RMSD (A)

PDBID Resolution (A) Year Chains
2NZT SHEX B5HFU 5HG1

2NZT 2.45 2006 2 - 6.66 6.60 512
SHEX 2.73 2016 2 6.66 - 0.44 4.38
SHFU 2.92 2016 2 6.60 0.44 - 4.36
S5HG1 2.76 2016 1 512 4.38 4.36 -

The pocket used to perform the calculations includes glucose and G6P cavities. Figure 20 shows the
interactions (2D) of HK2 residues (2NZT [73]) with both endogenous ligands, through hydrogen bonds, and
with nearby residues. As mentioned in chapter Il, section 2, Asp657 is thought to be one of the key residues
responsible for facilitating the transfer of a phosphate group to glucose, forming G6P. This residue, as well
as a set of seven other residues (Figure 20) (Asn656, Gly862, Glu742, Glu708, Asp532, Asn683, and
Thr680), were chosen to be tested as the binding center for docking calculations. Water molecules were
observed near the catalytic pocket involved in ligand-receptor interactions. Therefore, the influence of water
in the pocket was tested by keeping or removing water molecules from the calculation, which revealed that
their presence did not produce a relevant effect. All water molecules were thus stripped away. The
crystallographic ligands were docked to the four available HK2 crystallographic structures (cross-docking)
with GOLD software (Chemscore and GoldScore scoring functions), using the different selected residues as

the center, and a radius of 10 and 15 A for the spherical searching conformational space.
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Figure 20. Interactions of HK2 residues (PDBID: 2NZT) with glucose and G6P (depicted at blue, with arrows — H-
bonds) in the respective cavities. Nearby residues are also depicted at lighter blue.

The RMSDs between the docked and crystallographic poses were compared. RMSD, the root-mean-square
deviation, measures the difference between the crystallographic ligand pose (atom coordinates) and the best
pose generated by the molecular docking software. Table 4 shows the best systems for each X-ray structure.
For all systems, the GoldScore scoring function performed best, as did a radius of 15 A. Among all, the
systems with 5HG1 performed better with any residue as the center, being able to more accurately reproduce
the crystallographic poses of the ligands. In some instances, the results were considerably close, as Table
4 describes for the systems with residues Glu742 and Asn683 as centers. Cross-docking allowed the

selection of a 15 A radius and the 3D structure 5HG1 for the docking protocol.

Table 4. Best RMSD and scores for each X-ray structure (PDBID: 2NZT, 5HEX, 5HFU, 5HG1) obtained after
molecular docking, using different residues as the center of calculations. A radius = 15A was used in all described
systems, as well as the GoldScore scoring function. Glucose, “cmpd 27”, “cmpd 30” and “cmpd 1” are the
crystallographic ligands of 2NZT, 5HFU, 5HEX and 5HG1, respectively.

5HG1 5HFU S5HEX 2NZT
Glu742 Asn683 Asp657 Asp657 Glu742
Ligand
RMSD Score RMSD Score RMSD Score RMSD Score RMSD Score
Glucose 1.84 51 1.90 50 1.8 37 4.09 37 0.34 63
“cmpd 27" 3.88 90 415 a3 3.5 79 6.49 82 10.68 -1
“cmpd 30” 2.00 95 1.99 100 3.33 78 3.98 76 4.71 58
“cmpd1” 0.45 81 0.29 83 1.47 61 7.4 60 11.41 56
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Sequentially, the performance of systems with SHG1 having Glu742 and Asn683 as centers (GOLD 5.2),
flexibility of seven catalytic pocket residues (Asn656, Asp657, Lys621, Asn683, Glu742, Ser603, and
Thr680), GOLD 5.2, Autodock4 and Autodock Vina software packages were evaluated. With this insight,
molecular docking calculations for a set of 16 HK2 inhibitors [43,153] with known experimental data (ICso),
were carried out. The structures of the inhibitors were previously prepared and protonated, and the geometry
wasoptimized (energy minimized). Correlations between experimental data (Log[ICso]) and molecular

docking score (or predicted binding energy — for Autodock Vina/Autodock4 results) were analyzed to evaluate

the protocols’ performance.

In fact, 5SHG1 with either Glu742 or Asn683 as centers produced very close results in this evaluation as well

(Figure 21). The correlations obtained had an R?= 0.75 for Glu742 and R?= 0.71 for Asn683.
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Figure 21. Correlations between experimental data (Log[ICso0]) and score (in silico results) of 16 known
HK2 inhibitors — PDBID:5HG1, GOLD 5.2, Goldscore scoring function, center: Glu742 (A) and Asn683 (B).

Regarding the flexibility of the catalytic center residues, no improvement was found over previous results
(Figure 21), neither with simultaneous flexibility assigned to seven residues (Figure 22-A) nor with individual
assignment of flexibility (Figure 22-B, C, D). Figure 21 shows the best correlations obtained with flexible

ligands and none obtained R2> 0.75.
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Figure 22. Correlations between experimental data (Log[ICso]) and score (in silico results) of 16 known HK2
inhibitors — PDBID:5HG1, GOLD 5.2, Goldscore scoring function. A - Evaluation of simultaneous flexibility
of seven residues; B, C and D - Best correlations obtained with one residue as a flexible element,
respectively Lys621 (B), Asn656 (C) and Glu742 (D).

Autodock4 and Autodock Vina were not able to perform better than GOLD 5.2 with this system and the
correlation between experimental and theoretical data was considerably low in both instances (Figure 23).
RMSD of redocked 5HG1 ligand was also greater than the one obtained previously (Autodock4: RMSD =1.78
A; Autodock Vina RMSD= 1.79 A). Nonetheless, a potentially better performance of these software packages

cannot be discarded, should other conditions be tested.
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Figure 23. Correlations between experimental data (Log[ICso]) and score (in silico results) of 16 known HK2
inhibitors - PDBID:5HG1, using Autodock4 (left) and Autodock Vina (right).
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After all the information had been gathered, the best system and software were selected. The elected protocol
was able to produce the results with lowest RMSDs between docked and crystallographic structures (Figure
24 - A) and the best correlation between experimental (ICs0) and in silico data (score) (Figure 20 - B). The

GOLD 5.2 software seemed to offer the best results, in particular with the GoldScore scoring function.

In summary, the final protocol included: CTD of structure PDBID:5HG1 [43], GOLD 5.2 software, GoldScore
scoring function, no crystallographic water molecules, no flexible residues, with a spherical docking region
centered on Glu742 and with a radius of 15 A. Besides results pointing to 5HG1, this structure has the
particularity of representing an intermediate state of the pocket, which confers some advantages. Within the
closed pocket of 2NZT, just a few small molecules will be able to fit, limiting dramatically the chemical space.
Using largely open structures such as S5HEX, only bulky and large molecules will be able to interact (with
good scores) with several residues to stabilize the complex. With this view, using 5SHG1 may lead to a

selection of molecules with a more appropriate size and a higher number of predicted interactions.
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Figure 24. Molecular docking protocol validation: A- Overlap of the crystallographic ligand (PDBID:5HG1) [43]
(vellow) with its docked conformation (green) obtained with GOLD 5.2 (RMSD= 0.45) - image obtained with
MOE2016. B - Best correlations between experimental data (Log[ICso]) and score (in silico results) of 16 known

HK2 inhibitors — PDBID:5HG1, center: Glu742, r=15 A, with the GoldScore scoring function of GOLD 5.2
software.

2.2. Selection of databases

The selected VS protocol was applied to 23 databases. Firstly, a part of the DrugBank library, specifically
approved (DBA) and withdrawn (DBW) drugs sub-databases, was considered. Broadly, this set of molecules
compiles approved, investigational, illicit and withdrawn drugs. Screening of DBA and DBW molecules
allowed us to understand which chemical groups would most likely be relevant for potential interactions with
HK2. This was a determinant factor to choose other databases. The results of DrugBank VS are
schematically summarized in Figure 25. In total, 2117 molecules were docked to the catalytic pocket of HK2.
Of these, 166 were scored higher or equal to 80 by the software. As cutoff, a score of 80 was chosen for the
analysis of the docking-generated conformations (in line with the scores obtained with the known inhibitors).
After all, 29 compounds were considered to fit properly in the catalytic pocket compared to the known inhibitor
“cmpd30”, showing the ability to establish important interactions (Figure 26). Generally, the selected
compounds have hydrophilic groups, with sugar moieties and diverse groups commonly present in natural
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products (Figure 25 - B). Interestingly, the antibiotic group was the major class of drugs present in the final
results, mostly cephalosporin drugs (7 out of 9 antibiotics). In this regard, besides relevant databases such

as the NCI, several natural products (NP)-focused databases including NP derivatives were selected for

screening.
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Figure 25. Results of Drugbank screening: A - from initial 2217 molecules (DBA+DBW), 166 were scored above 80
and 29 were initially selected after visual inspection. B - Main molecules found were cephalosporins and other natural
products such as Vitamin B family members. Hydrophilic groups such as phosphates, sugars and sulfate/sulfonamides

are the most common.
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Figure 26. Interactions (2D) between HK2 and “cmpd 30" (A), best inhibitor crystallized (ICso= 10 nM) [43], and three of the
highest scored molecules from DrugBank VS. (B — cangrelor, score= 115, C - Diosmin, score=95, D - Ceftibuten, score=82).
Common residues interacting with the known inhibitor and potential inhibitors are highlighted in yellow. Arrows indicate H-
bonds. Dotted lines with benzene an aryl ring in the middle represent H-nt interactions.
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The NCI database itself corresponds to a collection of uniquely diverse synthetic and natural molecules with
over 250,000 entries that have been either submitted to the US National Cancer Institute's Developmental
Therapeutics Program (DTP) for biological evaluation or, in some cases, synthesized under DTP support

[216]. Moreover, these molecules can be obtained free of charge.

Other databases were selected from the ZINC15 repository [217] which contains hundreds of millions of
commercially-available compounds subdivided in hundreds of databases, some of which fully dedicated to
NPs or NP derivatives. From those, 20 databases were selected, namely INDOFINE, HMBD Plant, HMBD
Microbe, HMBD Food, EFI-Phosphate Sugars, UEFS-NP, Herbal Ingredients Targets, Herbal Ingredients in-
vivo Metabolism, NuBBe NP, IBScreen Bioactives, IBScreen NP, Specs NP, AfroDB, Keyorganic bioactives,
NPACTD, NCGC Pharmaceutical Collection, TimeTec ND, MolMall, AnalytiCon Discovery ND, and Ambinter.

Additionally, the Mu.Ta.Lig Chemotheca database [218] (a repository of synthetic molecules populated by
several European researchers, samples of molecules might be requested to the owner for testing) was also

screened. The number of molecules per database is shown on Table 5.

Table 5. List of databases used on SBVS together with the number of compounds per database, number of
molecules scored above 80 and molecules selected after visual inspection.

Database Compounds Score > 80 Selected Database Compounds Score > 80 Selected
Indofine 64 10 4 Keyorganic bioactives 1149 85 10
HMDB Plant 149 12 1 Herbal Ingredients in- 1270 51 6
. vivo Metabolism
HMDB Microbe 171 6 1
EFI-Phosphate 199 . 7 NPACTD 1574 150 9
Sugars Drugbank 2117 166 13
UEFS-NP 498 4 0 NCGCCPTrT_ceutlcal 2994 153 18
Herbal Ingredients 531 35 9 otiection
Targets TimeTec ND 3040 154 33
NuBBE NP 643 31 2 MolMall 15723 30
IBScreen AnalytiCon Discovery 984 300
Bioactives 760 33 3 ND 24800
Mu.Ta.Lig 833 40 7 HMDB Food 32518 6995 487
Chemotheca IBScreen NP 56799 3428 128
5 NP
pecs 880 30 7 NCI 265242 6858 519
Afro DB 954 41 3 Ambinter 10582481 10319 1532

2.3. Structure-based virtual screening (SBVS)

The same protocol used for DrugBank VS was used for this large multiple databases screening, with
exception of the Ambinter database which required an additional step. Prior to the general procedure, some
filters were applied to the Ambinter database (over 10 million compounds), specifically through the
elaboration of simple pharmacophore models (with MOE 2016) based on known inhibitors. Four features out
of six (Figure 27) were selected to be satisfied and Ambinter was screened, resulting in 175137 compounds
(1.6%) that proceeded to the molecular docking VS protocol used before. These features are related with
key expected hydrogen interactions. One should notice that this technique was used as a way to simplify the

screening process, and that the pharmacophore was developed to be used as a general filter.
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F1:Don&Acc

Figure 27. Pharmacophore used for pre-screening of the Ambinter database. Six features were defined. For the pre-
screening, molecules must satisfy 4 out of the 6 conditions. Aro — aromatic moiety; Don — H-bond donor; Don&Acc —
H-bond donor and acceptor.

According to expected interactions with selected compounds and interactions with known inhibitors, several
residues described as essential for inhibition establish common interactions with the (potential) ligands.
Hydrogen bonds are privileged, particularly in the center of the catalytic pocket (glucose binding site), and
hydrophobic interactions are more likely to appear on the sides, as illustrated in the two-dimensional figure

of interactions between the crystallographic ligand “cmpd 30" [43] and residues of HK2 (Figure 26 - A).

As indicated earlier, after the molecular docking calculations were completed, conformations scoring 80 or
higher were visually inspected. The final results showing the list of all databases screened, the number of
initial compounds, the number of compounds scoring 80 or higher, and the number of molecules selected
can be found in Table 5. To summarize, 2981 molecules were considered as potential hit compounds for
HK2 inhibition. Molecules were selected based on interactions previouly observed with known inhibitors and
those predicted for DrugBank molecules. Molecules that did not fit into the place occupied by glucose or G6P

were discarded, as well as long aliphatic chains with high degree of flexibility, among others that did not fit

properly.
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2.4. Prediction of ADMET properties and compounds selection

Subsequently to the VS campaign, the selected molecules were filtered based on their calculated
physicochemical and ADMET properties. These properties were predicted with FAF-Drugs4 [204] and

OCHEM [219] online servers. All properties were carefully analyzed and compared.

Cautious analysis of the predicted ADMET properties must be accomplished. Despite the importance of these
filters, they cannot be used blindly. For instance, certain structural alerts considered PAINS are present in
many marketed drugs (87 small molecules of FDA-approved in 2017) [220] and even frequent hitters can
have their properties improved in the hit-to-lead process [155]. Moreover, oral administration is the route that
dictates the course of calculation for most properties. Still, these predicted data contributed prioritize the
molecules to be tested experimentally. With the appropriate score/pose and ADMET properties, 454
molecules were considered for the next step. Reselection occurred to reduce the number of potential
molecules to acquire, where similarity vs diversity was also the key to this selection, in addition to further
improvement of pharmacokinetic properties. Ultimately, a final set of 111 molecules was reached,
corresponding to 0.37% of the total number of molecules scoring higher than 80 by the molecular docking

program (Figure 28).

A B 0.37%

Docking|

resuits
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Diversity properties

H rejected selected
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Figure 28. A - Criteria involved in the selection of the final set of 111molecules. B - percentage of the molecules
that were rejected (90%), selected by the user (10%) and finally considered suitable for experimental testing
(0.37%), from all molecules scored higher than 80 by the molecular docking program. PC: Physicochemical. PK:
Pharmacokimetics.

Figure 29 summarizes and compares some important descriptors/predicted properties of the initial set of
2981 molecules and the final set of 111 molecules, namely molecular weight (MW), topological polar surface
area (TPSA), logP, solubility in water, oral bioavailability, number of Lipinski violations, presence of PAINS
alerts, and the final FAF-Drug4 result. Other descriptors were predicted, such as the ability to induce
phospholipidosis, and rules such as GSK 4/400 [221] and Pfizer 3/75 [222]. However, these were not used
for selection, since the set of 2981 molecules was shown to have residual numbers of molecules that were

expected to fail. At first sight, the properties of the two sets (selected and re-selected sets) of molecules do
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not appear to be markedly different. However, one should notice that the first set of molecules was chosen

manually, and a large amount of obviously unwanted molecules were discarded.

The MW of the selected molecules was substantially high, with 99% of the molecules having MWs higher
than 300 g/mol and 66% in the 400-500 g/mol range. After re-selection, 73% of the chosen molecules have
MWs of 400-500 g/mol and none have MWs lower than 300 g/mol.

TPSA is one of the most determining descriptors. As anticipated, the selected molecules have a large TPSA,
as required by the hydrophilicity of the residues that establish the catalytic pocket. A total of 33% of molecules
coming from docking have a TPSA greater than 180 A2, which is not advisable [205]. The 111 selected
molecules still present high TPSA, but only 18% have a TPSA higher than 180 A2, while 80% have a TPSA
between 100 and 180 A2. This is still not desirable if a molecule is aimed to target the central nervous system,
but was considered acceptable for the purpose of this work. As expected, considering the high TPSA, of the
selected molecules, the predicted logP is generally low; for 99% of the molecules in the original 2981 set and
97% of the molecules in the 111 molecules set logP (at pH 7.4) is predicted to be equal or lower than 5, as
widely recommended [223]. In the end, 60% of the selected molecules are foreseen to have a logP between
1 and 3. Correlated with MW, logP and the number of H-bond donors and acceptors (closely related with
TPSA), the number of Lipinski’s rule violations is an important descriptor. It was postulated that, to achieve
adequate absorption and permeation, molecules should not violate more than one of the components of
Lipinski’s rule of 5. The two sets of molecules mostly violate zero or one of the components of this rule and
also satisfying Veber’s rule, thus most of molecules are predicted to be orally bioavailable. Proper solubility
is one of the key physicochemical properties for the success of drugs. Fortunately, in both sets of molecules
good water solubility was predicted. PAINS filters only retrieved 10% of all molecules in the 2981 set, and
only one molecule contained a PAINS substructure in the final set of selected molecules. A great
improvement was achieved regarding the acceptance by the FAF-Drugs4 algorithm that includes toxicity
potential. While more than 50% of the molecules in the 2981 set were rejected, the rejection rate was only
17% in the final set of 111 molecules. Nonetheless, improving all the relevant descriptors and properties

revealed to be a challenge and was not always possible.
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Figure 29. Descriptors and predicted properties of the set of molecules coming from molecular docking (left)
and the final set of molecules (right). Predictions and calculations were performed using the FAFdrugs4 platform
[204].

Other properties, such as genotoxicity (prediction of Ames test results) and ability to modulate CYPs were

also considered relevant (Figure 30). Most compounds of the 111 set were predicted to be inactive in the

Ames test, thus having a low potential to cause unwanted mutations. Moreover, only 23% of molecules were

anticipated to inhibit CYPs. Finally, prediction of solubility in DMSO was important for selection between

molecules with similar core structures, although only 11% were predicted not to be soluble in this solvent
(Figure 30).
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Figure 30. Results of prediction of Ames test, potential CYPs inhibition and DMSO solubility using the OCHEM server
[219], for the final set of 111 molecules.

In the selection process, availability and price of the molecules were taken into account. Although ZINC15 is
considered a database of commercially available molecules, there are still molecules that cannot be
purchased, for different reasons. Furthermore, several compounds present in databases, such as those from
the NCI and the Mu.Ta.Lig Chemotheca, were no longer available, which had implications for obtaining the
final set of potential HK2 inhibitors. Thus, commercial reasons entailed the acquisition of molecules from both
the 2981 and 111 sets of molecules. In the end, 64 molecules were acquired, some from “free-of-charge”
sources (National Cancer Institute - NCI, Mu.Ta.Lig Chemotheca) and others purchased from MolPort or
Sigma-Aldrich, to be tested experimentally and thereby validate the SBVS protocol. The structures of the

acquired molecules, along with their molecular docking score, are in annex 2.

2.5. Confirmation of the identity of acquired compounds

Before use for experimental assays, the identity of the 64 acquired molecules plus the glycolytic inhibitors
3BP, lonidamine and 2DG was tested by LC-MS, or NMR, if the former could not be accomplished due to
low ionization potential of the sample. All purchased compounds had spectral data consistent with the
expected structures (data not shown). However, several compounds from the NCI database were considered
to have purity and/or identity issues. This possibility is disclosed by the NCl itself, admitting that the accuracy

of structure and purity of the sample were not confirmed [216], by which its evaluation is recommended.

In total, around 10 molecules were considered to have significant problems regarding their identity. Despite
these potential problems, initially those molecules were tested against recombinant human HK2 (rhHK2);
however, these issues were considered when deciding upon for further testing. Among molecules with similar
structures, the ones with structural issues did not proceed. In the absence of molecules of the same chemical
class, molecules with certain structural uncertainties did, nonetheless, proceed for testing, to assess whether

or not they displayed promising HK2 inhibition properties.
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Figure 31 — A and B shows representative ESI-MS spectra of molecules that were in agreement with the
expected structures, while Figure 31 - C and D shows representative ESI-MS spectra of samples that do not
correspond with the expected structures. The last group was not considered for further testing (after initial

biochemical validation).
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Figure 31. Positive ESI-MS spectra [MW: 100-1000] of four representative samples obtained from the NCI (NSC XXXXX
code is the code determined by the NCI, X-NCl is the code given by the author after acquisition). Spectra A and B are
examples of spectra in agreement with the expected structures in terms of identity and purity. Spectra C and D are examples
of spectra that were not in agreement with the expected structures in terms of identity and purity.

Figure 32 shows the ESI-MS spectra of sample NSC 31345 (expected MW=585.60, code: 3-NCI, annex 2).
Apparently, this sample was composed of different compounds. The presence of the expected molecule was
confirmed with the positive ESI-MS spectrum; however another non-identified component, more abundant or
more easily ionizable, was also found at m/z 474.05, in addition to other impurities (most relevant at m/z
394.14). In the negative ESI-MS spectrum the expected [M-H]- signal appeared in low abundance compared
with other signals. Anions at m/z 471.87 and 392.10, consistent with the cations found in positive ESI mode,
were also present but their identification was not accomplished. The presence of other highly abundant
anions at m/z 235.69 and 195.83 led to conclusion that these were likely dianions from the 471.85 and 392.10
monoanions, respectively, which suggests a favorable loss of two protons in both instances, possibly from
two sulfonic acid substituents. Nonetheless, the difference between 474.05/471.87 and 394.14/392.10 is

consistent with the presence of two components differing by one sulfonic acid group, which appears to
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contradict the conclusion above. Despite having considered possible impurities from the putative synthesis
process of the compound, as well as plausible degradation products, we were unable to identify the sample

contaminants.

Despite the small amount available, this sample was also analyzed by NMR. The 'H NMR spectrum is shown
on Figure 33. Although some impurities seem to be present, the integration and signals are consistent with
to the expected structure. Although a good *C NMR spectrum could not be obtained due to the small amount

of compound available, HSQC also indicated the expected correlation between protons and carbons.

Taken together, assessment of NSC 31345 purity issues was unclear and further studies would be
necessary. Still, since the presence of the expected compound was demonstrated, this sample was

evaluated in biochemical and biological assays.
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Figure 32. Positive (A) and negative (B) ESI-MS spectra [MW: 100-1000] of NSC 31345.
56



[Il — Structure-based virtual screening

NSC 31345 18
13,15
12 16 1,7 I 18
'J MeOD
1.9 1 7 0.9 1 6 1.0 1.0
T T T
a.o 7.3 7.6 74 7.2 7.0 ppm H,0 MeOH
k J ACN
1
A J \ S _
9 8 7 6 5 4 3 2 1 ppm
12,16 H.O
1,719 18 2 MeOD
13'% l ‘ J{ Me(il"l/, ‘ACN

12,16 :a

13,15

.
F1 [ppm]

T
F2 [ppm]

Figure 33. "H NMR (A) and 'H-"3C HSQC (B) spectra (300 MHz,75.5 MHz, MeOD) of sample of NSC 31345.
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2.6. SBVS validation — Biochemical assays

In order to validate the SBVS protocol and experimentally find hit compounds able to inhibit HK2, two
biochemical assays were implemented. These assays differ mainly in the ATP/ADP detection method, by
HPLC coupled with UV detector (HPLC-UV) or by luminescence. Both experiments started with the

incubation of the test compounds with rhHK2 in the same conditions.

2.6.1. ATP/ADP detection by HPLC

Despite the similarity between of ATP and ADP, which present exactly the same chromophore (Figure 34 -
A), the direct separation and quantification of ATP/ADP using the HPLC technique was expected to be
simple, quick and associated with low cost. Based on the work of Santos et al. (2019) [211], the design of
the best HPLC protocol for accurate separation of ADP from ATP was achieved after several steps of
optimization, including the mobile phase, flow rate, elution mode, and run time. Standard curves were
successfully obtained (calibration curves are presented in Figure 34). However, after numerous tries with
different concentrations of enzyme, substrate, co-factor and testing compounds, the sensitivity of the method
regarding the small differences between the ATP disappearance and ADP formation during an enzymatic
reaction were considered insufficient, contrary to what was reported previously by Santos et al. (2019) [211].
Using larger amounts of enzyme might be useful in this approach; however, the high costs would not be
manageable at this stage. Thus, evaluation of rhHK2 activity was only performed using the luminescence-

based method described below.
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Figure 34. A - Structures of ATP (above) and ADP (below). B - Standard curves for ADP “formation” and ATP
“conversion”. The graphic shows that the amount of ATP/ADP changes proportionally. Mobile phase: 0.1 M
phosphate buffer at 1.2 mL/min, 20 uL injection, isocratic mode for a 15 min run, r.t.. UV detection at 254 nM, C1s
column (ThermoFisher Scientific BDS Hypersil C18 (4.6 x 250 mm, 5 um) reversed phase column). Error bars
correspond to SD.
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2.6.2. ADP detection by Luminescence - ADP-Glo™ Kinase Assay

Based on the work of Lin et al. [43], the protocol for evaluation of rhHK2 activity towards the panel of potential
inhibitors was optimized to guarantee the best parameters such as concentrations of substrates and enzyme,
plate and the luminescence detector. The final protocol achieved a signal-to-background (S:B) ratio of 15%

and the conversion standard curve R2 was 0.98 (Figure 35).

2= 0.98 .

Units of Lumicescence
@

Percentage "ATP-to-ADP conversion" (%)

Figure 35. Standard curve for “ATP-to-ADP conversion”.

Upon optimization, the previously selected compounds were tested at 10 yuM, along with three known
inhibitors, 3BP, 2DG and LND. The results showed that all the 64 molecules inhibit HK2 and only 3 inhibited
it by less than 14%. From those 64, 22 molecules presented higher or comparable effect (inhibition = 43%)
to 3BP. Moreover, one molecule was able to inhibit HK2 by more than 60% (Figure 36)2. Potential
interference of the compounds in the assay was evaluated and none of the molecules substantially affected
the output (data not shown). Considering that the 10 uM concentration is typically used for screening, these
22 molecules were considered hit compounds whose structure could be optimized to improve the activity.
Regarding the specific structures, this set is highly diverse (see annex 2). ICso values were not determined

since the molecules did not inhibit HK2 much beyond 50%.

2 The percentages of rhHK2 inhibition for each molecule are found in annex 2.
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Figure 36. Distribution of rhHK2 inhibition results per ranges of inhibition ability. The number of molecules with higher
or comparable effect to 3BP is highlighted. Average % inhibition for each compound resulted from triplicates of at least
2 independent assays.

In order to evaluate the ability of molecular docking to score molecules according to their actual activity, the
docking scores of the tested molecules were plotted against their HK2 inhibition ability at 10 uM (Figure 37).
A direct correlation cannot be established, and the results are mostly spread along all score ranges in a non-
linear fashion. Still, two of the most potent molecules in the biochemical assay were identified by SBVS in
the top 5 of best scored molecules, 36-NCI® (score:101; rhHK2 inhibition: 66%) and 5-chem? (score:98;
rhHK2 inhibition: 56%). Visual inspection of the molecular docking-generated poses is a determinant step to
the success of the docking protocol. For instance, one of the molecules with highest activity against HK2 had

a score close to 80 (cut-off score for visual analysis).

100%
80%
9 ’ 101; 66%
=1 )
o] 0,
= 0% R ® 8 ° ¢ 98 56%
Qa ® 0 8 8 ®
e
£ 40% © 98, 28
: lo:'".. % o
I CICNe)
20% o® ®
® @
0% ®

75 80 85 20 95 100 105
Docking Score

Figure 37. Correlation between experimental data (% HK2 inhibition) and docking score (in silico results) for the
64 molecules tested.

3 See annex 2 for the structure.
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2.6.3. Evaluation of ruthenium complexes as HK2 inhibitors

Metal complexes have shown potential in different fields of medicinal chemistry due to their radioactivity,
cytotoxicity or, for instance, their photophysical features, and may work as therapeutic or diagnostic agents
[224]. The antiproliferative effects of ruthenium complexes have long been reported and some drug
candidates have entered clinical trials for cancer treatment, as an attractive alternative to platinum drugs
such as cisplatin [225]. The main mechanism of action for many of these complexes is supposed to be related
with DNA intercalation; however, multiple effects in other molecular targets have been reported, depending
on the coordinated ligands. Remarkably, coordination with existing drugs has shown several times to have
synergic effects. This includes the coordination with LND (V, Figure 4) [225], a glycolytic inhibitor suspected
to inhibit HK2 (cf chapter Il, section 3).

Incorporation of carbohydrate moieties in ruthenium complexes has been carried out. Mostly, these
ruthenium complexes have been synthesized in order to obtain catalysts for enantioselective synthesis
[226,227]; however, relevant antiproliferative effects have also been reported in some instances [228,229].
Interestingly, some carbohydrate ligands are used as vectors to increase internalization of complexes into
the cell, via GLUT [228]. Besides the evaluation of cytotoxic activity of these specific complexes, no further
assessment of effects on the glycolytic pathway have been addressed. Other organometallic complexes,
such as the ones with technetium-99 or rhenium coordinated with glucose, were found to be substrates or to
(modestly) inhibit yeast HK [224,230].

In this regard, in collaboration with Doctor Pedro Florindo (iMed.ULisboa), who kindly supplied two sets of
ruthenium complexes with carbohydrate-based ligands synthesized by his group (RuGly3-10 and RuGly21-
26, Figure 38), these molecules were evaluated as HK2 inhibitors using the same ADPGIlo™ method
described before. The results are shown in Figure 39. The effect of ruthenium complexes was compared to
that of the carbohydrate-based ligands and an aglycon (ruthenium complex without sugar moiety), as well as
with the known inhibitor 3BP. Ruthenium complexes RuGly3-10 and the aglycon TM34 behaved similarly
and there was not a great difference between the inhibition ability of ligands and complexes, precluding any
specific conclusions. Still, all compounds affected HK2 activity in the same range or to a larger extent than
the inhibitor 3BP. The second set of molecules, RuGly21-26 and respective ligands behaved differently.
Here, only RuGly21, RuGly22 and RuGly24 inhibited HK2 significantly. More prominently, RuGly21 was the
complex with the highest ability to inhibit HK2 activity comparing with control. Conversely to the previous
subset, RuGly21 and RuGly22 are then expected to be able to stabilize the protein in a non-catalytic friendly
conformation, while the ligand itself could not. Curiously, both complexes are glucosamine derivatives unlike
the remaining elements of this subset. Besides the differences related to the structure of the sugar moiety,
the other ligands complexed with ruthenium are substantially dissimilar between the two subsets, which
presumably explains the differences in the ability to inhibit HK2. It should be noted that both the complexes

and the ligands were shown not to interfere with the assay.
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Figure 38. Structures of the ruthenium complexes evaluated against rhHK2.
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Figure 39. Reaction (%) (glucose + ATP> G6P + ADP) catalyzed by rhHK2 that occurred in the absence
(control) or presence of either 3BP, ruthenium complexes, or carbohydrate-based ligands at 10 uM (results
as average +SD; * p<0.05).

3. Conclusions

An SBVS protocol was implemented in order to identify potential HK2 inhibitors. This protocol was validated
in experimental assays and proved to be successful in identifying new HK2 inhibitors with significant structural
diversity. Using molecular docking, 2981 molecules were selected as potential HK2 inhibitors; prediction of
ADMET properties reduced the number of potential HK2 inhibitors to 454, and further refinement reduced it
to 111. The final acquisition of 64 molecules (appendix 2) included commercially available compounds,

preferably from the 111 set, but also from the 2981 set.

Preliminary experimental results showed that all 64 molecules tested affected HK2 activity to some extent.
Twenty-two molecules inhibited the HK2 activity more prominently or in the same range of the known inhibitor
3BP (HK2 inhibitor available when the assay was carried out). Thus, experimental data support the
predictions obtained from the SBVS procedure, which is able to recognize bioactive molecules, ready for
structural optimization and/or further testing. Still, the docking score did not correlate perfectly with the
biochemical output. Since known specific inhibitors were not tested experimentally as positive controls for

the inhibition, the ultimate significance of these results might be compromised.

Direct measurement of ADP with HPLC-UV to evaluate the activity of rhHK2 was projected; however, issues
with sensitivity precluded the use of this technique. To avoid coupled reactions with the luciferase system or
G6PD (cf chapter V, section 2.5), isothermal titration calorimetry (ITC) for a direct measure of the glucose
phosphorylation reaction might be a solution for further studies. ITC is a very sensitive method to determine
kinetic and thermodynamic parameters of enzymes of biological interest, based on the measurement of heat,
absorbed or released. Specifically, ITC has been used to study the catalytic behavior of yeast HK 1 and 2

[231]. Regrettably, time constraints prevented any attempts with this approach.
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A rational design strictly directed towards perfect fit could easily have compromised the approach here
explored. Visual inspection of poses generated by molecular docking and prediction of ADMET properties
are important steps that should not be ignored. As millions of molecules were screened, thousands of
molecules were highly scored by the software. Not unexpectedly, most of them had a large number of H-

bond donors and acceptors and predicted low permeability, with noticeable poor druglikeness.

The selected molecules belong to a myriad of structural classes, which allows us to cover a large chemical

space, enhancing the probability of catching a hit molecule.

Ruthenium complexes have arisen as a class of potential drugs that have quickly developed in recent years
[225]. Here several complexes were tested as HK2 inhibitors, revealing surprising results. Depending on the
ligands coordinated with ruthenium, these organometallic complexes emerged as a new class of potential

HK2 inhibitors. Still, more studies are necessary to draw conclusions in this regard.

4. Experimental Section

4.1. Design of Molecular Docking Protocol

Three-dimensional structures of HK2 PDBID: 2NZT [73], SHFU [43], 5HG1 [43], and 5HEX [43] were
downloaded from the Protein Data Bank (PDB). The procedure started with preparation and protonation at
pH 7.4 and calculation of partial charges of ligands and receptor atoms from the crystallographic structures,
individually, using MOE2016. Structure errors and clashes were examined and corrected using the same
software. Only chain A was used in all crystallographic structures, specifically the CTD. Self- and cross-
docking were performed with crystallographic ligands in all structures with GOLD 5.2 software using
ChemPLP and GoldScore scoring functions. Parallel calculations were performed with eight different
residues as catalytic centers: Asp657, Asn656, Gly862, Glu742, Glu708, Asp532, Asn683, and Thr680. Also
in parallel, different radius sizes of 10 and 15 A were tested for the spherical conformational search region.
Self-docking calculations were performed in the presence or in absence of catalytic water molecules. After
selecting 5SHG1 as the protein structure and a set of HK2 inhibitors with known experimental data (ICso)
[43,153], flexibility of seven residues within the catalytic pocket (Ser603, Lys621, Asn656, Asp657, Thr680,
Asn683, and Glu742) was tested, together and individually. Moreover, using the structure 5HG1, the

performance of Autodock4 and Autodock Vina software packages was also evaluated.

The main non-standard parameters used to run GOLD 5.2 were: 500 runs, GoldScore or ChemPLP scoring

functions, center on each of the residues referred above.

The main non-standard parameters used to run Autodock4 were: Lamarckian algorithm, 500 runs, grid size:
x = 100; y = 120; z =100; grid center: x = 82.048; y = 18.960; z = -101.439; spacing = 0.2 A.

The main non-standard parameters used to run Autodock Vina were: box size: x = 65; y = 65; z =65; box
center: x = 82.048; y = 18.960; z = -101.439; exhaustiveness of the global search = 100.
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Final protocol details: Structure: 5HG1; Software: GOLD 5.2; scoring function: GoldScore; radius:15 A;
docking center: Glu742 (x = 108.32; y = 82.048; z = -101.439). No flexible Iresidues, no water molecules, no

receptor energy minimization.

The top three conformations were analyzed for each experiment. All molecules were prepared using
MOE2016 [232]; interconversion of formats and calculation of RMDS were done using OpenBabel 2.4.0[233]

software.

4.2. Virtual Screening

After selecting the molecular docking protocol using GOLD 5.2, the databases were downloaded and
prepared for VS. DBA and DBW were downloaded from Drugbank 5.09 [234]

(https://go.drugbank.com/releases/5-0-0). The Mu.Ta.lig. Chemotheca was downloaded from the dedicated

website [218] (http://chemotheca.unicz.it/index.php) and the remaining databases (see Table 5 for details)

were downloaded from ZINC15 [217] (https://zinc12.docking.org/). First, all libraries were curated by

removing inorganic molecules, polymers or molecules with MW >750 and <150, mixtures, compounds with
heavy metals, duplicates and empty entries. Thereafter, molecules were washed at pH 7.4 and their energy

was minimized. This step was performed using MOE2016.

The Ambinter database (>10 000 000 molecules) was pre-screened using a simplified pharmacophore with
6 features based on two known HK2 inhibitors (“cmpd27” and “cmpd34” [43]) using MOE2016 (Figure 27).
Of the entire library, 175 113 molecules satisfied 4 out of the 6 features and were pre-selected and screened

using molecular docking.

Since the VS mode was activated, only 50 conformations were generated during molecular docking (GOLD
5.2) for each molecule of each database. After ranking, the best pose of molecules with a score higher than
80 was visually analyzed. The position of the conformation into the pocket was compared with known

crystallographic inhibitors and 2981 molecules were selected.

4.3. Prediction of ADMET properties

FAF-Drugs4 (Free ADME-Tox Filtering Tool) [204] (https:/fafdrugs4.rpbs.univ-paris-diderot.fr/), and

OCHEM (a platform for data storage, model development and publishing of chemical information) [219]

(https://ochem.eu/home/show.do) online servers were used to predict ADMET properties according to the

guidelines found on the respective websites. Information about the calculations performed is available in the
websites. All available filters were used in the FAF-Drugs4 server, with exception of the iPPI profiler. OCHEM
was used to predict toxicity, including genotoxicity, CYP modulation, and solubility in DMSO. Rejected
molecules were carefully analyzed and re-selected or empirically discarded. Among the parameters
calculated, Lipinski violations, bioavailability, solubility (water and DMSO), and presence of PAINS moieties

were considered.
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4.4. Characterization of the acquired molecules

Identity of the acquired molecules was confirmed either by LC-MS and/or NMR. Technical details are found
in Chapter IV, Section 4.

4.5. Biochemical hexokinase activity assay — ADP-Glo™ kinase assay

Stock solutions of the selected molecules were prepared in DMSO at 10 mM and kept frozen until use. HK
activity was measured with a luminescence-based assay using the luciferin-luciferase system, with the ADP-
Glo™ Kinase Assay kit (Promega Corporation, Madison, WI, USA). The ADP-Glo™ Kinase kit was used
according to Lin et al. [43], and recommendations of the manufacturer [235]. The reaction buffer contains 100
mM Hepes, 100 mM KCI, 10 mM MgClz, (pH 7.2), 2 mM 1,4-dithiothreitol (DTT), 0.05 mg/mL BSA, and 0.05%
3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate (CHAPS). Reaction mixtures (5 uL) of 50 nM
rhHK2 (host: Escherichia coli), 100 uM ATP and 100 uM Glucose and the selected molecule at 10 pM in
DMSO or the corresponding volume of DMSO (control) or were plated in white 384-well microplates and
incubated for 45 min at r.t. ADP-Glo™ Reagent (5 uL) was added to terminate the reaction and deplete the
remaining ATP (60 min incubation). Kinase Detection Reagent (10 pL) was finally added and after an
incubation of 45 min luminescence was detected with an Anthos Zenyth 3100 Microplate Multimode Detector
(Figure 40). The light generated is proportional to te amount of ADP present and, consequently, HK activity.
A blank was prepared using a reaction mixture without HK2. No interference by the selected molecules was
detected.

A B m /Slep 1. Add ADP-Glo™ Reagent. 60 min incubation N
384-well micruplat}a/7/ﬁoming 3824 @ ﬁa Deplete
s bfy}/ eoee Pee
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; @ + substrate ; > + —_—
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HK2 50 nM Step 2. Add Kinase Detection Reagent. 60 min incubation
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w - o Newly synthesized ATP. J
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Figure 40. A - The HK2 reaction was prepared with 50 nM HK2, 100 uM ATP and 100 uM Glucose and each of the selected
64 molecules at 10 uM and incubated for 45 min in 384-well white polystyrene microplates. B - After the kinase reaction, the
first step was performed by addition of the ADP-Glo™ Reagent that terminated the kinase reaction and depleted any remaining
ATP (60-min incubation). Addition of a second reagent converted ADP to ATP and generated light from the newly synthesized
ATP using a luciferase/luciferin reaction (60-min incubation). The light generated is proportional to the amount of ADP present
and, consequently, kinase or ATPase activity. Adapted [235]. Luminescence was detected with an Anthos Zenyth 3100
Microplate Multimode Detector.
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4.6. Quantitative determination of ATP and ADP by HPLC

ADP and ATP solutions (Promega Corporation, Madison, WI, USA) were prepared in the reaction buffer
described in 4.5 as sets of sequential dilutions from 100 pM, in the day of the assay. Analyses were performed
in a modular HPLC system composed of a Varian ProStar 410 autosampler, two 210-LC chromatography
pumps and a ProStrar 325 UV detector (Varian, Inc., Palo Alto, CA, USA). Samples (20 ul) were injected
onto the column via a Rheodyne injector (Rheodyne LLC, IDEX Corp., Lake Forest, IL, USA) with a 100 pL
loop in the pL pickup injection mode. Separations were conducted at room temperature, using a
ThermoFisher Scientific BDS Hypersil C18 (4.6 x 250 mm, 5 ym) reversed phase column and a 1 mL/min
flow rate. The mobile phase consisted of 50 mM sodium phosphate monobasic buffer pH 5.5 in water (Eluent
A). Elution occurred during 15 min isocratic runs at 100% eluent A. Chromatograms were recorded at 254
nm and data acquisition and processing were performed using Varian MS Control 6.9.6 software. Standard
and sample concentrations were calculated from sample peak areas and linear equations (y =ax + b) (Figure

35). Samples were run at least twice in triplicates.
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1. Overview

Chapter IV describes the organic synthesis of potential HK2 inhibitors found in the molecular

docking studies and of a known HK2 inhibitor.

In the structurally diverse library of 454 molecules pre-selected after first filtering of the
pharmacokinetic properties, 41 molecules belonged to a family of ribose derivatives (Figure 41, A).
The synthesis of 6 compounds of this promising family (commercially available but associated with
high costs) was the first goal. These compounds would allow the evaluation of the influence of the
ring size of the sugar moiety and of sulfonamide, amide, or amine groups in the possible inhibition
of HK2. Upon obtaining those results, other compounds were envisioned for the study of structure-
activity relationships (SAR). These molecules are in fact similar to known HK2 inhibitors (Figure 41
A and B), the most expressive difference being the size of the ring of the central sugar moiety.
While known inhibitors likely contain a hexose, primarily in a pyranose form, the synthesized family

of compounds acquired a furanose structure.

Upon obtention of the common core of the ribose family, derivatized on positions 1 and 5, some

molecules thought to be active against HK2 were generated (Scheme 2, A),

Although the moderate activity of commercially available 3BP against HK2 has been amply
reported, we opted for synthesizing a molecule (Scheme 2, B) known for its high potency at
inhibiting HK2 (ICso = 25 nM), as positive control to compare the performance of our potential HK2
inhibitors. This molecule, 2-[(3-biphenylylcarbonyl)amino]-2,6-dideoxy-6-{[(2,3-
dichlorophenyl)sulfonyl]Jamino}-D-glucopyranose, named “‘cmpd 25" by the authors [43], is not

commercially available

In the end, biochemical evaluation of the synthesized molecules as HK2 inhibitors was also

performed using the luminescence-based method described in the previous chapter.

Standard organic synthesis reactions were used, such as protection and deprotection, Wittig
reaction, SN2 substitutions, hydrogenation and amide coupling, applied to carbohydrate molecules

(Scheme 2). Characterization of the molecules followed the typical techniques, i.e., NMR and MS.

Carbohydrates, a group of compounds also known as sugars, are present in all living organisms as
part of the essential constituents, being the most abundant and widespread in nature. Also, this
class is the most important (in number and availability) of non-nitrogenous compounds of the chiral
pool and they are particularly important in chiral synthesis. In general, the monomers of this class
are polyhydroxylated structures containing 3 to 9 carbons, typically very functionalized [236,237].
Although carbohydrates are one of most important and diverse class of compounds in nature and
act as excellent recognition molecules on the cell surface, just a few carbohydrate-based drugs are
on the market. In general, carbohydrates possess high polarity due to the hydroxyl groups
(hydrogen bond donors and acceptors), which typically offers poor pharmacokinetic properties,

such as i) low tissue permeability, because of their lack of lipophilicity required for passive
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absorption through biological membranes, and ii) short serum half-lives, being quickly eliminated
by renal excretion. Also, in many cases, the target binding affinities of carbohydrates are in the milli-
or micromolar range, which means relatively weak interactions [238,239]. Nonetheless, should the
core structures be promising, developing better drug-like molecules is possible through several

structural modifications.

Carbohydrate chemistry is not always straightforward, due to the presence of multiple chiral centers
with potential to react. Generally, reactions originate side products, sometimes difficult to isolate.
In this regard, use of protection groups is indispensable to work in specific positions of the molecule.
As the anomeric carbon has the ability to undergo mutarotation in solution, blocking it by forming
an acetal or a C-glycoside, instead of keeping free the hydroxyl at C1, tends to stabilize the

molecule as a cycle, which is the most plausible via to maintain the a/B-configuration unchanged.

Introduction of large non-polar groups using poorly hydrolysable bonds is a convenient strategy to
increase the potential of carbohydrate-based molecules to interact with the desired target, not only
by enabling extra van der Waals interactions with the target macromolecule, but also by increasing
the chance of the molecule to permeate cell membranes. As an example, 100% of the molecules
of the class of HK2 inhibitors derived from glucosamine [43] are predicted to have oral

bioavailability, according to the Veber rules.
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Figure 41. A - Core of the ribose family found consistently in the final virtual library of selected molecules and
structures of two synthesized molecules. B - Structures of potent known HK1/HK2 inhibitors. The ICso for each
isozyme is indicated for each molecule as HK1 ICso| HK2 ICso. The main structural features are highlighted: Yellow
— sugar moiety; Light green — Amide; Green — Sulfonamide; Red — sulfonamide on the C2 nitrogen of glucosamine.
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Scheme 2. Types of reactions carried out to obtain the final products, ribose derivatives (A) and “cmpd 25” (B).

2. Results and discussion

2.1. Synthesis of Ribose-derivatives

21.1. Synthesis of the ribose-based core

The synthetic route designed for the synthesis of the main core of the desired ribose family is shown
on Scheme 3. Albeit all the reactions were described before [240-243], optimization of experimental

conditions was enforced.

The route started with the protection of hydroxyl groups on positions 2 and 3 with an isopropylidene
group, formed by transketalation from 2,2-dimethoxypropane and the cis-2,3-diol in acidic medium. With
the aim to overcome the preference of 5-carbon monosaccharides for a pyranose form [244], the
introduction of the isopropylidene group not only protects the hydroxyl groups from unwanted reactions
but also promotes the recyclization as a furanose, conferring contention and movement restrictions.
Other protection groups such as acetyl groups would confer flexibility to the molecule, enabling the
formation of the pyranose counterpart. The NMR characterization of 1 (cf. Experimental Section) is in

full agreement with the literature for the B-configuration as the major species form [245].
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Scheme 3. Synthetic route for the synthesis of the ribose-based core. (i) 2,2-dimethoxypropane, p-TsOH, acetone,
0 °C to r.t, 1.5 h (quant.); (ii) Ethyl (triphenylphosphoranylidene)acetate, ACN, 2.5 h, 80°C (47%); (iii) MsCl,
pyridine, 6h, r.t. (94%); (iv) NaNs, DMF, 75 °C, 1.5h (93%); (v) Hz, Pd/C, HCI/EtOH, 18h, r.t., 1 atm (79% - overall
yield).

Compound 2 was obtained after synthesis of the  Wittig reagent ethyl
(triphenylphosphoranylidene)acetate. Specific description of the C-glycoside 2 was not found in the
literature, but the analogous methyl ester was fully described by Ohrui et al. [240], which enabled to
confirm the structure as the 8-configuration by comparison of the spectroscopic data. In that study, the
configuration was established by analysis of the 3C NMR data, based on the premise that chemical
shifts of carbon atoms are deeply affected by steric crowding, particularly by vicinal oxygen substituents.
The chemical shifts of C1, C2 and C3 were found to occur at higher field when a cis (rather than a trans)
relationship occurred between the C2 and C1 substituents, confirmed by X-ray crystallography studies
of resembling compounds [240]. Considering the 'TH NMR spectrum, the data of Ohrui et al. showed
that the most significant features were related with protons 1”’a and 1”’b, which were chemically and
magnetically equivalent, as well as protons 5a and 5b, in the a-anomer. In the 'H NMR spectrum
obtained from compound 2, magnetic difference between the abovementioned protons is clear,
regarding both chemical shifts and couplings with the neighboring protons (Figure 42). Scheme 4
shows the proposed mechanism for the reaction. Both anomers were found as products; however, the
B-anomer was the major compound (kinetic product). Conversion into the a-anomer would be expected
to occur in basic reaction medium, as it was found to be the most thermodynamically stable compound
[240]. Side-products other than the a-anomer were also found, as well as some unreacted starting
material 1, reducing the yield of the $-anomer. The structures of the impurities were not fully analyzed;
however, the presence of a non-cyclic hemiketal with protection of only one of the oxygen atoms (on
C2 or C3) is plausible. As a- and - anomers are present, in total eight compounds derived from ribose
would be expected. Together with “triphenylphosphoranylidene derivatives”, the purification of the B-

anomer was challenging, and no more than 47% yield was obtained.
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Figure 42. 'H NMR spectrum (300 MHz, CDCIs) of the C-glycoside 2. The magnetic non-equivalence of protons
17a and 1”b and 5a and 5b is clearly displayed, indicating the B-configuration of the molecule, obtained after column
chromatography.
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Scheme 4. Proposed mechanism for the synthesis of the C-glycoside 2 [240].

In solution, pyranose structures converge essentially into two stable chairs, “C1 generally associated
with p-sugars and 'C4, associated with the L -series (Figure 43). This allows a consistent range of
coupling constants for each type of proton, including axial-equatorial, equatorial-equatorial and axial-
axial coupling constants (J), extremely helpful to decipher the conformation adopted with relatively few
NMR studies. In 5-membered rings, such as furanose monosaccharides, barriers to conformations’
interconversion are considered lower, leading to an exceptional conformational flexibility. In this way,

instead of a preferred conformation, a conformational equilibrium is adopted, characterized by a

75



IV - Chemical Synthesis

pseudo-rotation causing interchanging among the most stable conformations. This dynamic equilibrium
implies multiple "H-'"H and 'H-'3C couplings which are not well categorized, therefore hampering its
prediction. Moreover, the protons of the furanoid ring frequently overlap in the 1D spectra, interfering
with the full measurement of coupling constants. Furthermore, ribofuranose derivatives’ conformation
is more sensitive to the substituents, particularly on the anomeric position, than their related pyranose
counterparts [244,246-248]. The conformational equilibrium is also affected by the solvent, as

demonstrated by differences in the pseudo rotation reported with the use of different solvents [249,250].

4C, chair 1C,4 chair

a-D-glucose

Figure 43. Most stable pyranose structures: “C1 and "C4 chairs.

Similarly to compound 2, ethyl esters 3 and 4 were not found to be described in the literature, but their
similarity with the corresponding methyl esters [243] allowed the confirmation of the expected -
configuration. Accordingly, the spectroscopic data of common protons and carbons were consistent
with those published for the methyl esters. As expected, the substitution reactions were straightforward
and no purification steps were necessary, since no significant impurities were found after workup, as
confirmed by the 'H NMR spectra (Figure 44). Protons of the mesyl group (H6) are clearly identified in
the spectrum as a singlet at 3.03 ppm (Figure 44, spectrum on the left). Substitution by the azide group
is recognized by the shift of protons 5a and 5b to a higher field compared to the corresponding prontos

of the precursor (4.3 ppm to 3.5 and 3.3 ppm), and the loss of the signal relative to the methyl group.

The final step to obtain the complete ribose core was the hydrogenation of the azide to primary amine.
This reaction occurred smoothly at 1 atm, accompanied by concomitant cleavage of the isopropylidene
group. Together with the desired product, partial transesterification occurred during the reaction, due to
the use of methanolic HCI. By '"H NMR, it was estimated that approximately one third of the product
mixture was the methyl ester (5b) and the remaining two thirds corresponded to the ethyl ester (5a).
Moreover, the 3C NMR spectrum is in full agreement with the presence of both esters, being possible
to find the methyl carbon corresponding to the methyl ester, as well as the existence of two signals
consistent with ester carbonyl groups and also two signals for C1’ (Figure 45). As both esters would be
useful for the next steps, purification was not carried out. Given the similarity between the two
molecules, separation would not be achieved easily and it was deemed unnecessary to perform a

quantitative hydrolysis followed by reesterification.

At this phase, accuracy of yield calculation was not the main concern and for this reason crude mixtures
were accepted to proceed to the next reactions without further purification. In this regard, the yields

herein presented are approximate. Moreover, optimization of steps such as the synthesis of compound
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2 was not fully pursued; it would have been a priority if larger amounts of the compound had been

needed.
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Figure 44. "H NMR spectra (400 MHz, CDCI3) of compounds 3 (left) and 4 (right).
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21.2. Synthesis of derivatives of 5

When the core C-glycoside 5 was obtained, derivatization started on position 5 by the formation of
amides or sulfonamides. Upon subsequent hydrolysis of the ester, coupling of the resulting carboxylic

acid with primary amines resulted in six final ribose derivatives (Scheme 5, Figure 46).

Scheme 5. Synthetic route for the synthesis of ribose derivatives from compounds 5a and 5b. (vi) Acyl/Sulphonyl
Chloride (R-Cl), EtsN, DCM, r.t. to 40 °C, 24h, 20-67%, vii) 1) LiOH, ACN, 45 min, r.t. 2) HCI (66-99%). viii)
NH2R’, DIPEA, HATU, 10:1 DCM/DMF, 18-24h, r.t. to 40°C (3%-39%).
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Figure 46. Structures of the final compounds 18-23.

Acyl/sulfonyl chlorides and primary amines bearing the R and R’ groups, respectively, were selected
according to their availability, docking results and potential to contribute clues to the establishment of
structure-activity relationships (Figure 47 A and B). Use of both p-toluoyl and p-toluenesulfonyl
chlorides, would allow the confirmation or disproof of the importance of the sulfonamide group for the
inhibitory effect. To compare the effect of electron withdrawing groups (EWG, chlorine, fluorine) with
that of electron donating groups (EDG, amino or methoxy groups) these types of groups were
incorporated. Also, the impact of a more rigid aromatic benzylamine ring was compared with that of the
flexible 2-methoxyethylamine. Due to availability issues, the final compounds did not include derivatives
of compound 16 (which should have been prepared from 4-chlorobenzenesulfonyl chloride), but the

intermediate products were biochemically evaluated.

As the main objective was to produce just enough compound for biological screening, no more

optimization steps were investigated.
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Figure 47. A - Acyl/sulfonyl chloride precursors for the synthesis of compounds 6-11. B - Primary amines used
for the synthesis of compounds 18-23.

Amides/sulfonamides (compounds 6-11) were first obtained in the synthetic sequence by reaction of
the primary amine on the ribose C-5 with acyl or sulfonyl chlorides in basic conditions. These reactions
were expected to be straightforward; however, they were not complete and poor yields were obtained
after purification by preparative TLC (20-67%). As an attempt to achieve better results, different
conditions such as temperature, reaction time and solvents were tested (data not shown). The reactions
were mostly not complete, regardless of the reaction time, and no benefit was found in allowing the
reaction to proceed for more than 24h prior to workup. Slight changes in temperature were also tried,
from r.t. to 40°C (DCM boiling point) and warmer conditions were preferred. The reactions were also
attempted using ACN (no reaction) and pyridine as solvents, but no benefit was observed. As the main
objective was to produce just enough compound for biological screening, no more optimization steps

were investigated.

As both compounds 5a and 5b were used, ethyl and methyl esters were found as products (6-11). The
next step was the ester hydrolysis and both products were used without further separation. NMR
confirmed the hydrolysis, with loss of the ethyl and methyl groups (compounds 12-17). The multiplicity
of the 'H NMR signals of the esters was generally unclear due to the presence of both methyl and ethyl
groups. In contrast, the THNMR signals of the resulting carboxylic acids were well defined, since only
one product was present. Because superposition of different proton signals was observed multiple times
for ribose protons, the presence of both esters is mostly noted by the multiplicity observed for H1’a,
H1’b and H5a, H5b (Figure 45). Each of these protons should appear as a doublet of doublets (dd);
however, in the esters the multiplicity of these protons was easily confused with a double doublet of
doublets (ddd) or a doublet of triplets (dt) or was not even defined (6-11). With the exception of H1’a of
carboxylic acid 15 that shares the same chemical shift with a methyl group the multiplicity of H1’a, H1’b
of all carboxylic acids was dd, as expected. Figure 48 exemplifies the typical signals obtained in the 'H
NMR spectra of precursor esters and the product carboxylic acid. Clear signals of protons H5a, H5b

were not always obtained due to signals superposition.
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Figure 48. "H NMR spectra (400 MHz) of compounds 6 (A) (CDCI3) and 12 (B) (MeOD,).

Comparing the 'TH NMR spectrum of compound(s) 5 (Figure 45) with those of compounds 6-11, the
most noticeable chemical shift change was related with H5a and H5b, the protons closer to the reaction
site. Amide formation (6,7,8) brought those protons downfield (~0.5 ppm), due to the electrowithdrawing
effect of the carbonyl group. By contrast, the presence of the weaker electrowithdrawing sulfonamide
did not influence much the average chemical shift, although the H5a and H5b chemical shifts were
closer to each other (Figure X). When the carboxylic acid was free at C2’, the magnetic nonequivalence
of H5a and H5b was slim or undetectable in both C5-sulfonamides (15, 16, 17) and -amides (12, 13,
14) (Figure X, Table 6). Not unexpectedly, the H1’a and H1’b protons in the carbon located o to the
carbonyl group were virtually not affected by the changes of functional groups (ester to carboxylic acid

to amide) as no major differences should occur in the deshielding ability of the carbonyl.
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Figure 49. "H NMR spectra (400 MHz) of esters 5 (black,MeOD), 6 (blue, CDCI3) and 12 (orange,CDCI3).
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Table 6. Chemical shifts of H5a and H5b in compounds 5-17.

Average chemical

Ester/ shift (ppm)
Sl Carboxylic Acid o

H5a H5b

5 Ester - 2.98 3.25

6 Ester 4-(Dimethylamino) 3.50 3.80
benzoyl

12 Acid 4-(Dimethylamino) 3.56 3.60
benzoyl

7 Ester 4-(Methoxy)benzoyl 3.54 3.91

13 Acid 4-(Methoxy)benzoyl 3.54 3.59

8 Ester p-(Toluoyl) 3.55 3.85

14 Acid p-(Toluoyl) 3.59 3.59

9 Ester p-(Toluenesulfonyl) 3.06 3.16

15 Acid p-(Toluenesulfonyl) 2.96 3.02

10 Ester 4-Chlorobenzene- 3.10 3.10
sulfonyl

16 Acid 4-Chlorobenzene- 3.00 3.07
sulfonyl

1 Ester 2,3-Dihlorobenzene- 3.12 3.12
sulfonyl

17 Acid 2,3-Dihlorobenzene- 3.01 3.18
sulfonyl

Coupling of the carboxylic acids with primary amines was carried out using hexafluorophosphate
azabenzotriazole tetramethyl uronium (HATU) and N,N-diisopropylethylamine (DIPEA) in DCM
(Scheme 6). This reaction was not complete, probably due to the multiple intermediate compounds that
might have been stabilized over time. The final products (Figure 46) were mostly isolated by reverse
phase HPLC (18, 21, 22 and 23) in very low to low yields (3-39%). Precipitation after HCI addition only
occurred with 19 (29%) and 20 (35%), the ones derived from 13, which contained the 4-methoxybenzoyl
group on the C5 nitrogen. Precipitation of the remaining compounds was attempted with different
solvents, with no success. Due to the characteristics of the resulting final products, the best
chromatographic strategy to isolate the desired products was using reverse phase HPLC, which allowed
the purification of most of them. However, despite of all the efforts, the desired product 18 was obtained
as a mixture, containing the intended product and its N-demethylated derivative, as indicated by NMR
and LC-MS analysis (Figure 50). N-demethylation took place due to the acidic aqueous media where
the compound was prior to extraction with ethyl acetate. The extent of demethylation is unclear. LC-
MS analysis (Figure 50) suggested that the major component was compound 18 but this the N-methyl
protons were not detected in the "H NMR spectrum. However, the amount of product was very limited

to obtain high quality NMR spectra and therefore the uncertainty persisted.
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Scheme 6. Proposed mechanism for the synthesis of the final products 18-23 from the acid precursors 12-17 and
primary amines (4-(Methoxy)benzylamine, 4-Fluorobenzylamine and 2-Methoxyethylamine), catalyzed by HATU in

basic conditions.
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Figure 50. LC-MS results for the analysis of a sample of compound 18 obtained after semi-preparative HPLC. A -
Chromatogram of the sample in negative ESI mode. B - Chromatogram of the sample in positive ESI mode. C —
Negative ESI-MS spectrum [MW: 100-1000j, retention time 0-45min. D - Positive ESI-MS spectrum [MW: 100-1000],
retention time 0-45min. E - Structures and MW of compound 18 and its N-demethylated derivative. The main ESI-
MS signals are identified, with M referenced to compound 18. FA - Formic Acid; Me - Methyl group.
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2.2. Synthesis of “‘cmpd 25” (known inhibitor)

The synthetic route followed to obtain “cmpd 25” (Scheme 7) was mostly described by Lin et al. [43],
along with its activity profile against HK1 and HK2.

The first reaction started with the protection of the free hydroxyl groups of glusosamine with TMS. TMS
is particularly interesting in this step, enhancing the solubility of the initial molecule in organic solvents
and allowing the selective protection of the hydroxyls while maintaining the amine free for subsequent
reaction. The synthesis of the amide, “cmpd 25b”, took place in basic conditions (DIPEA), with the
coupling agent HATU in DCM. Double acidification of the reaction mixture permitted the easy
displacement of the silyl groups, the protonation of HATU, and then the selective precipitation of the

product, “cmpd 25b”.

Although C6, as a carbon of a primary alcohol, is the most reactive position, in order to work on this
position in the next steps proper protection of the anomeric carbon was required to block the ring
configuration, eliminate the equilibrium with the open-chain structure, and thereby avoid unwanted side
products. The methoxy group was easily introduced upon reflux in acidic methanol, while the secondary
hydroxyl groups remained free (“cmpd 25c¢”). One should notice that this was the formation of an acetal

from a hemiacetal and not a methylation, which explains why only the C1 position was affected.

The primary oxygen on position 6 was then mesylated (“cmpd 25d”) to allow a straightforward SN2
reaction, substituting this group by an azide (“cmpd 25e”). Hydrogenation at 1 atm occurred overnight
to give the free amine (“cmpd 25f”). The following sulfonamide formation was obtained in a modest
yield of 60% (“cmpd 25g”), by the addition of the appropriate benzenesulfonyl chloride to a solution of
“cmpd 25f” in pyridine. Deprotection of the anomeric carbon was the most critical step, since the
dissolution of “ecmpd 25¢g” in H20 was not possible, even at reflux temperature. The starting material
was recovered, and the reaction was repeated in a mixture of 2:1 dioxane:water, refluxed overnight.
The crude mixture was purified by reverse phase HPLC and the product, “cmpd 25”, was obtained in

a low yield (9%) and fully characterized

The change on the chemical shift of C1 from 99.68 to 92.46 ppm was essential to confirm the
deprotection, along with the disappearance of the methyl carbon of the acetal (Figure 51). A shift on
H1 from 4.63 to 5.01 ppm was also found (not shown); however, using the crude 'H spectrum to identify
the presence or absence of the Me singlet was not reliable, due to overlap of multiple resonances in

that region, including the strong signal from the solvent (MeOD).
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Scheme 7. Synthetic route for the preparation of “cmpd 25”. i) EtsN, TMSCI, pyridine, 115°C, overnight (71%); ii)
3-biphenylcarboxylic acid, DIPEA, HATU, DCM, r.t., overnight (76%); iii) MeOH, HCI, 65°C, overnight (94%); iv)
MsCI, pyridine, r.t., 6h (60%); v) NaNs, DMF, 90°C, 2h (94%); vi) Pd/C, EtOH, HCI, r.t., overnight (99%); vii) 2,3-
dichlorobenzensulfonyl chloride, pyridine, overnight, r.t. (60%); viii) 2:1 dioxane:water; HCI, 100°C, overnight (9%).
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Figure 51. '3C NMR spectra of the final “cmpd 25” (A, blue) and its methylated precursor “cmpd 25g” (B, black).

86



IV - Chemical Synthesis

2.3. Biochemical evaluation of the synthesized compounds as HK2

inhibitors

Using the same method described in the previous chapter (Chapter lll, section 4.6.), the potential of the
synthesized compounds as HK2 inhibitors was evaluated. The results are shown on Figure 52. None
of the ribose derivatives was able to reduce the activity of HK2 substantially. However, as expected,
“‘cmpd 25” inhibited HK2 by 97%, showing the reliability of the assay.

These results seem to highlight the importance of the pyranose ring for the enzyme inhibition, since the
substituents of some of compounds were similar to those of known inhibitors, as shown previously on
Figure 41. Still, this feature is not required for the activity of the enzyme, as fructose, another HK
substrate usually assumes a furanose configuration, which is required for the phosphorylation on

position 6.

140%
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40%

20% %k
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Figure 52. Biochemical evaluation of the synthesized compounds as HKZ2 inhibitors at 10 uM. The amount of ADP
formed is directly related with the generation of G6P and consequently with the % of reaction occurred in the
presence of potential inhibitors (results as average +SD, * p<0.05). “Cmpd 25” was able to inhibit the formation of
G6P by 97%, contrary to the other molecules that did not significantly reduce the HK2 activity.

3. Conclusions

The synthesis of several molecules from a family of compounds found in silico as promising HK2
inhibitors was accomplished in low yields. Unfortunately, biochemical evaluation of the synthesized
molecules as modulators of HK2 activity indicates that none of these molecules were able to inhibit
hHK2 at 10 pM.

The synthesis of the known inhibitor “cmpd 25” was successfully achieved despite the low yield, mostly

due to the last step, the hydrolysis of the O-glycoside.

Both synthetic routes are suitable for optimization. Improvement of the yields in the first steps would be

essential to obtain the final products in larger quantity. Starting with larger amounts of substrates could
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also help to manage the diverse synthetic steps in a more profitable way. Since ribose derivatives

showed no impact on the activity of HK2, optimization of the synthesis process was not pursued further

4. Experimental Section

4.1. General data for chemicals and instrumentation

All the reagents and solvents were purchased from commercial sources and used without further
purification. For reactions requiring dry solvents, mostly standard drying methods were used [251]; DCM
and ACN was pre-treated with CaClz and distilled over CaH2 under vacuum, THF was pre-treated and

distilled over sodium wire under vacuum, and DMF was dried over molecular sieves 4A.

HPLC grade acetonitrile was used as eluent in the HPLC systems. As for LC-HRMS systems LC/MS
grade solvents were used (Optima™ grade; ThermoFisher Scientific, Waltham, MA, USA). Anhydrous
deuterated DMSO (DMSO-d6, 99.96% D), chloroform (CDCls, 99.80% D), methanol (CD3OD, 99.95%
D) and water (D20, >99.90% D) were acquired from Eurisotop, Saint-Aubin, France, and used in all
NMR experiments. Anhydrous N2, (99.999%, Alphagaz™ 1) and anhydrous H2(99.999% Alphagaz™2)
were obtained from Air Liquide Portugal (Algés, Portugal).

Thin-layer chromatography (TLC) was performed on aluminum coated Silica Gel 60A F254 Merck (0.25
mm) plates, with visualization by UV light (A = 254 nm) and by carrying with 10% H2SOa4 in ethanol,
KMnOs or vanillin stain. Preparative column chromatography procedures were carried out using silica
gel 60 A 70-200 mesh (VWR, Radnor, PA, USA) as the stationary phase. The mobile phase is specified

for each particular case.

High performance liquid chromatography (HPLC-UV) analysis and purification of were carried out in an
Ultimate 3000 system with a Dionex Ultimate 3000 pump and Ultimate 3000 photodiode module (DAD)
with a manual injector (2 mL loop) (Dionex, Sunnyvale, California, US). Phenomenex reverse phase
RP-18e (Luna C18(2), 250x4.6 mm, 5 ym beads) analytical columns were used at 1 mL/min. For semi-
preparative HPLC experiments reverse phase Phenomenex RP-18e (Luna C18(2), 250x10 mm, 5 pm
beads) were used at 3 mL/min. Both types of columns were preceded by a Phenomenex Column-guard
(Phenomenex, Sartrouville, France). HPLC systems were operated at constant flow rate using solvent
gradients containing acidified water (0.1% v/v formic acid) and/or acetonitrile. Gradient programs are
specified below for each type of separation. UV absorbance was monitored at 254 nm. Chromeleon

software was used for data acquisition and analysis.

'H and '3C NMR spectra were recorded on Bruker Avance I+ 300 or 400 spectrometers, equipped
with broad-band probes (BBO), operating at 300 MHz (75.5 MHz for 3C-NMR) and 400 MHz (100.6
MHz for 'C-NMR), respectively. Chemical shifts () are reported in ppm downfield from
tetramethylsilane (TMS) and coupling constants (J) are reported in Hz; Jxx correspond to geminal or

vicinal couplings. Bidimensional COSY ('H-'H correlation spectroscopy), 'H-'3C HSQC (heteronuclear
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single quantum coherence), and 'H-'3C HMBC (heteronuclear multiple bond correlation) experiments

were used to assist on NMR assignments. All spectra were analyzed using Bruker Topspin v3.6.1.

For low resolution MS, samples were analyzed in an LCQ Fleet® ion trap mass spectrometer equipped
with an ESI (electrospray ionization) source (Thermo Scientific™, San Jose, CA, USA). The mass
spectrometer was operated in the ESI positive and negative ion modes, with the following optimized
parameters: ion spray voltage, +4.5 kV; capillary voltage, 16/-18 V; tube lens offset, -70/58 V; sheath
gas (N2), 40 arbitrary units; auxiliary gas (N2), 20 arbitrary units; capillary temperature, 300 °C. MS
spectra typically corresponded to an average of 20—35 scans, and were recorded in the full acquisition
mode in the range between 100-1000 Da. Tandem mass spectra (MS", n=2-4) were obtained with an
isolation window of 2 m/z units, 25-35% relative collision energy, and with excitation time of 30 msec.
LC-MS analyses were performed using an UHPLC Ultimate 3000 RSLC nanosystem (ThermoFisher
Scientific) coupled with the above described mass spectrometer. Chromatographic separations were
carried out with a Kinetex C18 column (2.6 uym, 150 x 2.1 mm; Phenomenex, Torrance, CA, USA). The
eluent was H20 (0.1% v/v formic acid) as solvent A and acetonitrile as solvent B, in the following elution
conditions: 0-15 min 5-15% B; 15-30 min 15-20% B; 30-35 min 50% B; 35-40 min 100% B; 45 min 5%
B, at a flow rate of 0.350 mL min-'. The DAD was monitored in a range from 250 to 370 nm. Data

acquisition and processing were performed using the Xcalibur 2.2 software.

High-resolution mass spectra were acquired with a quadrupole time-of-flight (QTOF) Impact Il mass
spectrometer with an electrospray ion source (Bruker Daltonics, Billerica, MA, USA). Analyses were
performed in positive or negative electrospray ionization (ESI+/ESI-) mode operating in the high-
resolution mode over the m/z range of 50—1000 Da with an acquisition rate of 3 Hz. The optimized mass
spectrometer parameters were as follows: ion spray voltage, 2.5 kV; end plate offset, =500 V; nebulizer
gas (Nz), 2.8 bars; dry gas (Nz2), 8 L/min; dry heater, 200°C. Sodium formate (10 mM) was used for
internal calibration on the high-precision calibration mode (HPC). Data were recorded and processed

using Bruker DataAnalysis 4.6 software.

In the structures represented below, atom numbering of each compound starts always with the
anomeric carbon as C1, to facilitate comparison between structures. In each instance, unless otherwise
noticed, the designations according to the IUPAC nomenclature are included for the B anomers; these

do not reflect the numbering system shown in the Schemes.
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4.2. Synthesis of Ribose-derivatives

4.21. Synthesis of compound 1 (o + 8 anomers), (3aR,4R,6R,6aR)-6-hydroxymethyl)-2,2-
dimethyltetrahydro-2H-furo[3,4-d][1,3]dioxol-4-ol

O~ OH o 4O 0OH 54O 0H
o U)o () SN g
N “, —_— g - 3\‘ ’,2
3 2! 3 2'
ribose 1-B 1-a

Scheme 8. Preparation of compound 1 (anomeric mixture) from ribose: structures and numbering. (i) 2,2-
dimethoxypropane, p-TsOH, acetone, r.t., 1.5 h (quant.).

To a solution of D-ribose (2g, 13.3 mmol) in acetone (10 mL), p-toluenesulfonic acid (95 mg, 0.665
mmol) and 2,2-dimethoxypropane (2.45 mL, 20 mmol, 1.5 eq) were added. The reaction was stirred
for 1.5 h at r.t., and then neutralized with solid NaHCOs. The suspension was filtered, and the filtrate
was concentrated at reduced pressure to give the a colorless syrup of product 1 as an anomeric mixture
(quantitative yield) [241].

NMR data for the B anomer: '"H NMR (400 MHz, CDCls): 5= 1.28 (s, C2’, 3H), 1.44 (s, C3’, 3H), 3.66
(m, H5a, H5b, 2H), 4.34 (br t, H4, 1H), 4.53 (d, H2, J23=5.9 Hz, 1H), 4.76 (d, H3, 1H), 5.36 (s, H1,
1H).

13C NMR (100.6 MHz, CDCls): 8= 24.75 (C2’), 26.40 (C3'), 63.47 (C5), 81.68(C3), 86.74(C2), 87.63
(C4), 102.70 (C1), 112.23 (C1").

4.2.2. Synthesis of compound 2, ethyl [(3aS,4S,6R 6aR)-6-(hydroxymethyl)-2,2-
dimethyltetrahydro-2H-furo[3,4-d][1,3]dioxol-4-ylJacetate

S 3 0 3
K K
3 2!
1 2
Scheme 9. Preparation of compound 2 from compound 1: structures and numbering . ii) Ethyl

(triphenylphosphoranylidene)acetate, ACN, 80 °C, 2.5 h (47%).

The Wittig reagent, ethyl (triphenylphosphoranylidene acetate was prepared according to Dong et al.
[252]. Ethyl chloroacetate (2.5 mL, 24 mmol, 1.3 eq) diluted in EtOAc (4 mL) was added dropwise into
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a solution of triphenylphosphine (5g, 19 mmol) in EtOAC (6 mL). The reaction mixture was stirred
overnight at r.t. The white precipitate was filtered off, washed with ethyl ether and dried under vacuum

to give (2-ethoxy-2-oxoethyl)(triphenyl)phosphonium chloride (75%).

'H NMR (400 MHz, CDCls): 8= 1.06 (t, J = 7.2 Hz, 3H), 4.03 (q, J = 7.2 Hz, 2H), 5.70 (m, 2H), 7.64-
7.69 (m, 6H), 7.77 (t, J = 8.0 Hz, 3H), 7.88-7.90 (m, 6H).

13C NMR (100.6 MHz, CDCls): 5= 13.75, 32.54 (d, J = 56.2 Hz), 62.88, 118.04 (d, J = 90.0 Hz), 130.28,
130.15 133.90, 134.00, 135.22, 135.25, 164.64.

To the solution of the phosphonium salt (2.5 g, 6.5 mmol) in DCM (8.5 mL) at 0°C, cold 1M NaOH (6.5
mL, 1 eq) was added. The reaction mixture was stirred for 15 min. The organic layer was dried over
Mg2SO4 and concentrated to give the ethyl (triphenylphosphoranylidene) acetate as a white solid

mixture of Z and E isomers (88%).

H NMR (400 MHz, CDCls): 8= 0.59 (t, J = 7.2 Hz, 1H), 1.12 (t, J = 7.2 Hz, 2H), 2.68 (d, J = 21.7 Hz,
0.4H), 2.88 (d, J = 22.1 Hz, 0.6H), 3.75 (q, J= 7.2 Hz, 0.7H), 3.95 (q, J = 7.2 Hz, 1.3H), 7.31-7.33 (m,
6H), 7.39 (t, J = 6.4.0 Hz, 3H), 7.53-7.59 (m, 6H).

13C NMR (100.6 MHz, CDCls): 5= 14.12, 14.80, 29.69 (d, J = 29.0 Hz), 30.16 (d, J = 119.6 Hz), 57.14,
57.57,127.41 (d, J = 91.63 Hz), 127.48 (d, J = 91.63 Hz), 128.14, 128.24, 128.48, 131.57, 131.63,
131.65, 132.54, 132.64, 171.23, 171.38.

Without further purification, compound 1 (2.8 g, 14.7 mmol) was coevaporated with toluene (3 X 7 mL)
and dissolved in acetonitrile (20 mL). Ethyl (triphenylphosphoranylidene) acetate (5.63 g, 16.2 mmol,
1.1 eq) was added and the reaction mixture was stirred under reflux for 2.5h. After cooling to r.t., the
solution was concentrated, and the residue was purified by silica gel chromatography (eluent:

EtOAc:Hex 1:2->3:1 to afford compound 2 as the -anomer in 47% yield (colorless syrup) [240].

"H NMR (400 MHz, CDCls): 8= 1.23 (t, C4”, Js»,3»= 7.1 Hz, 3H), 1.30 (s, C2’, 3H), 1.50 (s, C3’, 3H), 2.58
(dd, H1"a, J17a1=6.8 Hz, J1a 1 = 15.7 Hz, 1H), 2.69 (dd, H1"b, J1»,1 = 4.9 Hz, 1H), 2.84 (s, OH, 1H),
3.57-3.63 (m, H5a), 3.76 (dd, HS5b, Jsp4 = 2.4 Hz, Jsp52 = 12.1 Hz, 1H), 4.03 (br q, H4, 1H), 4.13 (q,
H3”, 2H), 4.22 (ddd, H1, J12 = 4.9 Hz 1H), 4.49 (dd, H2, J,3 = 6.5 Hz, 1H), 4.68 (dd, H3, J34 = 3.5
Hz,1H).

13C NMR (100.6 MHz, CDCls): 5= 14.19 (C4”), 25.51 (C2’), 27.46 (C3'), 37.89 (C1”), 60.98 (C3”), 62.71
(C5), 80.81(C1), 81.64(C3), 84.03 (C2), 84.84 (C4), 114.43(C1’), 170.97 (C2”).

HRMS calcd for [C12H2006 + H]*: 261.1333. Found: 261.1334.
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4.2.3. Synthesis of compound 3, ethyl [(3aS,4S,6R,6aR)-6<{[(methanesulfonyl)oxy]methyl}-
2,2-dimethyltetrahydro-2H-furo[3,4-d][1,3]dioxol-4-yl]acetate

0 5. 4.0
@) 2°_0
HO N— i MsO \/4"
K K
32
2 3

Scheme 10. Preparation of compound 3 from compound 2: structures and numbering. iii) MsCl, pyridine, r.t., 6h,
(93%).

Compound 2 (1.7 g, 6.6 mmol) was co-evaporated (3 X 7 mL) and dissolved in pyridine (30 mL).
Methanesulfonylchloride (600 pL, 7.9 mmol 1.2 eq) was added and the reaction mixture was stirred for
6h. The solvent was removed at reduced pressure and the residue was dissolved in EtOAc (50 mL) and
washed with H20 (25 mL), sat. aq. NaHCO3 (3 X 25 mL) and brine (25 mL). After drying over Mg2SOa4

the residue was concentrated under vacuum to give the crude product 3 as a colorless oil (94% - crude).

H NMR (500 MHz, CDCla): 8= 1.24 (t, H4”, Ju-5» = 7.2 Hz, 3H), 1.32 (s, H2', 3H), 1.52 (s, H3’, 3H), 2.57
(dd, H1"a, Jya1 = 7.1 Hz, J1a 1 = 15.8 Hz, 1H), 2.66 (dd, H1"b, Ji1 = 5.3 Hz, 1H), 3.03 (s, Ms CHs,
3H), 4.11-4.16 (m, H4, H3”, 3H), 4.27-4.35, (m, H1, 1H), 4.28 (dd, H5a, Jsasp = 11.2 Hz, Jsas = 4.7 Hz,
1H), 4.33 (dd, H5b, Jsb.4 = 3.5 Hz, 1H), 4.53 (dd, H2, Jz21 = 4.2 Hz, Jz5 = 6.7 Hz 1H), 4.61 (dd, H3, J3.4
= 4.5 Hz, 1H).

13C NMR (100.6 MHz, CDCls): 8= 14.23 (C4”), 25.51 (C2’), 27.42 (C3’), 37.64 (Ms CH3), 38.35 (C1”),
60.90 (C3”), 69.24 (C5), 81.23 (C1,C3), 81.99 (C4), 84.17 (C2), 115.09 (C1’), 170.28 (C2”).

HRMS calcd for [C13H2208S + H]*: 339.1108. Found: 339.1105.

424. Synthesis of compound 4, ethyl [(3aS,4S,6R,6aR)-6-(azidomethyl)-2,2-
dimethyltetrahydro-2H-furo[3,4-d][1,3]dioxol-4-ylJacetate

o St O,
o) . 2"_0o
MsO No— v N3 ) \/4..
o , 3z >
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Scheme 11. Preparation of compound 4: structures and numbering. (iv) NaNs, DMF, 75 °C, 1.5h (93%).
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Without further purification, product 3 (2.2 g, 6.5 mmol) was co-evaporated with toluene (3 X 7 mL) and
dissolved in DMF (20 mL). Sodium azide (1 g, 16.2 mmol, 2.5 eq) was added and the reaction mixture
was stirred at 75°C for 1.5h. The reaction mixture was then allowed to cool down to r.t. and diluted with
water (10 mL). The aqueous phase was extracted with EtOAc (3 X 25 mL). The combined organic
phases were washed with brine (20 mL) and dried over Mg2SOa4. The solvent was removed at reduce

pressure to afford compound 4 as a slightly yellow oil with 93% yield (crude).

"H NMR (400 MHz, CDClz): 6= 1.21 (t, H4”, Js»3» = 7.1 Hz, 3H), 1.29 (s, H2’, 3H), 1.49 (s, H3’, 3H), 2.59
(dd, H1"a, Jr7a1 = 6.9 Hz, J17a,1 = 15.8 Hz, 1H), 2.65 (dd, H1”’b, J1,1 = 5.5 Hz, 1H), 3.29 (dd, H5a,
Jsa5p = 13.1 Hz, Jsa4 = 4.8 Hz, 1H), 3.48 (dd, H5b, Jsp4 = 3.8 Hz, 1H), 4.03 (br q, H4, 1H), 4.11 (2 q
H3” (two rotamers), 2H), 4.24 (ddd, H1, J12= 4.1 Hz, 1H), 4.50-4.55 (m, H2, H3, 2H).

13C NMR (100.6 MHz, CDCl3): 8= 14.14 (C4”), 25.47 (C2’), 27.38 (C3'), 38.23 (C1”), 52.24 (C5), 60.74
(C3”), 80.87 (C1), 82.02 (C3), 83.07 (C4), 84.19 (C2), 114.89 (C1’), 170.31 (C2).

HRMS calcd for [C13H22N30s + H]*: 286.1397. Found: 286.1397.

4.2.5. Synthesis of compound 5 (a + b), ethyl [(2S,3R4S,5R)-5-(aminomethyl)-3,4-
dihydroxyoxolan-2-ylJacetate @+ methyl [(2S,3R,4S,5R)-5-(aminomethyl)-3,4-
dihydroxyoxolan-2-ylJacetate

(¢]] Cl
o} 5.4 01 0 5 4 0.1 1
N ° *H3N 20 + Z-0
3 \/ v 3 3 2 \/4v N H3N 3 2 \
S -, (e} > S -, O 3 3"
O><O HO OH HO OH
4 5a 5b

Scheme 12. Preparation of compound(s) 5 (shown as the hydrochloride(s)) from compound 4: structure and
numbering. (v) a) Hz, Pd/C, HCI/EtOH, 18h, r.t., 1 atm; b) MeOH, r.t. (79%).

A solution of compound 4 (1.7 g, 5.8 mmol) in ethanol (23 mL) containing 3 M HCI (2.3 mL) was
degassed, Pd/C (10%) (162 mg) was added, and the mixture was degassed once more. The reaction
was stirred overnight at r.t. under Hz, 1 atm. The reaction mixture was filtered over celite and the filtrate
was concentrated under reduced pressure to give the crude of compounds 5 as a slightly yellow oil

(79% - considering a 2:1 ethyl:methyl acetate ratio).

H NMR (400 MHz, MeOD): 8= 1.26 (t, H4', J,5 = 7.1 Hz, 2H), 2.58 (m, H1’a, 1H), 2.74 (m, H1’b, 1H),
2.98 (dd, H5a, Jsas = 9.0 Hz, Jsa s = 13.1 Hz, 1H), 3.25 (dd, H5b, Jsps = 2.7 Hz, 1H), 3.69 (s, H3”, 1H),
3.88-3.89 (m, H2, H3, 2H), 3.92-3.95 (m, H4, 1H), 4.12-4-18 (m, H1, H3’, 2.5H).

13C NMR (100.6 MHz, MeOD): 5= 14.45 (C4’), 38.97, 39.25 (C1'), 43.31 (C5), 52.33 (C3”), 61.87 (C3),
73.62 (C3), 75.24 (C2), 80.68 (C4), 81.92 (C1), 172.84, 173.24 (C2).
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HRMS calcd for [CoH17NOs + H]*: 220.1179. Found: 220.1181.
HRMS calcd for [CsH1sNOs + H]*: 206.1023. Found: 206.1024.

4.2.6. General procedure for the formation of the amide/sulfonamide at C5 (6-11)

Compound(s) 5 (0.25 mmol, 1 eq) was added to a solution of EtaN (3 eq) in dry DCM (750 pL), followed
by the acyl/sulfonyl chloride (0.25 mmol, 1 eq) (Scheme 13-Scheme 19). The reaction mixture was
stirred for 18-48h at r.t. to 40°C.

When the total consumption of substrate 5 by TLC (eluent: EtOAc) and product formation were
observed, the reaction was quenched with water (2.5 mL). The layers were separated and the aqueous
layer was extracted with EtOAc (3 X 10mL). The combined organic layers were washed with sat. aq.
NaHCOs (15 mL), dried over Mg2S0O4 and concentrated under vacuum. The crude mixture was purified
by preparative column chromatography (Eluent: EtOAc), to give the expected product in 20-51% vyield.

o o
o i R— 9
vi
HQNm ﬁ% + RClI — = ”m M/+ HCI
SR} SR} n
HO OH HO OH

n=0or1

5 6-11

Scheme 13. General preparation scheme of compounds 6-11. (vi) Acyl/Sulphonyl Chloride (R-Cl), EtsN, DCM, r.t.
— 40 °C, 24h, 20-67%.

4.2.6.1. Synthesis of compound(s) 6, ethyl/methyl {(2S,3R,4S,5R)-3,4-dihydroxy-5-[(4-

(dimethylamino)benzamido)methyl]oxolan-2-yl}acetate

O
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Scheme 14. Preparation of compound(s) 6, from compound(s) 5 and 4-(dimethylamino)benzoyl chloride (57%).

Compound(s) 5: 64 mg, 0.25 mmol; Acyl Chloride: 4-(dimethylamino)benzoyl chloride: 46 mg, 0.25
mmol; Triethylamine: 105 yL; DCM: 1mL; Temperature: r.t.; Reaction time: 18h; Yield: 57%.

H NMR (300 MHz, CDCla): 8= 1.21 (t, H4’, Jy.5 = 7.1 Hz, 2H), 2.44-2.53 (m, H1’a, 1H), 2.62-2.70 (m,
H1'b, 1H), 2.97 (s, H13, H14, 6H), 3.47-3.54 (m, H5a, 1H), 3.65 (s, H3”, 1H), 3.75-3.86 (m, H5b, H2,
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2H), 3.93-3.97 (m, H3, H4, 2H), 4.06-4.15 (m, H1, H3’, 2.5H), 4.90 (s, OH, 1H), 6.59 (d, H9, H11, J =
8.8 Hz, 2H), 6.89 (br s, NH, 1H), 7.69 (d, H8, H12, 2H).

13C NMR (75.5 MHz, CDCls): 8= 14.19 (C4’), 38.09, 38.33 (C1’), 40.08 (C13, C14), 41.04 (C5), 51.88
(C3”), 60.80 (C3'), 71.66 (C3), 74.37, 74.40 (C2), 79.76, 79.85 (C1), 82.50, 82.55 (C4), 111.00 (C9,
C11), 120.27 (C10), 128.74 (C8, C12), 152.60 (C7), 168.48 (C6), 171.23, 171.63 (C2).

HRMS calcd for [C1sH26N206 + H]*: 367.1864. Found 367.1863.

HRMS calcd for [C17H24N206 + H]*: 353.1707. Found 353.1704.

4.2.6.2. Synthesis of compound(s) 7, ethyl/methyl {(2S,3R,4S,5R)-3,4-dihydroxy-5-[(4-
methoxybenzamido)methyl]loxolan-2-yl}acetate

o 20
Hszw . mw_}_ "
N . (0] N
HO OH O n=0or1 8 n=0 3"
n=1 3
010 9

Scheme 15. Preparation of compound(s) 7, from compound(s) 5 and 4-(methoxy)benzoyl chloride (51%).

Compound(s) 5: 64 mg, 0.25 mmol; Acyl Chloride: 4-(methoxy)benzoyl chloride: 46 mg, 0.25 mmol;
Triethylamine: 105 pyL; DCM: 1mL; Temperature: r.t.; Reaction time: 18h. Yield: 51%.

H NMR (300 MHz, CDCls): 8= 1.24 (t, H4', Ja.3 = 7.2 Hz, 2H), 2.47-2.56 (m, H1’a, 1H), 2.63-2.72 (m,
H1'b, 1H), 3.52-3.56 (m, H5a, 1H), 3.64 (s, H3”, 1H), 3.83 (s, H13, 3H), 3.86-3.96 (m, H2, H5'b, 2H),
3.96-4.04 (m, H3, H4, 2H), 4.09-4.19 (m, H1, H3’, 2.5H), 4.53 (s, OH, 1H), 6.89 (d, H9, H11, J=8.8
Hz, 2H), 6.94 (s, NH, 1H) 7.79 (d, H8, H12, 2H).

13C NMR (75.5 MHz, CDCls): 8= 14.27 (C4’), 38.20 (C1’), 41.11 (C5), 51.97 (C3”), 55.53 (C13), 61.01
(C3'), 71.67 (C3), 74.44 (C2), 80.02 (C1), 82.45 (C4), 113.86 (C9, C11), 126.05 (C7), 129.19 (C8, C12),
162.53 (C10), 168.15 (C6), 171.38 (C2)).

HRMS calcd for [C17H23NO7 + H]*: 354.1547. Found 354.1546.

HRMS calcd for [C16H21NO7 + H]*: 340.1391. Found 340.1387.
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4.2.6.3. Synthesis of compound(s) 8, ethyl/methyl {(2S,3R,4S,5R)-3,4-dihydroxy-5-[(4-
methylbenzamido)methyl]oxolan-2-yl}acetate

(0] 2'_0O
\\ ,/ O
HO OH n=0or1 n=0 3"
n=1 3
5

Scheme 16. Preparation of compound(s) 8, from compound(s) 5§ and p-toluoyl chloride (67%).

Compound(s) 5: 128 mg, 0.5 mmol; Acyl Chloride: p-toluoyl chloride: 66 yL, 0.5 mmol; Triethylamine:
210 pL; DCM: 1.5mL; Temperature: r.t.- 40°C; Reaction time: 24h; Yield: 67%.

H NMR (300 MHz, CDCls): 8= 1.23 (t, H4', Ju,5 = 7.1Hz, 2H), 2.36 (s, H13, 3H), 2.47-2.56 (m, H1’a,
1H), 2.63-2.72 (m, H1'b, 1H), 3.51-3.59 (M, H5a, Jsas = 14.2 Hz, 1H), 3.66 (s, H3", 1H), 3.80-3.90 (m
H2, H5'b, 2H), 3.95-4.02 (m, H3, H4, 2H), 4.08-4.17 (m, H1, H3’, 2.5H), 4.67 (s, OH, 1H), 7.04 (br, NH,
1H), 7.19 (d, H8, H12, J = 8.1 Hz, 2H), 7.70 (d, H9, H11, 2H).

13C NMR (75.5 MHz, CDCls): 3= 14.24 (C4’), 21.56 (C13), 38.01, 38.24 (C1’), 41.14 (C5), 52.01 (C3"),
60.99 (C3’), 71.63 (C3), 74.38, 74.41 (C2), 79.95, 80.02 (C1), 82.35, 82.38 (C4), 127.31 (C9, C11),
129.32 (C8, C12), 130.95 (C7), 142.37 (C10), 168.61 (C6), 171.37, 171.76 (C2').

HRMS calcd for [C17H23NOs + H]*: 338.1598. Found 338.1599.

HRMS calcd for [C16H21NOs + H]*: 324.1442. Found 324.1442.

4.2.6.4. Synthesis of compound(s) 9, ethyl/methyl [(2S,3R,4S,5R)-3,4-dihydroxy-5-{[(4-

methylbenzene-1-sulfonyl)amino]methyl}oxolan-2-yl]acetate

0
() O\\II
’ M? + 6 O @/ + HCI
\\~ ”/ O 1
HO OH n=0or1 n=0 3"
=1 3

5

Scheme 17. Preparation details of compound 9, from compound 5 and p-toluenesulfonyl chloride (20%).
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Compound(s) 5: 128 mg, 0.5 mmol; Sulfonyl Chloride: p-toluenesulfonyl chloride (97%): 96 mg, 0.5
mmol; Triethylamine: 210 yL; DCM: 1.5mL; Temperature: r.t. to 40°C; Reaction time: 24h; Yield: 20%.

H NMR (300 MHz, CDCls): 8= 1.25 (t, H4', Ja3 = 7.1 Hz, 2H), 2.41 (s, H12, 3H), 2.55-2.77 (m, H1’a,
H1’b, 2H), 3.06-3.09 (m, H5a, 1H), 3.12-3.20 (m, H5b, 1H), 3.69 (s, H3", 1H), 3.89-3.97 (m, H2, H4,
2H), 4.05-4.18 (m, H1, H3, H3’, 3.5H), 5.53 (br, NH, 1H), 7.30 (d, H8, H10, J = 8.2 Hz, 2H), 7.72 (d, H7,
H11, 2H).

13C NMR (75.5 MHz, CDCls): 8= 14.23 (C4’), 21.65 (C12), 37.67, 37.93 (C1’), 44.44 (C5), 52.25 (C3”),
61.26 (C3'), 71.85, 71.90 (C3), 74.35, 74.40 (C2), 79.33, 79.37 (C1), 82.18, 82.22 (C4), 127.13 (C7,
C11), 129.93 (C8, C10), 136.60 (C6), 143.75 (C9), 171.82, 172.18 (C2)).

HRMS calcd for [C16H23NO7S+ HJ*: 374.1268. Found 374.1272.

HRMS calcd for [C15H21NO7S+ HJ*: 360.1111. Found 360.1113.

4.2.6.5. Synthesis of compond(s) 10, ethyl/methyl [(2S,3R,4S,5R)-5-{[(4-chlorobenzene-
1-sulfonyl)amino]lmethyl}-3,4-dihydroxyoxolan-2-yl]acetate

Q 0
0 ON N 540011
H NMO ¢l " S\NWO 4
2 / M: + — s H 312 J Mﬁ + Hcl
\\ ., O \\ ,/
HO OH cl n=0or1 © , HO OH n=0 3"
ol 9 g n=1 3
5 10

Scheme 18. Preparation of compound(s) 10, from compound(s) 5 and 4-chlorobenzenesulfonyl chloride (38%,).

Compound(s) 5: 128 mg, 0.5 mmol; Sulfonyl Chloride: 4-chlorobenzenesulfonyl chloride (97%): 109
mg, 0.5 mmol; Triethylamine: 210 yL; DCM: 1.5mL; Temperature: r.t.; Reaction time: 24h; Yield: 38%

1H NMR (400 MHz, CDCl3): &= 1.22 (t, H4’, Js.3 = 7.1 Hz, 2H), 2.50-2.58 (m, H1’a, 1H), 2.63-2.71 (m
H1'b, 1H), 3.04-3.16 (m, H5a, H5b, 2H), 3.66 (s, H3”, 1H), 3.88-3.95 (m, H2, H4, 2H), 4.05-4.13 (m,
H1, H3, H3’, 3.5H), 6.04 (br, NH, 1H), 7.45 (d, H7, H11, J = 8.6 Hz, 2H), 7.77 (d, H8, H10, 2H).

13C NMR (100.6 MHz, CDCls): 5= 14.16 (C4’), 37.70, 37.94 (C1’), 44.56 (C5), 52.22 (C3”), 61.24 (C3"),
71.91 (C3), 74.27 (C2), 79.31, 79.38 (C1), 80.02, 80.07 (C4), 128.54 (C8, C10), 129.56 (C7, C11),
138.15 (C6), 139.28 (C9), 171.90, 172.29 (C2)).

HRMS calcd for [C15H20%°CINO7S+ H]*: 394.0722. Found 394.0722.

HRMS calcd for [C14H183CINO7S+ H]*: 380.0565. Found 380.0564.
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4.2.6.6. Synthesis of compound(s) 11 ethyl/methyl [(2S,3R,4S,5R)-5-{[(2,3-

dichlorobenzene-1-sulfonyl)amino]methyl}-3,4-dihydroxyoxolan-2-yl]acetate

0
0 O\\II
2 H/ + . N H/ + Hel
N “, 0] n _ 10
HO OH Cl n=0or1 n=0 3"
Cl n=1 3

5

Scheme 19. Preparation of compounds 11, from compound(s) 5 and 2,3-dichlorobenzenesulfonyl chloride (51%).

Compound(s) 5: 104 mg, 0.4 mmol; Sulfonyl Chloride: 2,3-dichlorobenzensulfonyl chloride 150 mg, 0.6
mmol; Triethylamine: 167 pL; DCM: 1.2mL; Temperature: r.t.; Reaction time: 24h; Yield: 51%.

H NMR (400 MHz, CDCls): 8= 1.26 (t, H4’, Js,3 = 7.1 Hz, 2.5H), 2.59-2.71 (m, H1’a, H1’b, 2H), 3.04-
3.20 (m, H5a, H5b, 2H), 3.71 (s, H3”, 0.5 H) 3.89 (br g, H4, 1H), 3.98 (br t, H2, 1H), 4.06-4.19 (m, H1,
H3, H3', 3.7H), 5.96 (br, NH, 1H), 7.36 (t, H10, Ji00 = J1011 = 8.0 Hz, 1H), 7.67 (d, H9, 1H), 8.00 (d,
H11, 1H).

13C NMR (100.6 MHz, CDCls): 5= 14.18 (C4’), 37.55, 37.81 (C1°), 44.50 (C5), 61.25 (C3'), 71.81 (C3),
74.21(C2), 79.56 (C1), 81.88 (C4), 127.62 (C10), 129.66 (C11), 130.01 (C7), 134.59 (C9), 135.58 (C8),
139.08 (C6), 171.66, 172.04 (C2)) .

HRMS calcd for [C15H19%°CI2NO7S + H]*: 428.0332. Found 428.0314.

HRMS calcd for [C14H173%CI2NO7S + H]*: 414.0176. Found 414.0176.

4.2.7. General procedure for the hydrolysis of esters (6-11) to the corresponding carboxylic
acids (12-17)

To a solution of each ester (6-11, 1 eq) in ACN, LiOH (1M, 3 eq) was added. The reaction mixture was
stirred for 45 min at r.t., and then quenched with HCI (3.6 eq). The reaction was allowed to cool down
and the mixture was extracted with EtOAc (3 x 10 mL). The combined organic phases were washed
with brine, dried over Mg2S0O4 and concentrated to give the respective acid as a white powder in 66-
99% yield (Scheme 20-Scheme 26).

o)

Vu R-N OH
H \/ +  EtOH/MeOH
~ - O

n=0or1 HO OH
6-11 1217

Scheme 20. General preparation scheme of compounds 12-17. vii) 1) LiOH, ACN, 45 min, r.t.; 2) HCI; (66-99%).
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4.2.71. Synthesis of compound 12, [(2S,3R,4S,5R)-3,4-dihydroxy-5-({[4-

(dimethylamino)benzamido]}methyl)oxolan-2-yl]acetic acid

1

0 0 0 5 4 (0] 1 2
OH
Nmo 12 6 Nm + EtOH/MeOH
H — " 1 7 H 3.2 J e
Ho  on © n=0or1 g HO oM
10 9
14 N

13

N
Scheme 21. Preparation of compound 12, structures of the precursor(s) (6) and product (99%).

Compound(s) 6: 85 mg, 0.23 mmol; ACN: 2.3 mL; LiOH (1 M): 735 pL; HCI (1 M): 854 uL; Yield: 99%.

"H NMR (400 MHz, CDCls): 5= 2.48 (dd, H1'a, Ji51 = 8.2 Hz, Jya1s = 15.5 Hz, 1H), 2.68 (dd, H1'b,
Jin1 =4.2 Hz, 1H), 3.00 (s, H13, H14, 6H), 3.56 (d, H5, Js4 = 4.7 Hz, 2H), 3.82 (t, H2, Jo1 = J25 = 5.6
Hz, 1H), 3.90-3.96 (m, H3, H4, 2H), 4.09-4.14 (m, H1, 1H), 6.68 (d, H9, H11, J = 8.9 Hz, 2H), 7.72 (d,
H8, H12, 2H).

13C NMR (100.6 MHz, CDCls): 8= 38.33 (C1), 39.53 (C13, C14), 41.57 (C5), 72.13 (C3), 74.36 (C2),
79.65 (C1), 82.81 (C4), 111.00 (C9, C11), 120.29 (C10), 128.71 (C8, C12), 152.93 (C7), 169.29 (C6),
173.68 (C2).

HRMS calcd for [C16H22N206 + H]*: 339.1551. Found 339.1557.

4.2.7.2. Synthesis of compound 13, {(2S,3R,4S,5R)-3,4-dihydroxy-5-[(4-

methoxybenzamido)methyl]oxolan-2-yl}acetic acid

n=0or1

1'
m M/ —_— ﬁL m + EtOH/MeOH

7 130 10

Scheme 22. Preparation of compound 13, structures of the precursor(s) (7) and product (66%).

Compound(s) 7: 67 mg, 0.19 mmol; ACN: 1.5 mL; LiOH (1 M): 570 uL; HCI (1 M): 690 uL; Yield: 66%
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H NMR (300 MHz, CDCls): 5= 2.48 (dd, H1'a, Jra1 = 8.3 Hz, Jras» = 15.6 Hz, 1H), 2.69 (dd, H1'b,
Jin1 =4.2 Hz, 1H), 3.54 (m, H5a, H5b, 2H), 3.82 (t, H2, J21 = J2.3 = 5.7 Hz, 1H), 3.85 (s, H13, 3H), 3.91-
3.98 (m, H3, H4, 2H), 4.11 (ddd, H1, 1H), 6.98 (d, H9, H11, J = 8.9 Hz, 2H), 7.82 (d, H8, H12, 2H).

13C NMR (75.5 MHz, CDCls): 8= 39.37 (C1’), 43.11 (C5), 55.90 (C13), 73.71 (C3), 75.69 (C2), 80.71
(C1), 84.03 (C4), 114.70 (C9, C11), 127.50 (C7), 130.25 (C8, C12), 163.97 (C10), 169.98 (C6), 174.99
(C2).

HRMS calcd for [C1sH19NO7 + H]*: 326.1234. Found 326.1236.

4.2.7.3. Synthesis of compound 14, {(2S,3R,4S,5R)-3,4-dihydroxy-5-[(4-

methylbenzamido)methyl]oxolan-2-yl}acetic acid

o &

m M/ - ﬁ\\ m +  EtOH/MeOH

n=0or1
8

Scheme 23. Preparation of compound 14, structures of the precursor(s) (8) and product (98%,).

Compound(s) 8: 45 mg, 0.135 mmol; ACN: 1.5 mL; LiOH (1M): 470 pL; HCI (1 M): 546 pL; Yield: 98%.

H NMR (300 MHz, CDCls): 8= 2.38 (s, H13, 3H), 2.47 (dd, H1’a, Jra: = 8.4 Hz, Jra1 = 15.6 Hz),
2.69 (dd, H1’b, J1s.1 = 4.2 Hz), 3.55-3.63 (m, H5a, H5b, 2H), 3.86 (t, H2, J21 = J25 = 5.1 Hz, 1H), 3.94-
4.04 (m, H3, H4, 2H), 4.09-4.15 (m, H1, 1H), 7.27 (d, H8, H12, J = 8.1 Hz, 2H), 7.73 (d, H9, H11, 2H).

13C NMR (100.6 MHz, CDCls): 8= 21.54 (C13), 39.27, (C1°), 43.15 (C5), 73.65, 73.70 (C3), 75.55 (C2),
80.54 (C1), 83.72 (C4), 128.46 (C9, C11), 130.24 (C8, C12), 132.19 (C7), 143.70 (C10), 170.73 (C6),
173.54 (C2)) .

HRMS calcd for [C1sH19NOs + H]*: 310.1285. Found 310.1279.
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4.2.7.4. Synthesis of compound 15, [(2S,3R,4S,5R)-3,4-dihydroxy-5-{[(4-methylbenzene-

1-sulfonyl)amino]methyl}oxolan-2-yl]Jacetic acid

(0] 0 54011'

(0]

\ \\ \

\S\N O " S\N 2'_OH

Wi (\% — W H  3\_/2 + EtOH/MeOH

(0] N . 0 n 10 o \\~ "/ (0]
HO OH n=0or1 , HO OH
9 8
9 15
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Scheme 24. Preparation of compound 15, structures of precursor(s) (9) and product (97%).

Compound(s) 9: 22 mg, 0.06 mmol; ACN: 1mL; LiOH (1M): 191 mL; HCI (1 M): 223 pL; Yield: 97%

H NMR (300 MHz, CDCls): 8= 2.39-2.47 (m, H1’a, H12, 4H), 2.63 (dd, H1'b, J1bs = 4.2 Hz, Jrb1a =
15.6 Hz, 1H), 2.96 (m, H5a, H5b, 2H), 3.75-3.81 (m, H2, H4, 2H), 3.93 (dd, H3, J324 = 4.8 Hz, J5,24 =
5.5 Hz, 1H), 4.04 (ddd, H1, J1,7= = 8.4 Hz, J12 = 6.3 Hz, 1H), 7.37 (d, H8, H10, J = 8.1 Hz, 2H), 7.73 (d,
H7, H11, 2H).

13C NMR (75.5 MHz, CDCls): 8= 21.43 (C12), 39.07 (C1°), 46.06 (C5), 73.16 (C3), 75.55 (C2), 80.59
(C1), 83.97 (C4), 128.01 (C7, C11), 130.71 (C8, C10), 138.76 (C6), 144.65 (C9), 175.01 (C2’) .

HRMS calcd for [C14H1sNO7S+ HJ*: 346.0955. Found 346.0962.

4.2.7.5. Synthesis of compound 16, [(2S,3R,4S,5R)-5-{[(4-chlorobenzene-1-

sulfonyl)amino]methyl}-3,4-dihydroxyoxolan-2-yl]acetic acid

o) .
% W\ 5ad O

W © >
SN © 11 SN o
N WH s 2 + EtOH/MeOH
0 QIR n 10 ° © S %on ©
HO OH n=0or1 . HO OH
8
cl 10 cl”® 16

Scheme 25. Preparation of compound 16, structures of precursor(s) (10) and product (96%,).

Compound/s) 10: 32 mg, 0.08 mmol; ACN: 1mL; LiOH (1 M): 258 uL; HCI (1 M): 310 pL; Yield: 96%.

"H NMR (300 MHz, CDCls): 8= 2.43 (dd, H1'a, Ja1 = 8.3 Hz, J1a1 = 15.6 Hz, 1H), 2.69 (dd, H1’b, J1»1
= 4.2 Hz, 1H), 3.00 (dd, H5a, Jsas = 5.2 Hz, Jsa s = 13.5 Hz, 1H), 3.07 (dd, H5b, Jsss = 4.1 Hz, TH),
3.76-3.81 (m, H2, H4, 2H), 3.92 (t, H3, Js2 = Js.4 = 5.3 Hz, 1H), 4.04 (ddd, H1, J1.» = 6.1 Hz, 1H), 7.55
(d, H7, H11, J = 8.6 Hz, 2H), 7.83 (d, H8, H10, 2H).
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13C NMR (75.5 MHz, CDCls): 5= 39.20 (C1’), 46.10 (C5), 73.16 (C3), 75.54 (C2), 80.72 (C1), 83.85
(C4), 129.70 (C8, C10), 130.40 (C7, C11), 139.74 (C6), 140.66 (C9), 175.10 (C2) .

HRMS calcd for [C13H16%°CINO7S + H]*: 366.0409. Found 366.0411.

4.2.7.6. Synthesis of compound 17, [(2S,3R,4S,5R)-5-{[(2,3-dichlorobenzene-1-

sulfonyl)amino]methyl}-3,4-dihydroxyoxolan-2-yl]acetic acid

O\\ 0 O\\ 5 01 1 .
S<n 0 » s\,\\NMOH
\(\) H H/ —_— soH 32 + EtOH/MeOH
\C ”, (0] n 10 N 2 (6]
9 {8
Cl 1 cl 17

Scheme 26. Preparation of compound 17, structures of precursor(s) (11) and product (96%,).

Compound(s) 11: 32 mg, 0.08 mmol; ACN: 1mL; LiOH (1 M): 258 pL; HCI (1 M): 310 pL; Yield: 96%

H NMR (400 MHz, MeOD): 8= 2.39 (dd, H1'a, Jya1 = 8.2 Hz, Jra = 15.6 Hz, 1H), 2.60 (dd, H1'b,
Jin1 = 4.6 Hz, 1H), 3.01 (dd, H5a, Jsas = 6.10 Hz, Jsaso = 14.0 Hz, 1H), 3.18 (dd, H5b, Jsps = 4.1 Hz,
1H), 3.75-3.80 (M, H2, H4, 2H), 4.90 (t, H3, J34 = J3 = 5.6 Hz, 1H), 4.01 (ddd, H1, J12= 5.2 Hz, 1H),
7.46 (t, H10, J1os = J1o,17 = 8.0 Hz, 1H), 7.78 (d, H9, 1H), 8.02 (d, H11, 1H).

13C NMR (100.6 MHz, MeOD): &= 37.9 (C1’), 46.15 (C5), 73.14 (C3), 75.42 (C2), 80.91 (C1), 83.70
(C4), 128.93 (C10), 130.51 (C11), 131.03 (C7), 135.38 (C9), 136.31 (C8), 141.57 (C6), 174.75 (C2).

HRMS calcd for [C13H15%5CI2NO7S + H]*: 400.0019. Found 400.0028.

4.28. General procedure for the synthesis of C2’ amides (18-23)

To a solution of each carboxylic acid (12-17) in dry 10:1 DCM:DMF, DIPEA was added, followed by
HATU and the primary amine (Scheme 27-Scheme 33). The reaction mixture was stirred for 18-24h
atr.t. to 40°C.

When consumption of the acid and product formation was observed by TLC (eluent: DCM:MeOH:H20
30:10:1), the reaction mixture was washed with 0.1 M HCI The organic layer was concentrated. The
residue was dissolved in DCM and washed with 1M HCI The white precipitate formed was filtered. When
precipitation did not occur, the mixture was extracted with 3 X 20 mL of EtOAc, washed with brine, dried

over Mg2S0O4 and concentrated. The crude mixtures were purified by semi-preparative reverse phase
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HPLC (Program: solvent gradient starting at 90% acidified water (0.1% v/v formic acid) and 10%
acetonitrile for one minute, followed by a linear increase of the acetonitrile proportion to 100% in 10
minutes. From minutes 11 to 13.5 the acetonitrile was kept at 100%, before returning to the initial (10%)

proportion in a 2.5 min linear slope).

H
R— OH viii R— m N_
Hm TR H \ / R
\\ ,/ O > ,/ O
HO OH HO OH

Scheme 27. General preparation scheme of compounds 18-23. viii) NH2R’, DIPEA, HATU, 10:1 DCM:DMF, 18-
24h, r.t.- 40°C (3%-39%).

4.2.8.1. Synthesis of compound 18, 2-[(2S,3R,4S,5R)-3,4-dihydroxy-5-({[4-
(dimethylamino)benzamido]}methyl)oxolan-2-yl]-N-[(4-
methoxyphenyl)methyl]acetamide / 2-[(2S,3R,4S,5R)-5-({[4-
(amino)benzamido]}methyl)-3,4-dihydroxyoxolan-2-yl]-N-[(4-
methoxyphenyl)methyl]acetamide

AQ’Y@A

N 12

Q»MVU

HN"10 9

Scheme 28. Preparation of compound 18 from compound 12 and 4-methoxybenzylamine (3%). The obtained

mixture contained primarily the N-demethylated compound.

Compound 12: 30 mg, 0.09 mmol; Primary amine: 4-methoxybenzylamine: 12 uL, 12.35 mg, 0.09 mmol;
DIPEA: 22.5 pL; HATU: 30 mg; DCM: 1.4 mL; Temperature: r.t.; Reaction time: 72h; Yield: ~3% (Mixture

of the desired compound and the N-demethylated compound).

'H NMR (400 MHz, CDCls): 8= 2.44 (dd, H1'a, Jys1 = 8.2 Hz, Jrass = 14.2 Hz, 1H), 2.60 (dd, H1’b,
Jrb1=4.1 Hz, 1H), 3.55 (d, H5a, H5b, Js4 = 5.3 Hz, 2H), 3.73 (s, H10’, 3H), 3.83 (t, H2, J21 = J25 = 6.1
Hz, 1H), 3.91 (bt, H3, J2,1 = J25 = 6.1 Hz, 1H), 3.90-3.98 (m, H2, H4, 2H), 4.06-4.11 (m, H1, 1H), 4.29
(s, H3', 2H), 6.81 (d, H6’, H8', J = 8.5 Hz, 2H), 7.18 (d, H5", HY’, 2H), 7.66 (d, H9, H11, J = 8.6 Hz, 2H),
7.80 (d, H8, H12, 2H).
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3C NMR (100.6 MHz, CDCls): 5= 41.32 (C1’), 43.43, 43.61 (C5, C3’), 55.68 (C10’), 73.92 (C3), 75.97
(C2), 81.18 (C1), 84.05 (C4), 114.91 (C9, C11), 120.35 (C6’,8’), 129.43, 129.78 (C8, C12, C5, C9)),
142.13 (C4"), 161.74 (C7’), 173.03 (C2’). C13, C14, C6, and C10, not found. As this fraction was
primarily N-demethylated, H13 and H14 and C13 and C14 were not found. A limitation of the amount

of compound obtained prevented further analysis to find C6 and C10.

HRMS calcd for [C24H31N3Os + H]*: 458.2286. Found 458.192; HRMS calcd for [C22H27N3Os + H]*:
430.1973. Found 430.1973.

4.2.8.2. Synthesis of compound 19, 2-[(2S,3R,4S,5R)-3,4-dihydroxy-5-[(4-
methoxybenzamido)methyl]oxolan-2-yl]-N-[(4-fluorophenyl)methyl]lacetamide

" 8'
o) o o) S Ol H 9 .
H R 5 3 + NHy 5 7 6 H 3. 2 5 3 & 6
HO OH 1 HO' OH 5
F 8
~0 13 19

~0 10
13 O 9

Scheme 29. Preparation of compound 19, from compound 13 and 4-fluorobenzylamine (28%).

Compound 13: 30 mg, 0.09 mmol; Primary amine: 4-fluorobenzylamine: 12 mg, 0.09 mmol; DIPEA:
19.2 pyL; HATU: 35 mg; DCM: 1mL; Temperature: r.t.; Reaction time: 18h; Yield: 28%.

"H NMR (300 MHz, MeOD): 5= 2.44 (dd, H1'a, Jya1 = 8.5 Hz, Jiam = 14.2 Hz, 1H), 2.61 (dd, H1'b,
Jin,1 = 4.0 Hz, 1H), 3.53-3.55 (m, H5a, H5b, 2H), 3.80-3.84 (m, H2, 1H), 3.84 (s, H13, 3H), 3.90-3.99
(m, H3, H4, 2H), 4.09 (ddd, H1, J12= 6.1 Hz, 1H), 4.34 (2d, H3'a, H3'b, Jsa3b = 15.4 Hz, 2H), 6.93-
7.00 (m, H9, H11, H6",H8', 4H), 7.27 (dd, H5', HY', Js/s, 676 = 8.4 Hz, Jse,r = 5.2 Hz, 2H), 7.78 (d, H8,
H12, Jg/r2,911 = 8.9 Hz, 2H).

13C NMR (75.5 MHz, MeOD): &= 41.34 (C1’), 43.29, 43.35 (C5, C3'), 55.87 (C13), 73.87 (C4), 76.00
(C2), 81.01 (C1), 84.12 (C3), 114.67 (C9, C11), 115.83 (d, C6’, C8', Jeisr = 21.6 Hz) 127.45 (C7),
130.20, 130.20 (C8, C12), 130.25 (d, C5', C9', Jsio.r = 7.9 Hz), 135.86 (d, C4', Ja.r = 3.15 Hz), 163.33
(d, C7’, J7.r = 243.4 Hz), 163.94 (C10), 169.98 (C6), 173.20 (C2).

HRMS calcd for [C22H25FN20s + H]*: 433.1769. Found 433.1768.
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4.2.8.3. Synthesis of compound 20, 2-[(2S,3R,4S,5R)-3,4-dihydroxy-5-[(4-
methoxybenzamido)methyl]oxolan-2-yl]-N-[(4-methoxyphenyl)methyl]acetamide

13~0"10 g

Scheme 30. Preparation of compound 20 from compound 13 and 4-methoxybenzylamine (35%).

Compound 13: 30 mg, 0.08 mmol; Primary amine: 4-methoxybenzylamine: 21.9 mg, 0.16 mmol; DIPEA:
27.9 uL; HATU: 37 mg; DCM: 1.2 mL; Temperature: r.t.; Reaction time: 24h; Yield: 35%.

'H NMR (400 MHz, MeOD): 5= 2.44 (dd, H1’a, Jras = 8.5 Hz, Jram = 14.2 Hz, 1H), 2.60 (dd, H1’b,
Jin1 = 4.0 Hz, 1H), 3.53-3.55 (m, H5a, H5b, 2H), 3.73 (s, H10’, 3H), 3.81-3.84 (m, H2, 1H), 3.84 (s,
H13, 3H), 3.89-3.98 (m, H3, H4), 4.06-4.01 (m, H1, 1H), 4.29-4.30 (m, H3'a, H3'b, 2H), 6.80 (d, H6’,H8",
Jo,5 = Jgg = 8.6 Hz, 2H), 6.95 (d, H9, H11, Jos = J11,12 = 8.8 Hz, 2H), 7.18 (d, H5", HY', 2H), 7.78 (d,
H8, H12, 2H).

13C NMR (100.6 MHz, MeOD): 5= 41.34 (C1’), 43.37, 43.59 (C5, C3'), 55.66, 55.92 (C13, C10°), 73.91
(C4), 75.99 (C2), 81.15 (C1), 84.12 (C3), 114.72, 114.90 (C9, C11, C6’, C8'), 127.54 (C7), 129.77,
130.25 (C8, C12, C5',C9’), 131.83 (C4’), 160.35 (C7), 163.97 (C10), 170.00 (C6), 173.06 (C2)).

HRMS calcd for [C23sH28N207 + H]*: 445.1969. Found 445.1966.

4.2.8.4. Synthesis of compound 21, 2-[(2S,3R,4S,5R)-3,4-dihydroxy-5-[(4-
methybenzamido)methyl]oxolan-2-yl]-N-(2-methoxyethyl)acetamide

O o O 5 4 O 1 1" > H
N (e} N
H/\Q/Zf N HZN/\/ ~ 5 7 6 H 3; ',2 I \3-/4xo/5.
HO  ©H " . HO  ©OH
4 10 9 21

Scheme 31. Preparation of compound 21 from compound 14 and 2-methoxyethylamine (21%).

Compound 14: 90 mg, 0.29 mmol; Primary amine: 2-methoxyethylamine: 27 mg, 32 pL, 0.36 mmol, 1.2
eq; DIPEA: 101 uL; HATU: 137mg; DCM: 4.5 mL; Temperature: r.t.; Reaction time: 48h; Yield: 21%.
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H NMR (400 MHz, CDCls): 8= 2.39 (s, H13, 3H), 2.45 (dd, H1’a, Jya1 = 8.1 Hz, Jra s = 14.3 Hz, 1H),
2.60 (dd, H1'b, J1bs = 4.2 Hz, 1H), 3.34-3.38 (m, H3', 2H), 3.37 (s, H5", 3H), 3.44 (t, H4", Js3 = 5.2
Hz, 2H), 3.55-3.61 (m, H5a, H5b, 2H), 3.82 (t, H2, Jz1 = J23 = 5.5 Hz, TH), 3.93-3.98 (m, H3, H4, 2H),
4.06 (ddd, H1, 1H), 7.28 (d, H9, H11, J = 8.0 Hz, 2H), 7.74 (d, H8, H12 2H).

13C NMR (100.6 MHz, CDCls): 8= 21.40 (C13), 40.26, 41.04 (C1’, C3'), 43.32 (C5), 58.83 (C5'), 71.77
(C4’), 73.80 (C3), 75.87 (C2), 80.98 (C1), 83.99 (C4), 128.39 (C8, C12), 130.13 (C9, C11), 132.57 (C7),
143.46 (C10), 170.44 (CB), 173.46 (C2)) .

HRMS calcd for [C1sH26N206 + H]*: 367.1864. Found 367.1864.

4.2.8.5. Synthesis of compound 22, [(2S,3R,4S,5R)-3,4-dihydroxy-5-{[(4-methylbenzene-
1-sulfonyl)amino]methyl}oxolan-2-yl]-N-(2-methoxyethyl)acetamide

o) 0
\) © OH W S O » 1

S— S— 4

N N
\ Hm + H N/\/ N " 6\\ H 3 2 \/\ —
e} o . o 2 (e} 0 3 (6] 5
HO OH 10 , HO OH
15 ° 8 22

Scheme 32. Preparation of compound 22 from compound 15 and 2-methoxyethylamine (10%).

Compound 15: 20 mg, 0.06 mmol; Primary amine: 2-methoxyethylamine: 0.45 mg, 5.2 yL, 0.06 mmol;
DIPEA: 15 yL; HATU: 23 mg; DCM: 0.93 mL; Temperature: r.t.; Reaction time: 18h; Yield: 10%.

H NMR (400 MHz, CDCls): 8= 2.37 (dd, H1'a, Jra1 = 8.2 Hz, Jra b = 14.2 Hz, 1H), 2.43 (s, H12, 3H)
2.53 (dd, H1'b, Jys1 = 4.1 Hz, 1H), 2.97 (dd, H5a, Jsa ¢ = 5.4 Hz, Jsasy = 13.5 Hz, TH), 3.04 (dd, H5b,
Jsna = 3.8 Hz, TH), 3.33 (s, H5’, 3H), 3.33-3.37 (m, H3’, 2H) 3.45 (t, H4', Js3 = 5.5 Hz, 2H), 3.75-3.79
(m, H2, H4, 2H), 3.91 (dd, H3, Js2 = Js4 = 5.3 Hz, 1H), 3.99 (ddd, H1, J.» = 5.3 Hz, 1H), 7.38 (d, H8,
H10, J = 8.0 Hz, 2H), 7.75 (d, H7, H11, 2H).

13C NMR (100.6 MHz, CDCls): 5= 21.42 (C12), 40.18, 41.01 (C1’, C3’), 46.08 (C5), 58.87 (C5'), 71.91
(C4’), 73.28 (C3), 75.75 (C2), 81.19 (C1), 83.94 (C4), 128.03 (C7, C11), 130.74 (C8, C10), 138.94 (C6),
144.72 (C9), 173.37 (C2).

HRMS calcd for [C17H26N207S + H]*: 403.1533. Found 403.1545.
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4.2.8.6. Synthesis of compound 23, [(2S,3R,4S,5R)-5-{[(2,3-dichlorobenzene-1-
sulfonyl)amino]methyl}-3,4-dihydroxyoxolan-2-yl]-N-[(4-
methoxyphenyl)methyl]acetamide

o

W 0
SH + NH, —» 6
\\ ,/ O
o HO OH o
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Scheme 33. Preparation of compound 23 from compound 17 and 4-methoxybenzylamine (39%).

Compound 17: 23 mg, 0.06 mmol; Primary amine: 4-methoxybenzylamine: 15.7 uL, 0.12 mmol; DIPEA:
21 pL; HATU: 28.3 mg DCM: 0.9 mL; Temperature: r.t. Reaction time: 18h; Yield: 39%.

TH NMR (300 MHz, MeOD): 8= 2.37 (dd, H1'a, Jras = 8.2 Hz, Jyam = 14.3 Hz, 1H), 2.54 (dd, H1'b,
Jin1 = 4.2 Hz, 1H), 3.02 (dd, H5a, Jsas = 5.9 Hz, Jsaso = 13.9 Hz, 1H), 3.15 (dd, H5b, Jsps = 4.1 Hz,

H), 3.76 (s, H10", 3H) 3.75-3.80 (m, H2, H4, 2H), 5.4 (t, H3, J5.4 = Js2 = 5.3 Hz, 1H), 4.01 (ddd, H1,
Ji2= 5.1Hz, 1H), 4.31 (s, H3'a, H3'b, 2H), 6.86 (d, H6',H8', Je.5 = Js.o = 8.6 Hz, 2H), 7.21 (d, H5’, HY’,
2H), 7.44 (t, H10, J100 = J1011 = 8.1 Hz, 1H), 7.78 (d, H9, 1H), 7.99 (d, H11, 1H).

13C NMR (75.5 MHz, MeOD): = 41.09 (C1’), 43.62 (C3’), 46.21(C5), 55.70 (C10°), 73.28 (C3), 75.69
(C2), 81.34 (C1), 83.78 (C4), 114.93 (C6’, C8'), 128.96 (C10), 129.92 (C5’, C9’), 130.55 (C11), 131.04
(C7), 131.83 (C4’), 135.42 (C9), 136.34 (C8), 141.56 (CB), 160.39 (C7’), 172.91(C2).

HRMS calcd for [C21H243%CI2N207S + H]*: 519.0754. Found 519.0763.

4.3. Synthesis of “cmpd 25” - known inhibitor

The synthetic route used to synthetize 2-[(3-Biphenylylcarbonyl)amino]-6-[(2,3-dichlorobenzene-1-
sulfonyl)amino]-2,6-dideoxy-D-glucopyranose (“‘cmpd 25”) was based on the one described in Lin et a/
[43]. For convenience, the designations below are based on D-glucose. The anomeric carbon

configuration is not specified.
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4.3.1. Synthesis of 2-Amino-2-deoxy-1,3,4,6-tetrakis-O-(trimethylsilyl)-D-glucopyranose

(“cmpd 25a”)
0 OH i & 5.0 1_OTMS
HO TMSO
—_—

‘ y 4 2
HO® NH, TMSO N5 NH,

OH OTMS

D-Glucosamine Cmpd 25a

Scheme 34. Preparation of “cmpd 25a” from D-2-glucosamine: structures and numbering. i) EtsN, TMSCI,
pyridine, 115°C, overnight (71%).

Triethylamine (7 mL, 50 mmol, 5 eq) and TMSCI (6.39 mL, 50 mmol, 5 eq) were added to a solution of
2-amino-2-deoxy-D-glucopyranose (HCI salt, 2.156 g, 10 mmol) in pyridine (25 mL). The mixture was
refluxed overnight. The reaction mixture was then let to cool down and filtered. The filtrate was poured
into water (100 mL) and was extracted with hexane (3 X 150 mL). The organic layers were combined
and washed with water (50 mL x 2) and brine. The organic layer was dried over MgSO4 and

concentrated under vacuum to give “cmpd 25a” as an off-white solid (71%).

H NMR (400 MHz, CDCI3): &= 0.15-0.21 (m, Hws, 36H), 2.54 (dd, H2, J12 = 3.3 Hz, J3 = 9.2 Hz,
1H), 3.43-3.50 (m, H5, 1H), 3.55 (t, H3, Js4 = 9.2 Hz, 1H), 3.68-3.74 (m, H4, H6, 3H), 5.15 (d, H1, 1H).

13C NMR (100.6 MHz, CDCls): 8= 0.05, 0.97, 1.43 (TMS), 57.68 (C2), 61.95 (C6), 72.04 (C5), 72.52
(C4), 77.34 (C3), 94.87 (C1).

HRMS calcd for [C1sH4sNOsSis — TMS + H]*: 396.2052. Found 396.2058.

4.3.2. Synthesis of 2{(3-Biphenylylcarbonyl)amino]-2-deoxy-D-glucopyranose (“cmpd
25b”)

Scheme 35. Preparation of “empd 25b” from “empd 25a”: structures and numbering. ii) 3-biphenylcarboxylic acid,
DIPEA, HATU, DCM, r.t., overnight (76%).
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DIPEA (316 pL, 1.8 mmol, 1.2 eq) was added to a solution of “cmpd 25a” (708 mg, 1.5 mmol, 1 eq) in
dichloromethane (DCM) (15 mL), followed by the addition of 3-biphenylcarboxylic acid (300 mg, 1.5
mmol, 1 eq) and HATU (575 mg, 1.5 mmol 1 eq). The reaction mixture was stirred overnight at r.t. The
mixture was washed with 0.1 M HCI, and the organic layer was concentrated. The residue was dissolved
in DCM, followed by the addition of 1 M HCI (25 mL). The white solid was formed and filtered to give
the product “cmpd 25b” (76%).

H NMR (300 MHz, MeOD): &= 3.38-3.49 (m, H4, 1H), 3.67 (m, H6a, 1H), 3.82-3.96 (m, H3, H5, H6b,
3H), 4.12 (dd, H2, Jz1 = 3.6 Hz, J25= 10.7 Hz, 1H), 5.29 (d, H1, 1H), 7.30 (t, H11’, J11,10= Jsr12 = 7.4
Hz, 1H), 7.39 (t, H10", H12', J1o,e- = J1z:15-= 7.4 Hz, 2H), 7.53 (t, H4’, Ja.3 = Jus = 7.8 Hz, 1H), 7.67 (d,
HY’, H13', 2H), 7.78 (d, H5', 1H), 7.84 (d, H3', 1H), 8.13 (s, H7’, 1H).

13C NMR (75.5 MHz, MeOD): 5= 56.75 (C2), 62.84 (C6), 72.36, 72.55, 73.21 (C3, C4, C5), 92.59 (C1),
127.14 (CT’), 127.34 (C3’), 128.12 (CY", C13’), 128.79 (C11°), 129.97 (C10’, C12"), 130.05 (C4’), 131.15
(C5’), 136.30 (C2’), 141.60 (C6’), 142.80 (C8’), 170.67 (C1’).

HRMS calcd for [C19H21NOs + H]*: 360.1442. Found 360.1441.

4.3.3. Synthesis of Methyl 2{(3-biphenylylcarbonyl)amino]-2-deoxy-D-glucopyranoside
(“cmpd 25¢”)

o OH

HOY “/NH
OH
Cmpd 25b

Scheme 36. Preparation of “cmpd 25c” from “cmpd 25b”: structures and numbering. iii) MeoH, HCI, 65°C,
overnight (94%,).

To a solution of “cmpd 25b” (230 mg, 0.64 mmol, 1 eq) in methanol (5 mL), 37% HCI (100 pL, 1.28
mmol, 2 eq) was added. The reaction mixture was stirred at reflux overnight. The mixture was let to cool

down, concentrated and washed with DCM to give the product as a white powder/needle crystals (94%).

H NMR (300 MHz, MeOD): 5= 33.41 (s, Me, 3H), 3.41-3.50 (m, H4, 1H), 3.59-3.64 (m, H5, 1H), 3.73
(dd, H6a, Joas = 5.6 Hz, Jeass = 11.8 Hz, 1H), 3.84-3.90 (m, H3, H6b, 2H), 4.16 (dd, H2, J51 = 3.6 Hz,
J23=10.7 Hz, 1H), 4.85 (d, H1, 1H), 7.37 (t, H11", Jsp10= Jir12 = 7.4 Hz, 1H), 7.47 (t, H10", H12,
Jiog = Jizi13:= T4 Hz, 2H), 7.55 (t, H4', Jos = Jos = 7.8 Hz, 1H), 7.69 (d, HY’, H13’, 2H), 7.79-7.85
(m, H3',H5’, 2H), 8.13 (s, H7’, 1H).

13C NMR (75.5 MHz, MeOD): 5= 55.59 (Me), 56.33 (C2), 62.76 (C6), 72.39 (C3) , 72.51 (C4), 73.70
(C5), 99.77 (C1), 127. 21 (CT’), 127.41 (C3"), 128.14 (CY’, C13), 128.80 (C11’), 129.99, 130.05 (C10’,
C12), C4’), 131.20 (C5'), 136.25 (C2), 141.56 (C8'), 142.78 (C6’), 170.99 (C1).
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HRMS calcd for [C20H23NOs + H]*: 374.1598. Found 374.1592.

4.34. Synthesis of Methyl 2-[(3-biphenylylcarbonyl)amino]-2-deoxy-6-O-[mesyl]-D-
glucopyranoside (“cmpd 25d”)

OH
T

Cmpd 25c¢

Scheme 37. Preparation of “cmpd 25d” from “empd 25c”: structures and numbering. iv) MsCl, pyridine, r.t., 6h
(60%).

Mesylchloride (24 pL, 0.31 mmol, 1.2 eq) was added to a solution of “cmpd 25¢” (97 mg, 0.26 mmol,
1 eq) in pyridine (2 mL). The mixture was stirred for 6h at r.t. The reaction mixture was concentrated,
and the residue poured into water (10 mL). The mixture was extracted with EtOAc (3 X 20 mL). The
combined organic layers were washed with brine and dried over MgSOa4. The solvent was removed to

give a yellowish powder as the crude “cmpd 25d” (60%).

H NMR (400 MHz, MeOD): 8= 3.12 (s, Ms-CHa, 3H), 3.38 (s, OMe, 3H), 3.47-3.49 (m, H4, 1H), 3.85-
3.94 (m, H3, H5, 2H), 4.20-4.23 (m, H2, 1H), 4.45-4.47 (m, H6a, 1H), 4.54-4.60 (m, H6b, 1H), 4.86 (m,
H1, 1H), 7.31-7.36 (m, H11’, 1H), 7.40-7.45 (m, H10’, H12’, 2H), 7.47-7.53 (m, H4’, 1H), 7.60-7.65 (m,
HY', H13', 2H), 7.72-7.76 (m, H5', 1H), 7.82-7.84 (m, H3’, 1H), 8.12 (s, H7’, 1H),

13C NMR (100.6 MHz, MeOD): 8= 37.34 (Ms-CHs), 55.84, 55.92 (OMe, C2), 70.72 (C6), 71.23 (C5),
71.84 (C4), 72.40 (C3), 99.79 (C1), 127.11 (C7’), 127.32 (C3), 128.01 (C9, C13’), 128.72 (C11’),
129.90 (C10, C12’), 129.98 (C4’), 131.13 (C5'), 135.98 (C2"), 141.37 (C6’), 142.59 (C8'), 170.51 (C1’).

HRMS calcd for [C21H2sNQOsgS + H]*: 452.1374. Found 452.1370.

4.3.5. Synthesis of Methyl 6-azido-2-{(3-biphenylylcarbonyl)amino]-2,6-dideoxy-D-
glucopyranoside (“cmpd 25e”)
(6] OMe
MsO

HOV “NH

Cmpd 25d

Scheme 38. Preparation of “empd 25e” from “empd 25d”: structures and numbering. v) NaNs, DMF, 90°C, 2h
(94%).
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Sodium azide (29 mg, 0.3 mmol, 2 eq) was added to a solution of “empd 25d” (70 mg, 0.155 mmol) in
DMF (2 mL). The solution was heated at 90 °C for 2 hr and then cooled down to r.t. The mixture was
partitioned between EtOAc and water and the organic layer was dried over MgSQa4. The yellowish crude

product was obtained after concentration under reduced pressure (94%).

H NMR (400 MHz, CDCl3): 3= 3.44 (s, Me, 3H), 3.24-3.48 (m, H4, H6a, H6b, 3H), 3.65-3.71 (m, H3,
1H), 3.77-3.85 (m, H5, 1H), 4.28-4.36 (m, H2, 1H), 4.67-4.72 (m, H1, 1H), 7.24-7.40 (m, H4’, H10’,
H11’, H12', 4H), 7.48-7.53 (m, HY’, H13", 2H), 7.61 (d, H5', Js,+ = 7.8 Hz, 1H), 7.64 (d, H3', Js.4# = 7.8
Hz, 1H), 7.94-8.02 (s, H7’, 1H).

13C NMR (100.6 MHz, CDCl3): 8= 51.55 (C6), 54.07, 55.33 (Me, C2), 71.15 (C5), 71.86 (C4), 73.12
(C3), 98.43 (C1), 125.90 (C7’), 126.27 (C3’), 127.19 (CY’, C13’), 127.81 (C11’), 128.91 (C10’, C12)),
129.01 (C4’), 130.47 (C5'), 134.35 (C2’), 140.07 (C6’), 141.65 (C8’), 168.64 (C1).

HRMS calcd for [C20H22N4Os + H]*: 399.1663. Found 399.1670.

4.3.6. Synthesis of Methyl 6-amino-2-[(3-biphenylylcarbonyl)amino]-2,6-dideoxy-D-
glucopyranoside (“cmpd 25f)

0. _OMe vi . 8. 5_0_ 1_OMe
N; H3N
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Cmpd 25e Cmpd 25f

Scheme 39. Preparation of “cmpd 25f” from “empd 25e”: structures and numbering. vi) Pd/C, EtOH, HCI, r.t.,
overnight (99%).

Pd/C (10%; 10 mg) was added to a solution of “cmpd25e” in EtOH (1.39 mL) and HCI (3 M, 139 uL).
After degassing, the reaction mixture was stirred at r.t. overnight under under Hz, 1 atm. After filtration

over celite, the filtrate was concentrated to give the product “cmpd 25f” (99%).

H NMR (400 MHz, MeOD): 5= 3.10-3.18 (m, H6a, 1H), 3.44 (s, Me, 3H), 3.33-3.53 (m, H4, H6b, 2H),
3.81-3.95 (m, H3, H5, 2H), 4.15-4.23 (m, H2, 1H), 4.90-4.93 (m, H1, 1H), 7.33-7.40 (m, H11’, 1H), 7.42-
7.49 (m, H10’, H12, 2H), 7.51-7.57 (m, H4’, 1H), 7.68 (d, HY’, H13", Jo,10= J15,12 = 7.4 Hz, 2H), 7.76-
7.86 (m, H3', H5', 2H), 8.12 (s, H7’, 1H).

13C NMR (100.6 MHz, MeOD): 5= 42.22 (C6), 55.87, 56.39 (Me, C2), 69.33, 71.82 (C3, C5), 73.89 (C4),
99.88 (C1), 127.06 (C7’), 127.31 (C3'), 127.97 (C9', C13’), 128.68 (C11’), 129.87 (C10’, C12"), 129.98
(C4’), 131.15 (C5’), 135.86 (C2’), 141.32 (C6’), 142.59 (C8'), 170.56 (C1’).

HRMS calcd for [C20H25N205 1*: 373.1758. Found 373.1768.
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4.3.7. Synthesis of Methyl 2-[(3-biphenylylcarbonyl)amino]-6-{(2,3-dichlorobenzene-1-
sulfonyl)amino]-2,6-dideoxy-D-glucopyranoside (“cmpd 25g’)

0
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Cmpd 25f Cmpd 25g

Scheme 40. Preparation of “cmpd 25g” from “cmpd 25f: structures and numbering. vi) 2,3-

dichlorobenzensulfonyl chloride, pyridine, overnight, r.t. (60%).

To a solution of “ecmpd 25f” (142 mg, 0.38 mmol) in pyridine (5 mL), 2,3-dichlorobenzenesulfonyl
chloride (187 mg, 0.76 mmol, 2 eq) was added, and the reaction mixture was stirred overnight at r.t.
The crude product obtained after concentration at reduced pressure was dissolved in DCM and washed

with 1M HCI and brine. The product (60%) was precipitated with ethyl ether and collected by filtration.

H NMR (400 MHz, MeOD): 3= 3.14-3.29 (m, H4, H6a), 3.41-3.60 (m, H5, H6b, Me) , 3.80 (dd, H3, Js2
=10.7 Hz, J54= 8.8 Hz, 1H), 4.02-4.07 (m, H2, 1H), 4.36 (d, H1B, J1s2 = 8.4 Hz, 0.3H), 4.63 (d, H1a,
Jiaz = 3.5 Hz, 0.7H), 7.37 (t, H11", J1110 = Jir12 = 7.5 Hz, 1H), 7.45-7.57 (m, H10’, H12’, H11, H4',
4H), 7.67-7.69 (m, HY", H13’, 2H), 7.78-7.83 (m, H10, H3’, H5’, 3H), 8.04-8.13 (m, H12, 7°, 2H).

13C NMR (100.6 MHz, MeOD): 5= 45.54 (C6), 55.83 (Me) 56.06 (C2), 72.18 (C5, C3), 73.74 (C4), 99.68
(C1), 127.16 (C7’), 127.32 (C3'), 128.09 (C9’, C13'), 128.77, 128.84 (C11’, C11), 129.95 (C10’, C12)),
130.00 (C4’), 130.51 (C12), 131.16 (C5'), 135.24 (C10), 136.16, 136.24 (C2’, C8, C9), 141.56 (C6),
142.11 (C7), 142.77 (C8'), 170.64 (C1’).

HRMS calcd for [C26H26%°CI2N207S + H]*: 581.0911. Found 581.0986.

13C NMR (100.6 MHz, MeOD): 5= 45.54 (C6), 55.83 (Me) 56.06 (C2), 72.18 (C5, C3), 73.74 (C4), 99.68
(C1), 127.16 (C7’), 127.32 (C3’), 128.09 (CY, C13’), 128.77, 128.84 (C11’, C11), 129.95 (C10’, C12),
130.00 (C4’), 130.51 (C12), 131.16 (C5’), 135.24 (C10), 136.16, 136.24 (C2’, C8, C9), 141.56 (C6"),
142.11 (C7), 142.77 (C8'), 170.64 (C1’).
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4.3.8. Synthesis of of 2-(3-Biphenylylcarbonyl)amino]-6-(2,3-dichlorobenzene-1-sulfonyl)
amino]- 2,6-dideoxy-D-glucopyranose (“cmpd 25”)

o/ 0 //o
24 12 X 6
\S\N (o] OMe viii 1" \S\N 5 0.1 _OH
H — T H . )
Cl HO™ “/NH 1057 87CL HOY NN
c OH cl OH T
O O 0 |
Cmpd 25g Cmpd 25 '

Scheme 41. Preparation of “cmpd 25” from “cmpd 25g”: structures and numbering. viii) 2:1 dioxane:water; HCI,
100°C, overnight (9%).

The mixture of “cmpd 25g” anomers (57 mg, 0.1 mmol) in 2:1 dioxane:water (3 ml) containing 0.5 mL
of 6M HCI was heated to reflux overnight. The crude mixture obtained after solvent evaporation under
reduced pressure was purified by reverse phase HPLC to give the final product, “cmpd 25” (9%). HPLC
program: in solvent gradient, starting with 90% acidified water (0.1% v/v formic acid) and 10%
acetonitrile for one minute, followed by a linear increase of the acetonitrile fraction to 90% in 9 minutes.
From minute 10 to 13 the acetonitrile fraction was kept at 90%. Then, acetonitrile was increased to
100% in one minute and maintained for 3 minutes, before returning to the initial (10%) proportion in 3-

min linear gradient.

H NMR (400 MHz, MeOD): 5= 3.06-3.27 (m, H4, H6a, 2H), 3.40 (dd, H6b, Jesea = 2.8 Hz, Jan5= 13.7
Hz, 1H), 3.80-3.85 (m, H3, H5, 2H), 3.40 (dd, H2, J1a2 = 3.3 Hz, J23= 10.5 Hz, 1H), 4.68 (d, H1B, J1s.2
= 8.4 Hz, 0.3H), 5.01 (d, H1a, 0.7H), 7.37 (t, H11', J11,10' = J11.12 = 7.3 Hz, 1H), 7.44-7.50 (m, H10’,
H12, H11, 3H), 7.54 (t, H4', Jar3 = Jus = 7.8 Hz, 1H), 7.68 (d, HO',H13’, Jo:10' = J1312 = 7.3 Hz, 2H),
7.78-7.83 (m, H10, H3', H5', 3H), 8.03-8.07 (m, H12, 1H), 8.12 (s, H7’, 1H).

13C NMR (100.6 MHz, MeOD): 8= 45.43 (C6), 56.60 (C2), 71.45 (C5), 72.07 (C3), 73.62 (C4), 92.46
(C1), 127.12 (C7’), 127.31 (C3'), 128.12 (C9’, C13’), 128.79, 128.83 (C11’, C11), 129.97, 130.04 (C4’,
C10’, C12"), 130.62 (C12), 131.14 (C5’), 135.37 (C10), 136.33 (C2’, C9, C8), 141.61 (C6’), 141.76 (C7),
142.82 (C8’), 170.63 (C1").

HRMS calcd for [C25sH2435Cl2N207S + H]*: 567.0754. Found 567.0766.
4.4. Biochemical hexokinase activity assay — ADP-Glo™ kinase assay

Evaluation of the potential of the synthesized compounds as HK2 inhibitors was performed using the

same methodology described in the Chapter lll, section 4.6, where the technical details are found.
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Chapter V

Biochemical and Biological Evaluation of

selected hit molecules*

4 Chapter V reports the experiments performed during a 5-month internship in Professor Nissim Hay’s laboratory,
at the Department of Biochemistry and Molecular Biology, the University of lllinois at Chicago, USA.
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1. Overview

As a world leader research group in the investigation of HK2 roles , Hay et al proved that HK2 is required
for tumor initiation and maintenance, and that its ablation can be therapeutic and does not elicit adverse
physiological consequences in mouse models of breast and lung cancer [18]. Moreover, HK2 ablation

inhibited tumorigenesis and increased apoptosis in HCC [174] and prostate cancer [175].

Broadly, the set of experiments described throughout this chapter aimed to evaluate several potential
HK2 inhibitors (PHK2I°) in more biologically complex environments, specifically using immortalized cell
lines. Since the behavior of known potent rhHK2 inhibitors in cells is still not completely unveiled, the
previously reported “cmpd 25" and “cmpd 34” [43] were tested in parallel. Toward this end, effects on
cell proliferation, cell death, and glycolysis were evaluated. Also, an additional biochemical assay was
performed to confirm the results previously obtained (cf. Chapter 3) concerning the inhibition of HK

activity.

The next sub-sections (1.1-1.4) succinctly explore the fundamentals of the methods used to screen

PHK2Is and find those that are effectively capable of inhibiting glycolysis (Figure 53).

62 PHK2ls 8 PHK2lIs inhibit cell proliferation 4 PHK2lIs inhibit glycolysis

Figure 53. Screening of 62 PHK2Is yielded eight molecules capable of prominently inhibiting cell proliferation.
From those, four were found to inhibit the glycolytic pathway.

1.1.  Effect on cell proliferation and cell death

Basic cell culture procedures were used to maintain all cell lines. Cell proliferation was measured using
an adherent cell cytometer, a labeled-free and non-destructive approach that uses a brightfield to
identify cells (Figure 54), allowing to keep the same plate during the whole experiment, regardless of
its duration. This is one of the great advantages of the method, ensuring a reliable normalization over
time. However, the analysis requires customization of the parameters for each cell type/focus
conditions. Using the same cytometer, cell death was detected based on the ability of cells to permeate

Hoechst stain and propidium iodide (PI). Independently of the integrity of the membrane, Hoechst will

5 In order to simplify writing and reading, from this point on the set of potential HK2 inhibitors under study will be
briefly referred as PHK2I.
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be able to get into cells and intercalate DNA, generating fluorescence. However, since Pl is not able to
permeate viable cells, DNA is only intercalated by this dye when the cell membrane is compromised
[253].

500 um

Figure 54. Detection of untreated PC3 cells using the brightfield of Celigo Adherent Cell Cytometer
(Nexcelom Bioscience LLC, Lawrence, MA, USA). Image on the left shows PC3 cells (brighter round white
spots) and, on the right, the image shows the ability of the method in identifying (green) those cells.

1.2.  Immunoblotting

Immunoblotting was done using standard methods to analyze qualitatively the expression of several
HK isozymes in different cell lines. Sodium dodecyl sulfate (SDS)—polyacrylamide gel electrophoresis
(PAGE) was used to separate macromolecules by MW, and specific antibodies were applied to probe
proteins of interest. The detection was carried out by chemiluminescence, after reaction of hydrogen
peroxide with luminol, catalyzed by horseradish peroxidase (HRP) (conjugated with the secondary
antibody) (Scheme 42). This method is highly sensitive and can detect proteins even in low the

picogram range [254,255].

° anti HRP
'}'H 2° antibody 0 o / 0

H,0,
NH, O NH, O NH, O

Luminol -Ami
3-Aminophtalate 3-Aminophtalate

Scheme 42. Chemiluminescent reaction between luminol and hydrogen peroxide catalyzed by HRP, which is
conjugated with the secondary antibody. The reaction generates an excited state product, which decays to a lower
energy state releasing photons.
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1.3. Effect on glycolysis

Efficient inhibition of the glycolytic pathway was the ultimate objective of this research project. Impact
on glycolysis was measured by two different methods. At first, an extracellular flux analyzer was used
to measure glycolysis as a function of extracellular pH change — extracellular acidification rate (ECAR).
Additionally, the oxygen consumption rate (OCR), closely related with mitochondrial respiration, was

measured concomitantly.

The Glycolysis Stress Test (GST) allows the measurement of several metabolic parameters in real-
time, namely the glycolysis, glycolytic capacity, glycolytic reserve, and the non-glycolytic acidification,
depending on the injection of glucose, oligomycin and 2DG (Figure 55 - A). Subsequently to the change
of regular medium for glucose-free medium and the registration of the baseline for non-glycolytic
acidification, glucose is injected to promote glycolysis. Oligomycin, an inhibitor of complex V of the
electron transport chain, inhibits the oxygen consumption to generate ATP, which stimulates glycolysis.
Finally, 2-DG inhibits glycolysis, dropping ECAR to the baseline [256].

Regarding the mitochondrial respiration, parameters such as the basal respiration, ATP production,
proton leak, maximal respiration and spare capacity can be calculated from the cell mito stress test
(CMST) data, wusing the cells response to oligomycin, carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP), and a mix of rotenone and antimycin A (Figure 55 - B).
Briefly, oligomycin is injected first, to inhibit completely the ATP production, FCCP disrupts the
mitochondrial potential allowing a maximal respiration, and finally, rotenone (inhibitor of complex I) and

antimycin A (inhibitor of complex IIl) inhibit mitochondrial respiration completely [257].

Additionally, gas chromatography-mass spectrometry (GC/MS)-based metabolomics studies using
isotopically labeled glucose were performed. Stable isotope-resolved metabolomics can provide
information on the activity of a myriad of metabolic pathways and the contribution of certain molecules
to specific metabolite pools [258]. Here, cells were incubated with [U-13C]glucose-containing medium
for a known period. Using GC-MS, fractional enrichment of the intracellular metabolites, G6P, pyruvate
and lactate, were compared between treated and control cells. Considering that labeled glucose allows
the examination of stable '3C-enriched metabolites generated exclusively from glucose metabolism, a
reduced percentage of labeled metabolites compared with control is correlated with inhibition of the

glycolytic pathway.
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Figure 55. Expected profiles of glycolytic function (A) [256] and mitochondrial respiration (B) [257]. Arrows
indicate the injection of each compound. Changes in pH/[O2] are detected in real-time.

1.4. Biochemical Assay

HK activity in presence or absence of PHK2I was evaluated by means of a fluorescence-based assay
using the resazurin-diaphorase system. The detection occurs after a couple of reactions subsequent to
the reaction of interest. HK catalyzes the conversion of glucose into G6P. To detect the amount of G6P
formed, glucose-6-phosphate dehydrogenase (G6PD) is used to reduce NADP* to NADPH in the
presence of G6P that is oxidized to 6-phosphoglucono-&-lactone. NADPH is then used by the resazurin-
diaphorase system to generate the highly fluorescent resorufin. This fluorescence is proportional to the

amount of G6P formed and can be quantified (Scheme 43).

Oo_ _OH ) o_ _O
“0,HPO G6PD 0;HPO
HOV “/OH \ HOV" “10H
OH OH
G6P

6-phosphoglucono-§-lactone

NADP* NADPH

y

N N
AN AN
/@ j;t\l\ piaphorase /@ j;i\l\
HO (6] 6] HO (o] [0]

Resorufin Resazurin

Scheme 43. Oxidation of G6P to 6-phosphoglucono-6-lactone coupled with resazurin reduction to the fluorescent
resorufin via NADP*/NADPH recycling.
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2. Results and Discussion

2.1. Selection of cell lines

Herein PC3, Huh7 and M15-4 CHO cells were used to evaluate PHK2Is. Previous results on HK2
silencing have shown a 50% inhibition of cell proliferation of Huh7 and PC3 cells after 7 days [174,175]
(Figure 56). HCC cell lines have an interesting characteristic that might be extremely useful when HK2
is targeted. As mentioned in chapter I, section 2.1, liver and pancreas express the tissue-specific GCK.
Along with cancer initiation, expression of GCK is exchanged for HK2. Figure 57 shows the expression
of HK1, HK2 and GCK in different cell lines, including three HCC cell lines: Huh7, HepG2 and Hep3B.
Only residual amounts of GCK were detected, contrary to HK2 that is visibly expressed in the HCC cell
lines. Moreover, HK1 was not detected. Thus, Huh7 cells were selected as a representative HCC cell
line to start the screening.

Highly glycolytic PC3 cells (Figure 58) from metastatic prostate cancer greatly express HK, specifically
both HK1 and HK2 (Figure 57). The effect of PHK2Is on this cell line was also tested, although a lower

effect was to be expected, should selectivity for the HK2 isozyme be confirmed.

In regular conditions M15-4 CHO cells present low glycolytic rates, due to their lack of hexokinase
activity, while other glycolytic enzymes are still expressed in normal levels [259]. For this reason,
different cell lines were generated to express selectively the desired HK [260], allowing the study of the
glycolytic behavior of each cell type under different conditions. In this way, available engineered M15-
4 CHO cells expressing HK1, HK2 or GCK wild type (WT) were used to evaluate the selectivity of test
compounds to inhibit glycolysis. CHO cells with an empty vector (EV) were used as control. Figure 57
shows the expression of each isozyme in the four cell lines and figure 59 shows their glycolytic profile.
The CHO EV cell line was confirmed to have a low glycolytic activity compared to the other generated
cell lines. CHO GCK showed an intermediate glycolytic capacity, with inability to respond to oligomycin,
and CHO HK2 and CHO HK1 presented high (and similar) glycolytic behavior.

—+— Nt shRNA —=— HK2 shRNA

A 300 , —®—DUI45shScr = O -DUI45 shHK2
b= —e—PC3 shScr - 0 =PC3 shHK2 2.5.E+06 -
= —&—LNCaPshScr = O -LNCaP shHK2 =
= 200 3 2.E+06-
S E
K 3 Huh7 &
5 = 1.5.E+06 -
2 100 3
3 ©
7 E 5.E+05 |
o4 g . X
o - B 6 0.E+00 { : ,
Days 1 3 5 7
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Figure 56. HK2 ablation reduces proliferation by 50% after 7 days treatment in prostate cancer cells LNCaP
and PC3 (A) and HCC cells (Huh7) (B) cells. Effect of HK2 silencing in prostate cancer cells DU145 (A) was
not significant. Adapted from Nogueira et al (2018) [175] (A) and DeWaal et al (2018) [174] (B). shScr - cells
expressing an inducible control (Scr); shHK2 - HK2 silenced cells; Nt (control) and HK2 (HK2 silenced cells )
shRNA indicate Dox-inducible non-targeting and HK2 shRNA, respectively; ##<0.0003 versus shScr; Error
bars correspond to SEM; *p < 0.05, **p < 0.01, ***p<0.001 versus shScr; by Student’s t-test.. See literature
[174,175] for more information.
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Figure 57. Expression of each HK on PC3, H7 (Huh7), H3B (Hep3B), HG2 (HepG2), and
engineered CHO cells monitored by immunoblotting. CHO EV cells possessed a residual amount of
GCK.
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Figure 58. Glycolytic function profile of PC3 (green) and Huh? (pink) cells based on changes in the extracellular
acidification rate (ECAR) in response to injection of 10 mM glucose, 1uM oligomycin and 50 mM 2DG. Error
bars correspond to SEM.

A Glycolysis B Glycolytic Function
40 - 40
= @ I :[ I T = =
3 30 - fi 30 SRR
o .E‘ £ i
SE 20 - JE2
w T =
3 g 10
=L [ s AAAOAARE
0 - 0
CHO EV  GCK HK1 HK2 0 20 40 €0 80
Time (min)

Figure 59. Engineered M15-4 CHO expressing HK2, HK1 or GCK (WT) and EV present different glycolysis rates
and glycolytic function profiles. A - Glycolytic response of CHO cells to injection of 10 mM glucose. B - Glycolytic
function profile of CHO cell lines (HK1 —blue, HK2 —orange, GCK — yellow, EV — red), based on changes in the
extracellular acidification rate (ECAR) in response to injection of 10 mM glucose, 1uM oligomycin and 50 mM
2DG. Error bars correspond to SEM.
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2.2. Cell proliferation and cell death

2.21. Cell proliferation in Huh7 cells

In order to compare the effects of HK2 ablation and possible HK2 inhibition on cell proliferation, Huh7
cells were incubated with “cmpd 25” and “cmpd 34” [43] at 1, 5 and 10 uM and kept for 7 days after
treatment. A long incubation period was elected due to the previous information on the effect of HK2
silencing on Huh7 cell proliferation [174], highlighting that the effect of HK2 inhibition is not expected to
be immediate. Results and structures of “cmpd 25" and “cmpd 34” are shown on figure 60, showing
that small changes in the structure can affect the response significantly. While “cmpd 25” was able to
inhibit proliferation by 40% at 10 uM, “cmpd 34” only inhibited by 25%, after seven days. As found

before with silencing of HK2 [174], the effect only started to be noticeable after five days.

Since HK1 expression was not detected in Huh7 cells, the better behavior of “cmpd 25" compared with
“‘cmpd 34” cannot be attributed to its ability to inhibit both HK1 and HK2 at low nanomolar level. Then,
the impact of the minor structural change on pharmacokinetics might be the key for the observed
differences in cell proliferation. Regarding the structure of “cmpd 34”, the chlorine group is speculated
to block metabolism on the second ring of the biphenyl group. The corresponding position in “cmpd 25”
is available to undergo metabolism, which may generate active metabolites that could better bind HK2

or even other unknown targets.
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Figure 60. A - Effect of “cmpd 25” and “cmpd 34” on Huh7 cells proliferation for 168h (seven days), at 1, 5 or 10
UM, compared with control cells treated with vehicle (DMSQ). B - Structures of “cmpd 25” and “cmpd 34” and ICso
reported for the inhibition of HK1 and HK2 with the ADP-Glo™ kit [43]. Error bars correspond to SD.

Considering these observations, Huh7 cells were incubated with 62 PHK2Is and “cmpd 25” for seven
days at 10 yM (Figure 61). Compounds were labeled from 1 to 63 to facilitate all procedures and
analysis®. The selection of PHK2ls among all molecules available was based mostly on the purity of the

compound assessed earlier and also on structural diversity.

6 See annex 3 for information about the correspondence between code number here implemented and the molecule
code and respective structure of all the test molecules.
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In this set, “cmpd 25” is represented by number 3. From the whole set, 13 compounds were considered
to inhibit proliferation of Huh7 cells with comparable or stronger effect than “cmpd 25”. With few
exceptions (compounds 6, 7, 41 and 60), consistent reduction of cell proliferation was not observed
before 72h after treatment. From those 13 compounds, eight molecules showing a stronger effect than
“cmpd 25” were selected for further studies, starting with the calculation of ICso. Since culture medium
was changed every 72h, ICsos were calculated after six days of treatment and not seven, with the
purpose of saving compounds, some of them available in very limited amounts. Table 7 shows the I1Cso
values found for each selected PHK2I and “cmpd 34” along with corresponding SD?. Due to availability
constraints, the ICso of “cmpd 25” was not determined and “cmpd 34” was included in the set to compare
the concentration-response curves of PHK2Is with a known inhibitor. Different ranges of ICso were
found: PHK2I 6, 7, 21, 41 and 60 were shown to inhibit proliferation by 50% at concentrations < 3.6 yM;
an intermediate ICso0 (4.77 pM) was found for PHK2I 40; and the ICsos of PHK2I 10 and 18 and “cmpd34”
were found to be higher than 10 pM (13.77, 11.50 and 12.91 uM, respectively). These values were
particularly useful to plan subsequent experiments, namely cell death measurements. Inhibition of cell
proliferation can be directly related with cell death caused by multiple pathways, implying cytotoxicity
by the PHK2| and off-target interactions, since total ablation of HK2 slowly reduces cell proliferation
over time and does not have an immediate effect. On one hand, compounds with low micromolar 1Cses
might have high toxicity and a hypothetical short therapeutic window. On the other hand, if the molecule
is highly selective for the desired target, even lower concentrations can be used to obtain a solid
therapeutic response. Molecules associated with higher ICsos are probably safer; however, the desired

effect might be reduced or take longer (implying multiple dosages) to occur.
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Figure 61. Effect of 62 PHK2Is and “cmpd 25” on Huh? cells proliferation after 7 days at 10 uM. Each color
corresponds to a measurement at a certain timepoint (0, 24, 48, 72, 120 or 168h). “Cmpd 25” is represented
by number 3 (highlighted in red). To compare the effect of each PHK2I with “cmpd 257, a red dashed line is
drawn across all PHK2I bars, marking the maximum relative cell number obtained with cells treated with “cmpd
25", Error bars correspond to SD. The asterisks represent significant differences compared to the control (p <
0.05). Number of cells is normalized according with the cell count on day 0 (first day of treatment with DMSO,
“cmpd 25” or PHK2Is).

7 See annex 4 for the concentration-response curves.
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Table 7. ICso (+SD) found for the best inhibitors of Huh7 cells proliferation after 6 days of treatment.

PHK2I ICso (UM)
“Cmpd 34” 12.91+1.50
6 3.17+1.14
7 3.56+1.08
10 13.77+£1.13
18 11.50+1.09
21 3.42+1.64
40 4.77 £1.47
41 162+ 1.52
60 1.93+1.06

2.2.2. Cell death in Huh7 cells

As previously reported, HK2 ablation or inhibition is considered a potential coadjuvant in cancer
chemotherapy [17,38,174,176,261]. With this in mind, Huh7 cells’ death was evaluated in the presence
or absence of sorafenib, the standard of care for patients with advanced hepatocellular carcinoma [262],
with concomitant treatment with PHK2Is. Selected molecules for this experiment included the ones most

effective at inhibiting cell proliferation and also “cmpd 25”, “cmpd 34” and compounds 4 and 5, two
PHK2Is that have shown high potential to inhibit rhHK2 [43].

Huh7 cells were treated for 48h with the selected PHK2Is at the 1Cso concentrations previously obtained
for cell proliferation, except for “cmpd 25” - 13 uM (ICso was not determined and ICso found for “cmpd
34” was used) and PHK2Is 4 and 5 — 10 pM (ICso was not determined, but those compounds had
already shown potential to inhibit rhHK2 (chapter Ill, section 2.6.2.; annex 2), interestingly PHK2I 5
showed higher cell growth than the control (Figure 61). In parallel, another experiment was performed
using 5 pM sorafenib, in addition to the treatment with each PHK2I. After 48h, the cells were incubated
with Hoechst and Pl dyes and the total number of cells and the number of dead cells were registered
(Figure 62). While the total number of cells treated with different PHK2I exhibited noticeable differences
in the absence of sorafenib, the numbers were approximately the same in the presence of sorafenib.
Regarding cell death, sorafenib alone was able to cause ~20% cell death. Moreover, in the presence
of sorafenib, only PHK2Is 10 and 18 did not significantly increase cell death compared with the sorafenib
control, with most test molecules seemingly showing a cumulative effect of the concomitant treatment.
A synergetic effect was clearly observed with “cmpd 34” and to some extent with “cmpd 25”". As a
synergy between PHK2Is 4 and 5 and sorafenib was also observed, effect of these molecules should

be further explored.

125



V - Biochemical and Biological evaluation

Notwithstanding, these results should be regarded with caution, as the method showed a considerable
drawback. Dead cells detach from the bottom of the well, and sometimes the adherent cell cytometer
is not able to detect fluorescence from different planes. In this way, to find reliable results for the number
of dead cells throughout the experiments was a challenge that was not completely overcome, as the
error bars in Figure 62 evince. Catching cell death in the earliest possible stage would be essential to
perform a better analysis of the results but comparing the effects of different molecules is always tricky,
as the onset surely occurs at different timepoints. An alternative to Pl would be the use of viability dyes,
such as calcein acetoxymethyl ester (calcein-AM), to identify live cells, with concomitant use of Hoechst
stains. Cell death would then be estimated by the subtraction of live cells from the total number of cells.

Unfortunately, time constraints prevented further experiments using this method.

Nonetheless, most of the test molecules can be considered reasonably non-toxic in these conditions,
not provoking cell death in high rates and having little effect on cell proliferation after 48h, with the
exception of compound 6, 7 and 60 (cf. Figure 61). These molecules are presumably inducing cell

death by other unknown pathways.

Interestingly, “cmpd25” showed a stronger effect on Huh7 cells’ viability than the one demonstrated in
the cell proliferation experiments. Nevertheless, as discussed before, it was not possible to calculate
ICso0 for “cmpd 25” and the concentration used for this assay was 13 uM (the ICso obtained for “cmpd,

34”), which may have led to a more pronounced effect.

= 0 uM Sorafenic I 5 UM Sorafenib
150+ 60-

% Number of cells
% Dead cells

Figure 62. Cell death in Huh7 cells after 48h of treatment with PHK2Is in the presence or absence of 5 uM
sorafenib. Cells were treated with ICso concentrations of PHK2! previously determined for cell proliferation in the
same cells. On the left, the total number of cells was measured using Hoechst dye. On the right, the percentage
of dead cells was measured using Pl. The number 25 represents “cmpd 25” and 34 represents “cmpd 34”. # -p
< 0.05 (Student’s t) compared to the 0 uM Sorafenib control; * p < 0.05 (Student’s t) compared to the 5 uM
Sorafenib control; Error bars correspond to SD.
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2.23. Cell proliferation and cell death in PC3 cells

As abovementioned, PC3 cells express both HK1 and HK2, whereby a lower effect on cell proliferation
and cell death by PHK2I is expected. Here PC3 cells were incubated for 6 days with PHK2I, at 10 yM,
and cells were counted after 72h and 144h of treatment. For this experiment, the set of test molecules
consisted of the same molecules used to evaluate cell death in Huh7 cells plus PHK2I 1 and 2. These
latter molecules were synthesized, rather than procured, and the objective of their inclusion was to
confirm the lack of significant biological effects in these cells, since there was no evidence of their ability

to inhibit rhHK2 or cell proliferation in Huh7 cells.

Figure 63 illustrates the results. In fact, PHK2Is 1, 2, 4, and 5 did not show any ability to inhibit PC3
cells proliferation after either 72 or 144h. Likewise, known HK2 inhibitors (“cmpd 25” — 25, “cmpd 34" —
34) did not affect cell proliferation either. Still as part of this group, PHK2Il 10 did not reduce cell
proliferation, and even significantly increased it. Generally, the compounds that affected proliferation in
the first 72h were the same after 144h, while in Huh7 cells some compounds only showed their impact
after the longer period. Showing a considerable effect on Huh7 cells, PHK2Is 18 and 40 affected PC3
cell proliferation although by less than 50%. Once more (cf. section 2.2.1), PHK2Is 6, 7, 21, 41 and 60
have shown to be the most potent molecules, and thus are probably not selective for HK2, at the test

concentration.

To further characterize the effect of these molecules, cell death was measured after 48h of treatment
with PHK2Is at 10 uM. Despite of lack of inhibitory effect on cell proliferation, in this assay a slight
reduction of the number of cells compared with the control was found on the wells treated with “cmpd
25”, “cmpd 34”, and PHK2Is 1, 2 and 4. On the other hand, after 48h, PKH2Is 18 and 40 had a relative
minor effect in the number of cells. PHKI2 6, 7, 21 and 60 were able to reduce the number of cells by
more than 50%, while, interestingly, 41 did not dramatically affected the relative number of cells.
Regarding the number of dead cells, almost all samples registered values lower than 5%, with the

exception of 21 that reached more than 10% of cell death.
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Figure 63. Effect of PHK2Is (10 uM) in PC3 cells’ proliferation (A) and death (B). A - Effect of PHKZ2Is in the number
of cells after 72h (leff) and 144h (right) of treatment. B - Results of the cell death experiment, represented by the
total number of cells (left) and the number of dead cells (right) compared with control. The number 25 represents
“cmpd 25” and 34 represents “cmpd 34”. * p < 0.05 (Student’s t) compared to the control; Error bars correspond

to SD.

2.2.4. Cell proliferation and cell death on CHO cells

The same procedures and test molecules mentioned above for PC3 cells were used to evaluate CHO
cell proliferation and cell death, and the results obtained were very similar as well (Figure 64). The main
difference between the results from two types of cells was the effect caused by compounds 18 and 40.
On one hand, PHK2I 18 exhibited a relative minor effect on cell proliferation, and on the other hand
PHK2I 40 inhibited cell proliferation by more than 50%, a result comparable to that obtained with PHK2I
41, which was more effective in the experiments described in the previous section. Considering the cell
death experiment, the total number of cells was mostly comparable to results found for PC3 cells, with
exception of PHK2Is 40. PHK2I 40 showed to decrease the total number of cells to some extent.

Generally, the number of dead CHO cells was higher than the number of dead PC3 cells, being more
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pronounced in cells treated with PHK2Is 6, 7, 21 and 60 (12-25%); remarkably, 21 caused death in
more than 70% of CHO HK1 cells. Once again, it should be noted that the percentage of cell death

should be further confirmed, due to the high variance found in the experiments.

Overall, CHO cell lines behaved similarly in both experiments (Figure 64). CHO HK1 cells seemed
slightly more sensitive than the other cell lines to cell proliferation effects, except for PHK2Is 10, 18, 41
and 60; still, the differences are hardly noteworthy. Considering that CHO cells are normal ovary cells
and that both cell proliferation and cell death were mostly affected by the same compounds that affected
PC3 cells (prostate cancer cells), it can be concluded that PHK2Is 6, 7, 21, 40, 41 and 60 did not display
any selectivity for specific cancer cells at the test concentration and might be associated with potential
general cytotoxicity. These molecules might interfere with other targets or pathways to produce cell
death or reduction in cell proliferation, since CHO survival and proliferation are known not to rely on
glycolysis. From the entire set of molecules, only compound 10, “cmpd 25” and “cmpd 34” did not show

cytotoxicity. Compound 18 also showed evidence of low toxicity and some selectivity for cancer cells.

2.2.5. Effect of PHK2I 21

PHK2I 21 (Figure 65 - A) showed to be a highly toxic molecule and behaved similarly in all cell lines in
study, killing most of the cells treated at 10 uM after 24h, and virtually all cells by 72h, when only cell
debris were detected (Figure 65 - B). With the aim to determine the ICso of compound 21 regarding
Huh7 cells’ proliferation, a dose-response experiment was performed using 6 uM as the highest test
concentration. Interestingly, cell proliferation was maintained unchanged until the concentration was
raised to 3 uyM, where a decline was observed, with almost 100% cell death at 4 uM (Figure 65 — C).
The downhill slope was very sharp (-16.94) in this concentration range, representing a small window to
work with this compound, for which even minor pipetting errors could have a huge impact on the results
obtained. Despite PHK2I 21 being part of the NCI database, no findings have been reported on this
molecule. The effect of 21 is particularly intriguing, and its mechanism of action merits investigation,
particularly regarding its potential as a cytotoxic agent. This molecule could have interesting uses as a
positive control for cell death or related roles that might be of use to improve other research

methodologies.
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Figure 64. Effect of PHK2Is at 10 uM in CHO cell lines’ proliferation (A) and cell death (B). A - Effect of PHK2Is in the
number of cells after 72h (left) and 144h (right) of treatment. B - Results of the cell death experiment represented by the
total number of cells (left) and the number of dead cells (right) compared with control. In each group, bars correspond to
CHO HK1 (blue), CHO HK2 (orange), CHO GCK (yellow) and CHO EV (red) cells, respectively. The number 25 represents
“cmpd 25” and 34 represents “cmpd 34”. * p < 0.05 (Student’s t) compared to the control; Error bars correspond to SD.
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Figure 65. PHK2I 21 provoked complete cell death in short periods of time, at low micromolar concentrations. A - 2D
structure of PHK2l 21. B - CHO HK2 cells after 72h of treatment with PHK2I 21 (10 uM) (right) and control CHO HK2
cells without treatment (left). C — Concentration-response curve for Huh7 cells’ proliferation treated with PHK2I 21. Error
bars correspond to SEM.

2.3. Gilycolysis stress test

With the aim to measure the effect of selected PHK2Is on glycolysis, Huh7, PC3 and CHO cells
underwent a glycolysis stress test (GST). Firstly, the effect of a chronic treatment was tested, and then
an acute response was evaluated, with a total of three conditions tested (Figure 66).

No glucose,
No serum medium

Complete medium

»

15K cellsiwell

Chronic treatment [PHK2I]= [1-10] pM 40h [PHK2l] = 0 uM 1h GSTICMST
Accute treatment [PHK2[] = 0 uM 16h  [PHK2I] = 10 pM 2h GST
Accute treatment [PHK2I] = 0 uM 16 h [PHK2I] = 1.5 uM 2h GST

Figure 66. Schematic summary of the protocols applied for GST and CMST experiments.
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2.3.1. Effect of chronic treatment — GST and CMST

Preliminary assays were performed with the Huh7 cells used for proliferation assays, after 9 days of
treatment. After the 7 days required for proliferation measurements, cells were re-plated, and
approximately 40 hours later they underwent GST and CMST in parallel, without the presence of PHK2I.
Thus, a cumulative cell treatment response instead of an acute response was measured for a few
selected compounds in the Huh7 cells, seeking to evaluate the impact of each PHK2I on the cells’
behavior over time, using a suitable range of concentrations considering the ICso of each PHK2I for cell
proliferation. In this assay, ECAR and OCR are measured while several injections with glycolysis or

respiration modulators occur at specific time points.

Figure 67 show that ECAR and OCR profile of cells treated with “cmpd 25” and “cmpd 34” at 1, 5 and
10 uM. Despite considerable variation between replicates found for “cmpd 257, the glycolytic function
and mitochondrial respiration had similar profiles. At the lower concentrations, 1 and 5 uM, the inhibitory
effect of compounds was absent, and they even showed to slightly enhance ECAR and OCR compared

with control cells, as a signal of higher glycolytic and respiratory capacity.

Although glycolysis seems to have been inhibited in cells treated with 10 uM of each compound, the
difference between baselines should be noted, since glycolysis is calculated as the difference between
de highest ECAR value measured before oligomycin injection and the last measurement before glucose
injection. Figure 68 illustrates ECAR change as a measure of glycolysis occurring in cells treated with
different PHK2Is. “Cmpd 34” seems to inhibit glycolysis to some extent but the trend is not statistically
significant. Regarding mitochondrial respiration, basal respiration was indeed diminished in cells treated
with “cmpd 25” and “cmpd 34” at 10 uM. Basal respiration corresponds to the difference between the
last measurement before oligomycin injection and the lowest measurement after rotenone/antimycin A

injection, which is mostly the same for all samples.

In the same conditions, a few PHK2| with previously found ability to reduce Hu7 cells proliferation were
evaluated (cf section 2.2.1.), using a suitable range of concentrations considering the ICso found for cell
proliferation for each molecule. Figure 69 shows the glycolytic function and mitochondrial respiration
profile for cells treated with PHK2Is 6, 18, 21, 40 and 60. In this set, only experiments with PHK2| 40
were repeated due to technical constraints. Generally, the PHK2ls changed the mitochondrial
respiration profile, by reducing the OCR during the whole test. As an exception, PHK2| 18 did not reduce
the OCR to a great extent, even at 10 yM. GST revealed that, as found with the known inhibitors
mentioned above (cf. Figure 67), these molecules reduced the baseline ECAR, specially at higher
concentrations. This change was basically negligible with PHK2Is 18 and 21. Looking at Figure 68, the
change in ECAR is translated into an impact on glycolysis, which was only reduced with PHK2I 40 at
10 uM and 60 at 2 uM. Interestingly, at 5 yM PHK2I 40 was not able to reduce ECAR or OCR, and at
1 UM it was even able to increase those rates. At 1 uM, PHK2| 60 was incapable to decrease ECAR,
but still impacted OCR. Despite the preliminary character of this experiment, 60 showed a potential to

inhibit glycolysis and mitochondrial respiration at low micromolar concentrations.
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Since the assay is performed in the absence of PHK2I, the residual PHK2I present inside the cells is
postulated not to have been sufficient to inhibit HK2 during GST for most compounds, as happened
before with the known inhibitors “cmpd 25” and “cmpd34”. Still, an evidence of change in cells behavior

was observed upon treatment with these molecules.
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Figure 67. Glycolytic function and Mitochondrial respiration profiles of Huh7 cells treated with “cmpd 25” and “cmpd
347 (1, 5, and 10 uM) compared with control cells. Error bars correspond to SEM.
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Figure 68. Glycolysis, assessed as a measure of % change in ECAR compared with control. The number 25 represents
“cmpd 25” and 34 represents “cmpd 34”. * p < 0.05 (Student’s t) compared with the control. Results were obtained from
one-time experiment (triplicates or quadruplicates) for PHK2Is 6, 18, 21, and 60. Results with “cmpd 25", “cmpd34” and
PHK2I 40 were obtained from two independent experiments). Error bars correspond to SEM.
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Figure 69. Glycolytic function and mitochondrial respiration profiles of PHK2Is 6, 18, 21, 40, and 60 at different
concentrations. Results were obtained from one-time experiment (triplicates or quadruplicates), except for PHK2I
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2.3.2. Effect of an acute treatment — GST

As the conditions for GST were refined to analyze an acute response, 12 PHK2Is and the known
inhibitors “cmpd 25” and “cmpd 34” at a fixed concentration (10 uM) were evaluated in Huh7 and PC3
cells after 2h incubation, in the presence of the test molecules. This set of molecules was the one
previously evaluated in PC3 and CHO cells’ proliferation and death. In order to be able to screen a

larger number of PHK2Is for glycolysis inhibition, CMST was no longer performed in this phase.

Figure 70 (A and B) shows the results for glycolysis inhibition in Huh7 and PC3 cells. As can be easily

concluded, PC3 cells were much more resistant to inhibition by these PHK2Is.

In Huh7 cells, seven out of the 14 molecules reduced glycolysis, including “cmpd 25” and “cmpd 34”
(as expected). Here, “cmpd 34” and PHK2I 60 had the highest percentages of glycolysis inhibition
(~90%). PHK2I 6, 7 and 10 inhibited by more than 50% and finally “cmpd 25” and PHK2I 2 only affected
glycolysis to a small extent. As opposed to the large effect on glycolysis inhibition observed in the
chronic treatment experiment, PHK2l 40 was not able to produce an acute response. Future testing of

different time-points using this compound might therefore be convenient.

Regarding PC3 cells, only 4 PHK2Is inhibited glycolysis significantly, albeit to a lower extent than in
Huh7 cells. Here, PHK2I 10 inhibited by more than 50%, while PHK2Is 6, 7 and 41 only exerted a slight
change in ECAR compared with control cells. In theory, PC3 should in fact be less affected by selective

HK2 inhibitors, due to the extensive expression of HK1.

GST was equally performed in the four CHO cell lines; however, due to no evidence of consistent
glycolysis inhibition in Huh7 and PC3 cells, compounds 1, 18, 21 and 40 were not tested. The other
compounds were tested simultaneously in the four CHO cell lines to avoid extra variability and enhance
the reliability on the comparison. As discussed above, the CHO EV glycolytic function profile was
basically non-existent. Nevertheless, observation of differences in ECAR with treated cells was still
possible. However, due to the features required for this assay, and the profile observed previously
(Figure 61), the significance of the results for this specific cell line might be compromised.

The four CHO cell lines were basically affected by the same compounds, PHK2Is 6, 7, 10, and 60,
although to different extents (Figure 70 — C). Since there is not much glycolysis without the artificially
expressed HKs, lack of selectivity toward HK2 at the test concentration is a reality. Still, comparing the
results in CHO HK1, HK2, and GCK cells, PHK2I 6 seems to be the only molecule that preferentially
inhibited HK2. As observed with PC3 cells, the known inhibitors, “cmpd 25” and “cmpd 34”, did not

affect any of the CHO cell lines significantly.

In order to test the possible selectivity of PHK2Is 6, 7, 10, and 60 when assessed under lower
concentrations, CHO HK1, CHO HK2 and CHO GCK cell lines underwent GST with those PHK2Is at
1.5 pM. The results of a one-time experiment are shown on Figure 71. As opposed to the results at
higher concentration, PHK2| 6 displayed no selectivity against CHO HK2 cells in this experiment. On
the other hand, compound 10 seemed to selectively inhibit CHO HK2 cells, potentially representing an
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excellent lead compound for further studies. Unfortunately, due to time constraints, this experiment was

not repeated, and its potential selectivity must be confirmed in the future.
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Figure 70. Change in ECAR of Huh7 (A), PC3 (B), and CHO (C) cells after injection of 10 mM glucose, transduced
as glycolytic response during GST. Cells underwent prior treatment with known inhibitors and PHK2Is at 10 uM. The
number 25 represents “cmpd 25” and 34 represents “cmpd 34”. * p < 0.05 (Student’s t) regarding control cells
(DMSQ). Error bars correspond to SEM.
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Figure 71. Glycolytic response observed during GST with CHO cells treated with compounds 6, 7, 10 and 60 at 1.5
uM. Compound 10 inhibits CHO HK2 and not CHO HK1 cells. * - p < 0.05 (Student’s t) regarding the corresponding
control. Error bars correspond to SEM. Results from one-time experiment.

2.3.3. Particular effect of PHK2l 10 on GST

PHK2l 10 was found to decrease the glycolytic activity of all tested cell lines. Interestingly, this
compound was also able to decrease dramatically the baseline levels of ECAR, i.e., the non-glycolytic
acidification, at 10 yM (Figure 72). Considering this result, other sources of extracellular acidification
not related with glycolysis could presumably be reduced in these cells, thereby explaining that no
change in ECAR was detected. However, a discrepant difference in pH between treated and control
cells was found, which suggests a compound-specific effect. In wells treated with PHK2| 10 the medium
pH was around 6 (5.95-6.08), and in control cells it was 7 (6.80-7.02) at the time of the third
measurement before the glucose injection. By contrast, the medium of cells treated with other
compounds was usually unaffected (6.80-7.1), and no other significant changes were found. To confirm
that the medium pH was not changed by the molecule itself, pH was measured before and after addition
of PHK2 10 and no change was found after 10 min. The mechanism of acidification prior to GST
remained unclear; however, it might result from an effect of compound 10 on yet unidentified
targets/pathways. However, when incubated with PHK2I 10 at 1.5 pM, CHO cells behaved differently,
and the acidification was not detected but the anti-glycolytic effect was still found for CHO HK2 cells
(Figure 72).
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Figure 72. Effect of PHK2I 10 at 10 and 1.5 uM on glycolytic function, glycolysis and non-glycolytic acidification of
CHO CGK (yellow), CHO HK1 (blue) and CHO HK2 cells (orange). C corresponds to control cells. Lighter colors
(black outline) in glycolytic function graphs correspond to treated cells. * p < 0.05 (Student’s t) compared to the
corresponding control. Error bars correspond to SEM. Results from one-time experiment.

13C

metabolomics

24. isotopic labeling experiments — stable isotope-resolved

With the aim to investigate if the change in extracellular pH measured during GST was related with the
concentration of lactate produced, and to exclude other external factors, labeled [U-'3C]glucose was
used to monitor the evolution of the glycolytic pathway in PHK2I-treated and non-treated cells by the
measurement of labeled G6P, pyruvate and lactate variations, assessed by mass spectrometry. The
first experiment tested the effect of “cmpd 25” at 13 yM on Huh7 cells, starting with a pre-incubation of
16 hours before the labeling, which lasted for either 4 or 24h (15t protocol — Figure 73). In both conditions
“cmpd 25" affected the fractional enrichment of pyruvate and lactate (proportion of '3C labeled
metabolites in the metabolite pool) significantly reducing labeled metabolites (M+3) compared with
control cells (Figure 74 - A and B). Under these conditions it was not possible to properly analyze the

accumulation of labeled G6P.
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To test different conditions, Huh7 cells were pre-incubated with compounds 6, 10 and 60 at 10 uM for
two hours before labeling with [U-'3C]glucose for 4h (2" protocol — Figure 41). These conditions were
chosen because the selected test compounds were shown in the GST measurements to have an effect
on glycolysis just after a 2h incubation, which was not found consistently for “cmpd 25”. Reduced
labeling of lactate and pyruvate compared with the control was confirmed to be significant for PHK2Is
6, 10 and 60 (Figure 66 - C and D); again, a proper analysis of G6P was not feasible. Indeed, the
accumulation of G6P was limited and non-labeled G6P was the major species, which was consistent
with prior reports [258]. G6P is either directed to glycolysis, PPP, or its accumulation might lead to
glycogenesis. On the other hand, glycogen breakdown generates G6P, which contributed to an increase
in the relative amount of the non-labeled species. All those biochemical implications are translated into
difficulties to analyze and interpret the results for this metabolite.

Treatment [U-*C]glucose Quenching and extraction

S

1=t protocol [“empd 25”] = 13 pM 16h [oligomycin] = 0 pM 4 or 24h
2nd protocol [PHK2I] =10 pM 2h [oligomycin]= 0 p 4h
3 protocol [PHK2]] = 5pM 2h [oligomycin]= 1 p 16h

Figure 73. Schematic summary of protocols applied for 3C isotopic labeling experiments.
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Figure 74. '3C isotopic labeling of the glycolytic pathway in Huh7 cells treated with either “cmpd 25” or PHK2lIs,
6, 10 and 60. M+0 represents the non-labeled species and M+3 represents labeled species with 3 (lactate,
pyruvate) isotopically labeled carbon atoms. A and B correspond to fractional enrichment of pyruvate and lactate
(respectively) found in the experiments with 4 and 24h labeling incubation times, when “cmpd 25” (13 uM) was
tested. C and D represent fractional enrichment of pyruvate and lactate (respectively) of cells treated with 10 uM
6, 10 or 60, for a 4h labeling period. C25 represents “cmpd 25”; Error bars correspond to SEM; **** p<0.0001; ***
p<0.001; ** p<0.01; * p<0.05; (Student’s t).
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Oligomycin, as well as other electron transport chain inhibitors, has been shown to increase the 3C
enrichment in the G6P pool, after a 12h incubation time with [U-13C]glucose [258]. With the aim to
increase the accumulation of G6P, and specifically increase the fractional isotopic enrichment,
compounds 6, 10 and 60 were tested in Huh7 cells in the presence of 1 uM oligomycin. As for the
previous experiment, these three PHK2Is were pre-incubated with Huh7 cells for 2h prior to incubation
with [U-13C]glucose; however a longer labeling period, 16h, was applied to reach the isotopic steady
state, since the isotopic enrichment (M+3) in control cells was clearly deficient (Figure 74 - D). As a
longer incubation time and the use of a respiration inhibitor were demanded, a lower concentration of
PHK2I (5 uM) was chosen to prevent significant cell death. Whereas a high fractional enrichment of
labeled G6P (~1) was achieved, the analysis of these data is difficult, as no change between the
fractional enrichment among samples was detected, with the exception of a minor reduction trend in
cells treated with compound 60. Fractional isotopic enrichment of lactate was also increased from 0.45
to ~0.7-0.8 (M+3), while pyruvate fractional enrichment reached 0.8-0.9 (M+3) for control cells
(comparison between Figure 74 — C and D and Figure 75 - A, B, C). Towards a lower concentration
of PHK2Is (5 uM) relative to the previous experiment, fractional enrichment of lactate was substantially

increased, while pyruvate fractional enrichment was not deeply affected.

Under these conditions, compound 6 did not show to affect pyruvate fractional enrichment (M+3)
relative to control cells (M+3) (Figure 75 - B). By contrast, compound 10 kept caused an enrichment
similar to that observed at 10 uM, while the effect of compound 60 seemed to be consistently reduced.
It should be noted, though, that as a consequence of oligomycin action, glycolysis was enhanced, which

may have influenced the results obtained.

On GST, compound 6 (10 uM), seemed to preferentially inhibit glycolysis in CHO HK2 over CHO HK1
cells. However, at 1.5 pM, compound 6 inhibited CHO HK1 cells and not CHO HK2. To confirm the
potential of 6 to inhibit glycolysis more prominently in one cell line than in the other, CHO HK1 and CHO
HK2 cells were also submitted to the abovementioned '3C isotopic labeling procedure. Cells were pre-
incubated for 2h with compound 6 (5 uM) and then labeled with [U-'3C]glucose for 16h in presence of

either compound 6 or DMSO for control cells, and 1 yM oligomycin.

With exception of the G6P pool, isotopic enrichment efficiency was modest, and the isotopic steady
state does not seem to have been achieved, as considerable amount of M+0 isotopes of control cells
was found. Still, a significant reduction on the fractional enrichment compared to each control was
found for pyruvate and lactate. Fractional enrichment of pyruvate and lactate found in CHO HK1 cells
treated with compound 6 was 17% and 41% lower than in control cells, respectively. As for CHO HK2
cells treated with compound 6, fractional enrichment was 37% and 60% lower, respectively. A difference
that suggests selectivity was found indeed, and apparently compound 6 inhibits CHO HK2 cells more
prominently. Nevertheless, the relevance of this modest difference is debatable, considering the
preliminary character of these experiments, although the observed trend warrants further investigation
(Figure 75-D, E, F).
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No difference was found in the accumulation of G6P for any of the cells. Once more, technical issues
were at play in this analysis, and assuming that these molecules are responsible for the inhibition of
another step-in glycolysis that is not related with HKs is premature. To evaluate the hypothetic inhibition
of HK activity more efficiently by this method, the use of 2DG or other non-readily metabolizable HK
substrates might be a strategy. Differences in the accumulation of the product 2DG-6-phosphate and/or
6-phospho-2-deoxyglucuronic acid?, in treated and non-treated cells, could indicate the extent of HK
inhibition; however, to avoid allosteric inhibition by the product, quenching and extraction would have
to be performed at an early time point. The accumulation of these products can avoid the limitations
related to the very low concentrations of G6P naturally occurring in cytosol and the sensitivity of current
techniques for the analysis of sugar phosphates. Dependance on derivatization efficiency is also an
issue that must be considered [263,264].
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Figure 75. "3C isotopic labeling experiments in Huh7 (A, B, C) and CHO (D, E, F) cells. Labeled glucose was
introduced in the culture medium and the incubations lasted for 16h before cell harvesting. Both for PHK2I-treated (5
uM) and control cells, M+0 represents the non-labeled species and M+3 or M+6 represent labeled species with
either 3 (lactate, pyruvate) or 6 (G6P) isotopically labeled carbon atoms (ns — nonsignificant; ** p<0.01; * p<0.05;
Student’s t).

8 6-Phospho-2-deoxyglucuronic acid is the product from the reaction between 2-DG-6-phosphate and
NADP*, catalyzed by G6PD.
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2.5. Biochemical hexokinase activity assay

Our previous results regarding the hexokinase inhibition found with ADP-Glo™ and the inhibition of
glycolysis in cells were not mutually consistent. Compounds able to inhibit glycolysis to a large extent
did not always show great potential in the biochemical assay (e.g., PHK2I 60). The reasons are yet to
be disclosed, but the inhibition of other steps in the glycolytic pathway cannot be excluded. On the other
hand, certain molecules that have shown promising results in the biochemical assay were not able to
inhibit glycolysis in cells. This might be related with their pharmacokinetic properties and consequent

ability to reach the target.

To better comprehend those results, another biochemical assay was carried out to provide additional
information. In this experiment, fluorescence was used to detect indirectly the product of reaction
catalyzed by HK2 — G6P. Table 8 shows the ability of a set of PHK2Is to inhibit glycolysis in CHO HK2
and CHO HK1 cell lines, and the results of both biochemical assays as percentage of inhibition, all

using a final concentration of 10 yuM of each compound.

Apart from for known inhibitor “cmpd 25” whose inhibition of HK2 was pronounced, as expected, none
of the compounds matched the inhibition percentage between the two biochemical assays. Moreover,
the highest % inhibition among the test PHK2Is observed in the fluorescence assay was 38%, for HK1
inhibition by compound 7. To confirm the adequate performance of this assay, “cmpd 34” was also

tested, and it was found to inhibit both isozymes, specially HK2 (87%).

Compounds 1 and 2 confirmed their behavior and did not interfere in HK activity and subsequently
glycolysis. Compounds 4 and 5 have shown good ability to inhibit HK2 with ADP-Glo™ test; however,
this was not confirmed in the fluorescence-based biochemical assay. Still, these two compounds were
found to partially inhibit glycolysis in both CHO HK1 and CHO HK2 cells.

Compound 6, which had previously shown to inhibit glycolysis in CHO HK2 and not much in CHO HK1
cells, was conversely found inhibit HK1 (by 67%) and not HK2 in the fluoresce-based experiment. By
contrast, the same compound inhibited HK2 by 73% when using the ADP-Glo™ assay. Interestingly, at
5 pM, stable isotope-resolved metabolomics showed an inhibition of glycolysis in both cell lines,

although more prominently in CHO HK2 cells.

Compound 7 inhibited glycolysis to a large extent in most of the tested cell lines. However, while this
potential was consistent with the results from the ADP-Glo™ assay, the fluorescence-based assay did
not show HK2 inhibition and only detected 31% inhibition of HK1 activity.

Previously, compound 10 showed inhibitory capacity in both GST (all cell lines) and ADP-Glo™
experiments; nonetheless, its ability to inhibit HK2 and HK1 in the fluorescence assay was not as high

as expected.

Compounds 18, 21, 40 and 41 have demonstrated a potential to inhibit cell proliferation in all tested cell
lines. However, compounds 18, 21 and 40 did not show a potential to inhibit glycolysis in both Huh7

and PC3 cells, while compound 41 did not reveal a capacity to inhibit glycolysis in CHO cells. None of
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these compounds was able to inhibit HK1 and HK2 consistently in the resazurin test and only
compounds 18 and 40 were shown to inhibit HK2 by about 50% with ADP-Glo™.

Compound 60, with a moderate ability to inhibit HK2 in the ADP-Glo™ assay failed to show the same
potential in the fluorescence assay; however, its capacity to inhibit glycolysis in different cell lines was
highly pronounced.

In summary, the results did not show consistency between biochemical assays and glycolysis inhibition
in cells. As such, the available data are insufficient to postulate that the inhibition of glycolysis by
compounds 6, 7, 10 and 60 occurs via inhibition of HK2 activity. More studies are necessary to uncover

the real mechanism of action of these compounds.

Table 8. Comparison of glycolysis inhibition in CHO HK1 and CHO HK2 cells and direct rhHK1/HK2 inhibition with
biochemical assays by several PHK2Is (10 uM). Results are shown as percentage of inhibition.

PHK2I gIHc?o:-I:ii nggo:'l ::S HK2 inhibition HK1 inhibition HK2 inhibition
insr(ﬂbitsi(on in!r(\ibit)ilo n (Fluorescence) (Fluorescence) (Luminescence)

Cmpd 25 8% <0% 90% 51% 97%
Cmpd 34 <0% <0% 87% 17% ND’
1 ND2 ND2 <0% 10% 0%

2 27% <0% 3% 9% 2%

4 37% 27% 4% 17% 52%

5 40% 51% 27% 24% 66%

6 67% 19% 7% 67% 73%

7 85% 95% <0% 31% 56%

10 75% 80% 23% 38% 60%

18 ND2 ND2 11% 7% 51%

21 ND2 ND2 3% 10% 23%

40 ND2 ND2 6% 19% 50%

41 <0% <0% 1% 29% 37%

60 52% 34% <0% 12% 44%

1.2 ND — not determined; <0% - enhancement of the HK activity.

3. Conclusions

This chapter contains a compilation of preliminary results. Still, the experiments described herein
allowed important insights into the behavior of selected PHK2Is in more complex biological
environments. Time constraints limited a full approach with optimization of the conditions of each
experiment and more robust results. Still, a starting point was established, and many experiments can

now be planned for the near future.
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Four PHK2Is (6, 7, 10, 60 — Figure 76) were found to inhibit glycolysis, and potentially HK2, in different
cell lines. Those molecules were often more efficient than known inhibitors of HK2. The potential of
three of these molecules (PHK2Is 6, 10, 60) was confirmed by two different methods. Moreover, at low
micromolar range, these PHK2Is showed evidence of selectively inhibiting glycolysis in cells expressing
HK2. Additional metabolomics studies must be performed to assess the accumulation of G6P and
confirm whether or not the formation of this metabolite is the step inhibited in glycolysis, rather than

another later step in the pathway.

To confirm the hexokinase inhibition in cell extracts, the abovementioned biochemical assays might be
performed without rhHK2. The pre-incubation of cells with 2-DG as a surrogate for glucose would enable
the accumulation of unmetabolized 2-DG-6-phosphate, favoring an accurate measurement of HK
activity in cells at the time of extraction. In this way, the results would not be affected by possible
inhibition of downstream glycolytic steps. Since the major source of cytosolic NADPH comes from the
reaction catalyzed by G6PD [265], remaining NADPH sources would not be expected to significantly

affect the outcome of this experiment.

The interference of PHK2Is in other targets/pathways cannot be excluded and should be characterized.
The potential selectivity of any of these compounds has yet to be confirmed, and this should be
ascertained soon, since the biochemical assays with recombinant enzymes did not produce reliable

results.

Despite the inability of PHK2Is 21, 40 and 41 to inhibit glycolysis significantly, their effect on cell
proliferation and/or change in the glycolytic and respiratory functions over time could be meaningful,

and further characterization could be fruitful if other roles in cell biology were to be found.

Although a great potential was shown against a urothelial carcinoma cell line (UM-UC-3) [43], known
HK2 inhibitors “cmpd 25” and “cmpd 34” fell far short of the expectations in the cell lines tested herein.
Glycolysis was only inhibited prominently in the Huh7 cell line by “cmpd 34”, and proliferation was not
greatly affected. “Cmpd 25” showed higher potential to inhibit cell proliferation, but the anti-glycolytic
effect was basically negligible. Specific transporters and/or metabolic machinery in Huh7 and UM-UC-

3 cell lines that could explain the disparity of the results should be investigated.
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Figure 76. Structures of promising PHK2Is 6, 7, 10 and 60.

4. Experimental Section

4.1. Preparation of PHK2I solutions

PHK2Is were all dissolved in dimethyl sulfoxide (DMSO) to a 10 mM stock concentration, aliquoted and
stored at -80 °C. The various PHK2I solutions in different concentrations were prepared by adequate
dilutions in the complete culture medium before each experiment. The DMSO concentration in the
studies was =£1%. All experiments were compared with the same volume of vehicle (DMSO) as the

concentrated PHK2I solution.

4.2. Biochemical hexokinase activity assay

RhHK activity inhibition was measured using a G6PDH-coupled enzymatic fluorometric assay. Briefly,
10 pL of HK dilution buffer (20 mM KH2PO4, 100 mM KCI, 1mM MgClz, 1mM EDTA, 1.4 mM 2-
mercaptoethanol (2-ME), 60 g/L glycerol, 1g/L BSA) containing rhHK1 or rhHK2 and DMSO or PHK2I
were plated in black 96-well microplates (clear bottom) and incubated for 30 min. Then 90 pL of reaction
cocktail (100 mM triethanolamine hydrochloride pH 7.6; 22 mM monothioglycerol, 15 mM MgClz, 1 mM
EDTA, 1.4 mM 2-ME) containing 1 mM glucose, 6.6 mM ATP, 0.5 mM NADP*, 4.5 U/mL G6PD, 0.2
U/mL diaphorase and 10 uM resazurin were added. Catalysed by G6PD, G6P formed is oxidized with
conversion of NADP* in NADPH. NADPH is then used by the resazurin-diaphorase system to generate
the highly fluorescent resorufin. Fluorescence emitted at 590 nm was recorded every 5 min until 20 min

reaction, using excitation at 530 nm. Background fluorescence was corrected subtracting the value of
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the blank (no HK) for each sample. None of the compounds was found to interfere with the assay.
Fluorescence was measured using a Cytation™ 1 Cell Imaging Multi-Mode Reader (BioTek, Agilent
Technologies, Santa Clara, CA, USA).

4.3. Cell Culture

The PC3 and Huh7 cell lines were purchased from ATCC (Manassas, VA). MI5-4 CHO cells were
kindly provided by Dr. John Wilson (Department of Biochemistry and Molecular Biology,
Michigan State University, MI, USA). Huh7 cells were grown in Dulbecco’s Modified Essential
Media (DMEM, Corning), PC3 in Ham’s F-12K Nutrient Mixture Kaighn’s Modified (F12K, Corning), and
CHO cells in Minimum Essential Media Alpha (a-MEM, Corning) supplemented with 2 mM glutamine,
all in 10% fetal bovine serum (FBS, Atlanta Biologicals) and 1x Pen/Strep (Fisher), at 37°C in a 5% COz

atmosphere. Glucose concentrations were kept at 25 mM.

4.4. CHO cell lines generation®

The pLenti-6-D-TOPO-Blast lentiviral vector (Invitrogen) was used for the overexpression of
hexokinases in MI5-4 CHO cells: HA-tagged rat HK2, V5-tagged Human HK1 (pancreas variant) and
HA-tagged human GCK (liver variant). An empty vector was used for CHO EV cell line [260].

4.5. Effect on cell proliferation

Cells (3.5 x 10%/well) were seeded on 24 well plates in triplicate and treated with vehicle (DMSO), “cmpd
25”, “cmpd 34” or PHK2I after 24h. Huh7 cells were counted on day O, 1, 2, 3, 5, and 7, PC3 and CHO
was counted on day 0, 3 and 6. Media were changed each 72h to ensure continuous natural growth.
Cells were counted using the bright field on Celigo Adherent Cell Cytometer (Nexcelom Bioscience
LLC, Lawrence, MA, USA).

For ICso calculations, cells were treated with 7 different concentrations of each compound. The number
of cells was recorded on day 0, 3 and 6 of the treatment. Calculations were performed using GraphPad
Prism® 6.0 (GraphPad Software Inc., La Jolla, CA, USA) through the following equation:

Y=Bottom + (Top-Bottom)/(1+10 ((LogiCsrX)"HillSlope))

9 Cell lines generation was not performed by the author.
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4.6. Effect on cell death

Cells (3 x10%/well) were seeded on 48 well plates in triplicate and 24h later they were treated with
vehicle (DMSO), “cmpd 25”, “cmpd 34" or selected PHK2Is. The number of cells was recorded on day
0 and 2. After 48h of treatment, cells were incubated with Hoescht 33342 dye (for all cells) and
propidium iodide (for dead cells) for 30 min. Celigo Adherent Cell Cytometer (Nexcelom Bioscience
LLC, Lawrence, MA, USA), was used to acquire and analyze images. Markers were identified in each

fluorescent channel.

4.7. Immunoblotting

After harvesting with PBS, on ice, cells were centrifuged at 4000 rpm for 5min. Pellets were frozen
overnight at -80 °C and then lysed with 5 freeze/thaw cycles on dry ice, with lysis buffer: 20 mM HEPES,
150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1mM EGTA, 10 mM sodium pyrophosphate, 100 mM
NaF, 5 mM iodoacetic acid, 20 nM okadaic acid, 0.2 mM phenylmethylsulfonyl flouride (PMSF),
complete protease inhibitor cocktail and phosphatase inhibitor cocktail tablets (Roche Diagnostics).
After centrifugation (8000 rpm, 5 min) the supernatant was collected and used for the determination of

protein concentration on each sample with the Bradford method.

In this method, 4 uL of 1:10 diluted samples are plated on a 96-well clear plate in duplicates, as well as
a set of BSA samples at 0, 0.2, 0.4, 0.8 and 1.2 pg/uL. After incubation for 15 min at r.t. with 1 X Bio-
Rad Protein Assay Dye Reagent, fluorescence was read at 581 nm with Cytation™ 1 Cell Imaging Multi-
Mode Reader (BioTek, Agilent Technologies, Santa Clara, CA, USA).

Then, 20 ug protein suspended in SDS loading buffer, was run on 12-25% SDS polyacrylamide gels
and electrotransferred to PVDF membranes. After blocking with 4% milk in TBST, membranes were

exposed to the primary antibody on 2% milk/TBST solutions overnight at 4°C.

Antibodies used included: anti-HK2 (Cell Signaling Technology, 2867- dilution: 1:2000), anti-HK1 (Cell
Signaling Technology, 2024), anti-GCK, 1:500 (Santa Cruz, 7908), anti-HA (Convance, MMS101R),
anti-B-actin, 1:2 K (Sigma, A5441), anti-V5 Tag (ThermoFisher, R960-25).

Membranes were incubated with appropriate HRP secondary antibodies (1:3000 dilution: anti-mouse,
anti-rabbit, 1:2000 dilution: anti-goat) for 1h30min at r.t., and the Pierce ECL Western Blotting Substrate
(Thermo Scientific) was used for development of immunoreactive bands, with Azure Imaging System
(Azure Biosystems Inc., Dublin, CA, USA).
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4.8. Metabolomic assays

4.8.1. Measurement of the oxygen consumption rate (OCR) for CMST and the
extracellular acidification rate (ECAR) for GST

OCR and ECAR were measured using the XF96e Extracellular Flux analyzer (Agilent Technologies,
Santa Clara, CA, USA). Cells were plated at 1.5 x104 cells/well on XF96 cell culture plates (Agilent

Technologies) and incubated in a humidified 37°C incubator with 5% CO2 in normal culture medium.

For chronic treatment, cells were previously treated with PHK2I or DMSO for 7 days and then plated.
After ~40 h, and 1 hour prior to the assay, the growth medium in the wells was replaced by XF assay
medium (XF base medium lacking bicarbonate and HEPES containing 10 mM glucose, 1 mM sodium
pyruvate, and 2 mM glutamine for OCR measurements, and 2 mM glutamine only for ECAR

measurements), and the plate was transferred to a 37°C COz2-free incubator.

To evaluate the acute response to PHK2Is, cells were plated and after 16-18h the growth medium in
the wells was replaced by XF assay medium as described above, containing either vehicle (DMSO) or
PHK2I and the plate was incubated for 2h at 37°C in a CO2-free incubator.

For OCR measurement, successive injection of compounds measured ATP-coupled respiration (1 yM
oligomycin), maximal respiration (1 pM FCCP), and non-mitochondrial respiration (0.5 uM
rotenone/antimycin A). Basal respiration, proton leakage, and spare respiratory capacity were then
calculated according to the change in the concentration of Oz prior/after the injections (Figure 55 - B,
Table 9).

As for ECAR measurement, successive injection of compounds measured glycolysis (10 mM glucose),
glycolytic capacity (1 pyM oligomycin), and non-glycolytic acidification (50 mM 2DG). The glycolytic
reserve was then calculated according to the change in the pH prior/after the injections (Figure 48 - A,
Table 9).

In this experiment, three baseline measurements were taken prior to the addition of any compound, and
three response measurements (every 3 min) were taken after the addition of each compound. The OCR
and ECAR are reported as being normalized against cell counts (pmoles/min/104 cells for OCR and
mpH/min/10* cells for ECAR). The baseline OCR or ECAR refers to the starting rates prior to the
addition of a compound. Unless referred otherwise in figure captions, each experiment was performed

at least twice in quadruplicate.
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Table 9. Equations used for the calculation of metabolic parameters from OCR and ECAR measurements during CMST
and GST, respectively.

Measurement Metabolic parameters Equation

Non-mitochondrial

. = Minimum rate measurement after Rotenone/antimycin A injection
oxygen Consuption

L = (Last rate measurement before first injection) — (Non-mitochondrial
Basal respiration .
respiration)
. N = (Maximum rate measurement after FCCP injection) — Non-mitochondrial
Maximal Respiration o
respiration

= (Minimum rate measurement after oligomycin injection) — (Non-mitochondrial
respiration)

= (Last rate measurement before oligomycin injection) — (Minimum rate
measurement after oligomycin injection)

OCR Proton leakage

ATP production

Spare respiratory = Maximal respiration — Basal respiration

capacity
Glvcolvsis = (Maximum rate measurement before oligomycin injection) — (Last rate
yeoly measurement before glucose injection)
Glvcolvtic Capacit = (Maximum rate measurement after oligomycin injection) — (Last rate
ECAR ycoly paclty measurement before = glucose injection)
Non-glycolyti
:;id%f)ii:c:tif:r:c = Last rate measurement prior to glucose injection
Glycolytic reserve = Glycolytic Capacity — Glycolysis

4.8.2. 3C isotopic labeling experiments™

For labeling experiments, 3 x 105 cells were plated onto 6-cm plates and incubated with normal
complete culture medium. On the next day cells were treated with either vehicle (DMSO), or “cmpd 257,
6, 10, 60 in triplicates. After incubation at 37 °C (2h or 16h) medium was removed, cells were washed
with 2 X PBS and new medium (glucose free, dialyzed FBS) containing the vehicle or PHK2I and 25
mM [U-"3C]glucose (Cambridge Isotope Laboratories) was added for labelling. After 4, 16 or 24h the
medium was removed and cells were washed with 2 X 0.9% NaCl (ice cold). Then, 300 uL of 5:3:2
MeOH/ACN/DW (HPLC grade) (MAD) containing the internal standard Norvaline (2mg/ mL) were
added, and each well was scrapped. The cell suspension was transferred to a 1.5 mL tube and 300 uL
of MAD were additionally used to wash the well and collected into the same tube. Samples were kept
at -80°C until GC/MS analysis. The dried intracellular metabolites were dissolved in 50 uL of 2 wt%
methoxylamine hydrochloride in pyridine and incubated at 37 °C for 90 min on a heating block. Next,
80 uL of N-methyl-N-(tert-butyldimethylsilyl)-trifluoroacetamide  (MTBSTFA) + 1% tert-
butyldimetheylchlorosilane (TBDMCS) (Thermo Scientific, Bellefonte, PA) were added and the samples

10 After cells harvesting, samples were treated and run by Soeun Kang (Department of Biochemistry and Molecular
Genetics, College of Medicine, University of lllinois at Chicago, IL, USA), who also analyzed the results.
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were incubated for 30 min at 60°C. After an overnight incubation at room temperature, the derivatized
samples were briefly centrifuged and the clear liquid was transferred into GC vials for GC/MS analysis.
GC/MS analysis was performed on an Agilent 7890B GC system equipped with a DB-5MS capillary
column (30 m, 0.25 mm i.d., 0.25-uym phase thickness; Agilent J&W Scientific), connected to an Agilent
5977 A mass spectrometer operating under ionization by electron impact (El) at 70 eV. Mass

isotopomer distributions were obtained by integration and corrected for natural isotope abundances.

4.9. Statistical analysis.

Raw experimental data was processed using GraphPad Prism® 6.0 (GraphPad Software Inc., La Jolla,
CA, USA) or Microsoft Excel 2019 (v16). Results are expressed as the mean * standard deviation (SD)
or standard error of the mean (SEM), as indicated in the figure caption. All experiments were repeated
at least twice, at least in triplicates, unless otherwise indicated. To determine statistical significance (p

<0,05), Student’s t test was performed using the abovementioned software.
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1. Overview

One of the biggest obstacles to targeting HK2 is its high similarity to HK1, which prevents selective
inhibitors from been obtained. Without a selective inhibition of HK2, side effects might preclude its use
for cancer treatment. The present chapter describes a detailed comparison between the structures of
HK1 and HK2 (Figure 77). First, the static crystallographic structures were carefully analyzed, with and
without ligands, and the differences were annotated. Unfortunately, together with literature data, the
differences could not properly explain the behavior of each isozyme towards selective inhibitors. In this
regard, molecular dynamics (MD) studies were performed, simulating both structures in solution at
physiological pH. This allows for a natural evolution of structure over time, either in the presence or
absence of several small molecules such as endogenous ligands and inhibitors. If the catalytic pocket
of the static crystallographic structure cannot be a source of knowledge for understanding selectivity of
some inhibitors for an isozyme, the key might be related with different motifs away from the catalytic
pocket that might profoundly influence the resulting structure. It should be noted that the HK2 structure
was resolved using the HK1 structure a model [73], and that could influence the resulting structure. MD
simulations can overcome this issue and predict a more likely three-dimensional conformation. In the
end, the differences between the X-ray determined structure and the MD-optimized structure can be

used for future selectivity studies.

HK1 and HK2
crystallographic structures  Static structural analysls  Molecular dynamics studies

0

Figure 77. Studies presented in this chapter, the static structural analysis of HK1 and HK2 and MD studies.

1.1. Static structural analysis

The analysis of the static structure of a protein can provide a considerable amount of information. The
distances between residues/atoms can be measured and compared with other structures that have
been crystallized in distinct conditions when different polypeptides are being compared, different
residues might be found to be placed in strategic places, and it allows, for example, the study of the

effect of mutations on structure.
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1.2.  Molecular dynamics

A single rigid structure is unlikely to adequately predict the binding modes of different compounds, as it
is nothing more than a photograph taken under very specific conditions that are usually not comparable
to the physiological ones. In biochemistry, MD simulations aim to observe conformational changes of

relevant biological molecules in solution, mostly involving at least one macromolecule such as a protein.

Classic MD studies follow Newton’s laws of motion to calculate the trajectory of protein conformations
as a function of time. Calculations are performed for each particle (atom) to determine the position and
velocity of each one at a later time. A force field is applied to mathematically calculate the forces
between atoms and molecules. The use of MD simulations has led, for instance, to the development of
antivirals [266,267].

Over the years, simulations have become more accurate with improved forcefields and ensemble
techniques, leading to a more realistic description of a system. An MD user is able to choose a set of
initial molecular configurations, run the simulation, and make observations from the trajectory.
Throughout the trajectory, multiple conformations are likely to form; differences in these conformations,
obtained with different simulation conditions, can drive to important conclusions. While animations of a
trajectory can give important information about the motion of the molecule, a less subjective analysis,
using precise measurements and calculations (distances, angles, areas, volumes, etc.) is preferred. As

more data are obtained, the predictions will be more accurate [268,269].

In this project, MD simulations were performed using GROMACS software (v2016) [270]. GROMACS
(GROninger Machine for Chemical Simulation) is one of the most widely used free and open-source
software packages for MD simulations of biomolecules, and its use is reported in thousands of
publications every year. GROMACS provides versatile tools to perform different types of calculations,
systems preparation and analysis and is being coupled with other tools and force fields such as plugins
for PyMOL software or MARTINI forcefield [268—270].

2. Results and Discussion

2.1. Important structure insights from the literature

In chapter Il (section 2), Table 1 shows the identity and similarity between HK1 and HK2 to be the
highest among HKs. Because the highest levels of similarity between HKs from humans and other
species are related to extremely conserved glucose and G6P binding pockets, human HK1 and HK2
share the exact residues in binding sites (Chapter Il, Section 2.2. Figure 6). However, as mentioned
above, only HK2 is catalytically active in both N- and C-terminal binding pockets, unlike HK1 and HK3,
whose N-catalytic pocket plays exclusively regulatory functions [54,79,80]. This ability to catalyze the
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conversion of glucose to G6P in both catalytic pockets is one of the features that make HK2 unique and

a characteristic that can be targetable.

The reasons for this discrepancy appear to be related with specific mutations near the catalytic pockets,
which affect the chemical environment (charge, size, and hydrophobicity). The results of an early study
of site-directed mutagenesis suggested that the G174R and D447S double mutations were primarily
responsible for reducing the catalytic activity of HK1 NTD, whereas a single mutation (G231D) appeared
to be sufficient for a 95% inactivation of the N-terminal moiety in HK3 [81]; phylogenetic analysis is
consistent with this interpretation [53]. While these studies provided important insights, the availability
of solved crystallographic structures in recent years has become an increasingly valuable tool for
exploring how conformational differences between isozymes may impact catalytic activity. In this
regard, the crystallographic structure of HK2, combined with computational molecular dynamics data,
detected a difference in the linking region between the NTD and CTD of HK1 and HK2, confirming that
the catalytic activity of the NTD of HK2 is regulated by the linker, helix-a1s. In HK1, helix-a13 undergoes
a deviation of 16°, resulting in a bent, and stiff structure that is associated with the loss of catalytic
activity [73].

Connected with this last finding, a new regulatory region of NTD activity was discovered [271]. In the
NTD catalytic pocket region three important substructures interact closely: the helix-as, where D209 is
placed (an essential residue for catalytic activity); the loop**4-447; and helix-a1s, the linker that binds NTD
and CTD. In that study, several single site-directed mutations were carried out in these regions and HK
activity was measured. Interestingly, only two residues differ between HK1 and HK2, R444 and D447
in HK2 and L444 and S447 in HK1. Despite the conflicting properties of these residues, HK2 single
mutants R444L and D447S still exhibited at least 50% of catalytic activity. These findings suggest that
a single residue is not likely to be responsible for the inhibition of HK1 NTD catalytic activity, and site-
directed double mutations with these residues would be comprehensive strategy to pursue. Yet, the
mutants D447A, K451A and S449A and S449T completely abolish the HK2 NTD activity, attesting to
the importance of these residues for the activity. These residues were confirmed to establish important
interactions with residues in the helix-asand internally in the helix-a1s itself, contributing to a more stable
three-dimensional structure around the catalytic pocket. This is postulated to improve the binding
stability of glucose for subsequent alignment with ATP, enabling the catalytic reaction. Thus, the region
found in the beginning of helix-a13 has been proposed as a regulatory site that could be targeted for
specific HK2 inhibition by disrupting these interactions, preventing the stabilization necessary for

glucose binding [271] (Figure 78).

To the best of our knowledge, no other structural evidence has been proved to differentiate HK1 from
HK2.
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Figure 78. Novel regulatory region of NTD activity of HK2, that can be used as target for specific HK2 inhibition
(red), by the destabilization of residues Asp447, Ser449 and Lys451. The three-dimensional structure in the figure
corresponds to the PDB entry 2NZT [73].

2.2. Static structural analysis

Static structural analysis was performed using resolved crystallographic structures as valuable tools to
explore conformational and identity differences among human HK1 and HK2 isozymes and elucidate
their possible impact on the selectivity of certain inhibitors. Structure analysis, comparison studies and
distance measurements were performed with Molecular Operating Environment 2016 (MOE2016)
software. Global structures, catalytic pockets (or binding pocket for the N-terminal pocket of HK1) were

compared, as well as “neighboring residues” (less than 4.5 A apart from catalytic pocket residues).

To date, six wild-type hHK1 and four hHK2 structures were resolved and are available on PDB [78]
(Table 10). None of available HK1 and HK2 structures contain the total sequence of residues (914), yet
they are considered representative of the complete structures except for the initial a-helix (residues 1-
12). This hydrophobic moiety is known to be unstable, denaturing rapidly [54]. Structures were obtained
at a reasonable resolution (2.25<R< 3A) between the years 1998 and 2016. Except for 1THKC [84] and
5HFU [43], each entry is composed by two chains, establishing a dimer.

Alignment and superposition of HK1 structures revealed very similar conformations (average RMSD =
2.58 A, RMSD ranging from 0.31 to 4.55 A). Alignment of the catalytic pocket (27 residues) and catalytic

pocket plus neighboring residues (91 residues) showed similar and minimal differences (RMSD from
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0.13 to 0.34) among structures with glucose (1HKC is not included), in the closed state. However,
without glucose and inorganic phosphate present in the CTD, structure THKC remains in the open state,
presenting an RMSD of the catalytic pocket above 2.50 A when compared with the other five structures.
Interestingly, this structure exhibits a glucose molecule bound to the regulatory NTD, changed to the
closed state. In this domain, the N-terminal pocket (27 residues) and the pocket plus neighboring
residues (96 residues) display similar RMSDs ranging only from 0.16 to 0.62 A, with all structures in the

closed state.

Table 10. Data on three dimensional structures of wild type hHK1 and hHK2 available on PDB.

Human Structure \ Resolution . .
isozyme (PDBID) Chains A) Year Residues Ligands

16-914 ]
1HKB 2 2.80 1998 (899/chain) 3-D-Glucose; §-D-G6P
1HKC 1 2.80 1998 1(%_5;)4 B-D-Glucose; inorganic phosphate
12-914
1QHA 2 2.25 1999 . a-D-Glucose; AMP-PNP; a-D-G6P
HKA (903/chain)
16-914 )
4F90 2 2.65 2013 (899/chain) B-D-Glucose; 3-D-2-deoxy-G6P
16-914 ]
4FOE 2 2.70 2013 (899/chain) B-D-Glucose; 8-D-Mannose-6-phosphate
16-914 B-D-Glucose; 1,5-Anhydroglucitol-6-
4FPB 2 3.00 2013 (899/chain) phosphate
17-913
2NZT 2 2.45 2006 (871/chain) a-D-Glucose; B-D-G6P
5HEX 2 2.73 2016 17-911. “‘cmpd 30°
(880/chain)
HK2 17-911
5HFU 2 292 2016 (895/chain) cmpd 27
5HG1 1 2.76 2016 1?.9_13 “‘empd 17, B-D-G6P
(867)

PDBID references: 1THKB, 1HKC [84]; 4F90, 4FOE, 4FPB [72]; 2NZT [73]. 5SHEX, 5HFU, 5HG1 [43].

The available HK2 structures, when aligned and superposed, present a more pronounced difference
among them (average RMSD = 5.15 A). 5HEX [43] and 5HFU [43] structures closely resemble each
other (RMSD= 0.44 A), wherein both interact with synthetic inhibitors, showing an open state of the
structure, when no glucose is bound. Conversely, 2NZT [73] shows the most closed (tight) state,
interacting with native ligands, glucose and G6P. Structure 5SHG1 [43] presents an intermediary state,
more closed than 5HEX and 5HFU (RMSD=~4.40 A) and less tight than 2NZT (RMSD=5.28). The
structure 5SHG1 is associated with a weak and non-selective inhibitor [43]. Comparing only catalytic
pockets (27 residues), the structural resemblance of the three-dimensional poses is higher, with an
average RMSD of 2.32 A and 2.54 A, respectively, for NTD and CTD pockets. When comparing SHEX
and 5HFU, RMSD values do not go beyond 1.20 A for the NTD pocket and 0.69 A for the CTD pocket.
Due to the presence of both the synthetic inhibitor and G6P, the N-terminal pocket of 5SHG1 is more
closely related with the remaining open state HK2 structures (RMSD= 1.60 A for 5HFU, RMSD= 2.04
A for SHEX, RMSD= 2.10 for 2NZT). On the other hand, the CTD pocket, when bound to the weak
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synthetic inhibitor, is more closely related with 2NZT (RMSD= 2.80 A for 5HFU and 5HEX, RMSD= 1.08
for 2NZT).

When comparing the glucose cavities of both N- and C-domains of the HK2 structure (PDB:2NZT [73]),
it is possible to understand that they are identical, wherein glucose and G6P interact in the same way
with approximately the same residues in both domains [Asn208/656, Asn235/683, Asp209/657 (with
glucose and G6P), Glu260/708, Glu294/742, Lys173/621, Thr172/620 and Asp84/532, Asp413/861,
Gly414/862, Ser449/897, Thr88/536, Thr232/680] (Figure 79). The equivalent happens with pockets in
HK1 (not shown).

)

Figure 79. Glucose interactions (hydrogen bonds) with residues of HK2 NTD (A) and CTD (B) catalytic pockets.

Aiming to compare the binding pockets’ structures of HK1 and HK2, one structure representative of the
closed state and one of the open state were elected for each isozyme and the main results are shown
on Table 11. Since there is also a possible choice for the closed state of the HK2 isozyme, PDBID:2NZT
[73] was selected. The closed structure of HK1, as well as the open state structure of HK2, were elected
based on the RMSD among other structures (to serve as an “average” structure), type of ligands
(interaction with added value inhibitors for the open state analysis), resolution and year of deposit in
PDB database. After examining these aspects, the 4F90 [72] structure of HK1 and the SHEX for HK2
were selected for the comparison studies. The analysis of open state HK1 is more delicate, since the
unique structure without the induced fit boosted by glucose is 1HKC and specifically at the C-terminus,
and thus N-terminal open state pocket will not be examined. Moreover, no inhibitor has been found in

this structure and therefore it is not possible to fully understand how it would fit.
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Table 11. Comparative structure analysis of hHK1 and hHK2 NTD and CTD binding pockets in the open and
closed state. “Domain” indicates the location of the pocket; “Residues” indicates the kind of residues evaluated;
“N” refers the total number of residues considered for analysis; “RMSD” is used to compare the spatial difference
between the two isozymes while identity and similarity compare the difference in the primary sequence. “Different
Residues” indicates which residues are in fact different between the two isozymes, where the number corresponds
to the residue in the sequence, the one letter code before the arrow corresponds to the HK2 residue and the one
after the arrow corresponds to the residue present in the HK1 sequence.

Domain . RMSD Identity Similarity . .
(state) Residues N A) (&) (%) Different Residues
Pocket 27 033 88.9 100 88,7-S;234,5-T
NTD , 60,A—T; 88,T—S; 111,1-V, 159,H-Q;
(closed state”) Pocket + 167, F—l; 169,V—l,170,5-T; 174,G-R,;
; 95 047 821 916 234,55T; 259, M-T, 297,1-V;
near residues ! ' ’ ' ' '
386,C-V, 416,V—L; 419,K—T; 447, D—-S
oTD Pocket 26 0.28 100 100
(closed state®) Pocket + ] ) )
nearresidues 92 038 95.7 97.8 508,P—V;617,L—I; 618, K—T; 741,—Y
cTD Pocket 16 0.70 100 100
b
(open state”) Pocket+ 5o 091 083 100 741 F—Y

near residues

aHK1, PDBID: 4F90 [72], HK2, PDBID: 2NZT [73]; PHK1, PDBID: 1HKC, HK2, PDBID: 5HEX ;

From the alignment and superposition of HK2 (2NZT) and HK1 (4F90), an average RMSD of 4.20 A
was obtained. When the superposition is restricted to the pocket in NTD, a conserved structure can be
recognized with RMSD = 0.33 A, with an 88.9% identity and 100% similarity between the 27 residues
in the glucose cavity. In this selection two different residues are found in the sequence of HK2 and HK1,
namely 88,T—S and 234,S—T. These alterations were analyzed and do not lead to structural changes,
as the three-dimensional orientation remains the same. Including the neighboring residues of the pocket
(95 residues), RMSD increases to 0.47 A and identity and similarity are still high (82.1% and 91.6%,
respectively). In this selection, 16 residues were found to be different in both sequences, but, once
more, no structural distortion was observed. From those, only the 170,S—T change can alter the
structure, since in the HK2 structure there is no serine interaction with Gly181 by H-bonding, which is

formed by threonine in HK1 structure.

In the CTD, a conserved structure of the catalytic pocket can be recognized with a RMSD = 0.28 A, with
100% identity between the 26 residues of the glucose cavity. When neighboring residues are also
considered (92 residues), RMSD increases to 0.38 A and identity and similarity are just slightly affected
(95.7% and 97.8%, respectively). Here, 4 residues are dissimilar 508,P—V; 617,L—l; 618, K—T; and
741,F—Y. From careful analysis of the effect of these mutations on the protein structures, 508,P—V,
617,L—l and 741,F—Y do not seem to affect the overall isozyme structure. However, 618,L—T seems
to give rise to structural differences, since in HK1 Thr618 establishes H-bonds to Lys738 and Trp619,
located very close to the pocket and to other important residues, namely Thr620 and Lys621. In HK2,

the substitution of a threonine by a lysine leads to a conformational change, in which no H-bond is found
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between Lys618 and other residues. The pose of Lys738 is perturbed and oriented in another direction.
Visual analysis may indicate a potential influence of this mutation in the ability to accommodate a ligand

and an associated induced fit (Figure 80).

With respect to the open state, the difference between the three-dimensional poses is more prominent.
Initially, an overall RMSD difference between structures was 8.40 A. Conversely, the C-terminal
catalytic pocket (16 residues — RMSD = 0,70 A, identity = 100%) and the catalytic pocket and nearby
residues (58 residues — RMSD = 0,91 A, identity = 98.3%) showed a rather conserved pose, even in
the 1HKC structure, which does not accommodate any inhibitor, such as the HK2 structure (5HEX),
undergoing an induced fit. Among the 58 residues under analysis, only the “mutation” 741,F—Y was
found. Since the lateral chain of both residues conserves strongly similar properties, this change

accounts for 100% similarity (Table 11).
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Figure 80. Comparison of HK1 and HK2 CTD pockets, considering the residues in close contact with glucose and
the ones nearby (4.5 A) in the closed (A and C) and open (B and D) state. A - superposition of HK2 PDBID: 2NZT
(vellow) and HK1 PDBID: 4F90 (blue) with focus on the different residues in two isozymes. B - Superposition of
HK2 PDBID: 5HEX (blue) and HK1 PDB: 1HKC (yellow) with focus on the different amino acids in the two
isozymes. In C and D, a K618T change is shown for the two states, along with important nearby residues. The
opening of the cavity is visually denoted by the distance between Ca of Thr618 and Lys738 (D). Glucose and G6P
(pink) and the HK2 inhibitor, “cmpd30” [43] (grey) indicate the proximity with the ligand cavity. Adapted from [19].
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To sum up, only a few subtle differences in the catalytic pocket structures were discovered that can
hardly explain the differences in the HK1 and HK2 activities toward the same inhibitors. Structural
resemblance represents a major difficulty in the rational design of selective inhibitors and the key for
success may lie in the exploitation of differences in induced fit tuning constraints. Here, the 618 K—T
“mutation” is suggested to influence this mechanism. Nevertheless, other residues, even if substantially
remote from the catalytic pocket, may also be determinant. This hypothesis is supported by the
abovementioned loss of activity of the N-terminal pocket of HK1, associated with the orientation of helix-
as3 even though this structure is far from the glucose cavity [73]. Site-directed mutagenesis studies
focusing on the CTD and the linkage between the two domains, as well as a dynamic analysis of both

isozymes, are clearly required to elucidate this issue.

Surprisingly, several highly potent selective inhibitors have indeed been developed [43] (Chapter II,
section 3). Nevertheless, the need for more SAR studies to fully understand the selectivity mechanism
that will allow the rational development of new selective inhibitors of HK2 is evident. In fact, selectivity

would not clearly be easy to achieve, even if it has been proven to be possible.

2.3. MD studies

2.3.1. Design of the experiment

This section describes the MD simulations performed to compare the evolution of HK1 and HK2
structures in aqueous solution at physiological pH over 200 ns in order to obtain a more accurate and

realistic receptor/ligand-receptor model.

The first goal was to predict whether the closed and open state structures would converge to similar
conformations in the absence of crystallographic ligands when allowed to relax in solution. The
presence of the crystallographic ligands was also tested. The second and the major goal was to
compare the behavior of HK1 and HK2 in the presence of potent inhibitors, with special focus on a
highly selective HK2 inhibitor, “cmpd 33” (HK1 ICs0 = 5 uyM; HK2 ICs0 = 25 nM). The differences here

found can be explored in future targeting studies.

Initially a set of structures were selected based on their features of interest and the quality of the
structure, specifically regarding internal clashes (Table 12). For HK1 representatives, 4F90 and 1HKC
were selected for the closed and open state, respectively. As mentioned above, 1THKC is the only HK1
structure in the open state, yet it just happens in CTD, which may have implications for the structure
relaxation. Representing HK2, 2NZT for the closed state and 5HFU for the open state were preferred.
Information on these structures and their ligands can be found in Table 10 in the previous section. In
addition to the crystallographic ligands, “cmpd 27” (also crystallographic ligand of SHFU), “cmpd 30”
and “cmpd 33” (Figure 81) were selected to be docked and simulated into the binding pockets of HK1
and HK2 open states (1HKC and 5HFU, respectively).
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The analysis of the results is composed by different calculations performed throughout the simulation
time such as the total energy of the system, radius of gyration, root mean square deviation (RMSD) and
fluctuation (RMSF), ligands’ solvent accessible surface area (SASA), distances and angles between

key residues, principal component analysis (PCA) and protein-ligand interaction fingerprints (PLIF).

Table 12. PDBID of HK structures used in the MD studies.

State HK1 HK2
Closed 4F90 2NZT
Open 1HKC1 5HFU

1 The 1HKC structure has only the CTD pocket in the open state. PDBID: 4F90 [72], 2NZT [73], 1THKC [84], 5HFU [43].

cmpd27 cmpd30 cmpd33
ICso 8 nM HK1 | |130 nM HK2 20 nM HK1 | | 10 nM HK2 5 uM HK1 | |25 nM HK2

Na Cl
HO,
A %‘b\ 0 Cl
0 g 0. ,OH 0
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g H og H HO ‘N’

Figure 81. Structures and ICso of HK1 and HK2 inhibitors used in MD simulations.

2.3.2. Total energy

The total energy of the systems was trending constant throughout all simulations. Systems with proteins
alone showed lower overall energy compared to their counterparts with ligands, whether endogenous
or inhibitors (Figure 82). No significant difference was detected between systems with different ligands.
Systems with 1HKC, the HK1 isozyme whose CTD pocket is found in the open state, present
considerably lower associated energy. Table 13 shows the mean energy and respective SD for all

systems.
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Figure 82. Plots of system’s total energy throughout the simulation: A - HK1 (PDBID: 4F90),
closed state, with or without ligands; B - HK1 (PDBID: 1HKC) open state (CTD), with or without
ligands or inhibitors; C - HK2 (PDBID: 2NZT), closed state, with and without ligans; D - HK2

(PDBID: 5HFU), open state, with or without inhibitors.
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Table 13. Average Total Energy (+ SD) for each system.

Aver. Total energy

Isozyme State Ligand PDBID (kJ/mol)

Closed - 4F90 -3.98E+06 £ 2.74E+03

Closed Cryst.! 4F90 -3.93E+06 + 3.01E+03

Open? - 1HKC -4 43E+06 £ 3.18E+03

HK1 Open? Cryst.1 THKC -4 .38E+06 £ 3.19E+03
Open? “Cmpd 27" 1HKC -4.38E+06 + 5.02E+03

Open? “Cmpd 30" 1HKC -4.38E+06 £+ 3.18E+03

Open? “Cmpd 33" 1HKC -4 38E+06 + 3.18E+03

Closed - 2NZT -3.97E+06 £ 2.98E+03

Closed Cryst.! 2NZT -3.91E+06 + 3.00E+03

Open - 5HFU -3.66E+06 £ 2.82E+03

e Open “Cmpd 272 5HFU -3.56E+06 £ 2.86E+03
Open “Cmpd 30" 5HFU -3.57E+06 + 2.84E+03

Open “Cmpd 33" 5HFU -3.57E+06 £ 2.96E+03

Cryst. — Crystallographic ligands; 20Open — 1HKC structure has only the CTD pocket in the open state; >"Cmpd 27" —
“cmpd 27” is the crystallographic liganf of 5HFU.

2.3.3. Root mean square deviation (RMSD)

The root mean square deviations were calculated to understand whether the system converges to a
stable group of conformations and when does it occur. Table 14 shows the average RMSD and
respective SD for each system (calculated considering the backbone Ca atoms). All systems present
an average RMSD value lower than 10 A. However, unexpectedly, structure 2NZT (HK2, closed state),
with its crystallographic ligands, show a considerably higher RMSD profile than the protein alone (2NZT)
(Figure 83 - A). In the absence of ligands, the 4F90 system (HK1, closed state), also experiments a
higher average RMSD and an atypical change throughout the simulation, but the RMSD in the last 50
ns tends to stabilize and approximate to the RMSD of the same structure but in presence of

crystallographic ligands (Figure 83 - B).

Regarding the open state of isozymes, the highest changes in RMSD compared with the stable profile
of the structures without ligands occur with the isozymes in the presence of “cmpd 33”. In HK1, the
1HKC system (CTD open state) with “cmpd33”, tends to vary more from the starting conformation
comparing with 1HKC alone (CTD open state) (Figure 83 - C). This difference is higher in SHFU (HK2,
open state), since “cmpd 33” does not let the structure to fully stabilize during the 200 ns of simulation
(Figure 83 - D).

The RMSD for each domain of the isozymes, NTD and CTD was also calculated in order to find out
which part of the protein deviates the most from the initial structure. For HK1 systems, both domains

diverge similarly. In the 4F90 systems with crystallographic ligands and the 1HKC systems with
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crystallographic ligand a slightly higher CTD deviation was found. The 1HKC system with inhibitor
“‘empd 33” has a slightly increased NTD RMSD compared to CTD. As for HK2, the RMSD of the 2NZT
and 5HFU systems without ligands did not change considerably. In the presence of glucose and G6P,
2NZT showed an increased RMSD in NTD, while 5HFU in presence of inhibitors “cmpd 27” and “cmpd
33" showed a higher deviation from CTD. The highest increase in RMSD occurred with “cmpd 33” in
the last 50 ns of simulation, which may explain the increase in the overall structure RMSD. No pattern
was found; however, “cmpd 33” destabilized the NTD of HK1 and the CTD of HK2 the most (Figure
84).

Table 14. Average RMSD (+ SD) for the total protein, NTD and CTD of each system.

lsozyme  State  Ligand  PDBID A"eri E)MSD N'?I."és(g) Cr\:rhgs(nm
Closed - 4F90 6.88+1.88 3.51+£0.36 401+£0.53
Closed Cryst." 4F90 4.92+1.06 390+053 404 +£042
Open? - 1HKC 5.07+1.18 347+043 3.79+0.36
HK1 Open? Cryst. 1HKC 548+1.24 310+0.32 3.61+0.41
OpenZ “Cmpd 277 THKC 5.80+0.84 3.95+£0.50 408 +0.54

Open? “Cmpd 307 THKC 491+1.21 3.09+029 3.08+0.28
Open? “Cmpd 33" 1HKC 712+1.33 422 +069 3.56 +0.36

Closed - 2NZT 453+1.06 3.84 £ 0.56 3.37+£0.33
Closed Cryst." 2NZT 9.32+1.70 3.80+047 3.71+0.39
HK Open - 5HFU 4.41+0.83 4231062 432+051
Open “Cmpd 277 S5HFU 5.37+0.81 3.94+0.41 426 + 0.54

Open “Cmpd 30" 5HFU 575+0.93 3.75+£0.56 3.71+0.39
Open “Cmpd 33" 5HFU 8.69+3.09 413+063 456 +1.08

Cryst. — Crystallographic ligands; 20Open — 1HKC structure has only the CTD pocket in the open state; *’Cmpd 27" —
“cmpd 27" is the crystallographic liganf of SHFU.
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Figure 83. Plots of RMSD throughout the simulation for systems 2NZT and 2NZT plus crystallographic ligands (A),
4F90 and 4F90 plus crystallographic ligands (B), THKC and 1HKC plus inhibitor “cmpd 33” (C), and 5HFU and
S5HFU plus inhibitor “cmpd 33” (D).
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Figure 84. RMSD (Ca) of each domain (NTD and CTD) for the systems 1HKC plus “cmpd 33” (A) and 5HFU plus
“cmpd 33” (B) as a function of time.

2.3.4. Radius of gyration

Together with RMSD, the radius of gyration (Rg) also provides information about the stability of the
protein across the simulation. Rq is described as the overall spread of the molecule. Figure 85 shows
this descriptor as a function of time for all systems. While the closed state HK1 (4F90) behaves similarly
with and without ligands and Rgy decreases trendily over time (Figure 85 - A), the closed state HK2
(2NZT) with ligand presents a lower Ry during 90% of the simulation compared with the counterpart
without any ligand (Figure 85 - C). Regarding the open state isozymes (HK1: 1HKC; HK2: 5HFU), the
Rg values in systems with endogenous ligands, “cmpd 27” and “cmpd 30" seems to be considerably
stable and similar to systems without any ligand. Interestingly, with “cmpd 33” the two isozymes
behaved differently. Whilst Rq in the system with HK1 is decreased compared with the other HK1
systems, Rq of HK2 with “cmpd 33” consistently increases after 74 ns (Figure 85 — B and D). Observing

the last 50 ns of simulation, stabilization of Rg seems to be achieved for all systems.
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Figure 85. Ry as a function of time for all systems, with and without ligands. A - HK1 (PDBID: 4F90) closed state; B - HK1
(PDBID: 1HKC) open state (CTD); C - HK2 (PDBID: 2NZT) closed state; D - HK2 (PDBID: 5HFU) open state.

2.3.5. Clusters of protein conformations

The most populated structures from each simulation were obtained using the gmx cluster function of
GROMACS, applying a 0.4 nm cutoff as RMSD to 201 structures coming from the 200 ns of simulation
plus the initial structure. Table 15 shows the number of clusters found for each system and the
population of structures (%) in the first three clusters. The higher the number of clusters, the more
diverse are the conformations found throughout the simulation. The distribution of structures across the
different clusters indicates the stability of each conformation over time (more structures in a cluster

suggests higher stability of the conformation represented by the cluster).

In large contrast with the counterpart without any ligand, system SHFU plus “cmpd 33” had the highest
number of clusters, and the ones more evenly distributed. This means that a great variety of
considerably different conformations can be found and there are three that are the most plausible.
These data indicate a lower stability of the system. On the other hand, conformations of 5SHFU without
ligands can be divided in only 2 clusters, where the first one contains the large majority of structures
(99%). This indicates that this structure did not change substantially over time, compared with the other

structures.
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With the exception of the closed structure of HK1 (4F90), whose structures are distributed in more than
one cluster, most systems have at least two thirds of the total number of conformations in the first

cluster, showing more stability overtime.

Table 15. Number of conformation clusters for each system and the proportion of structures in cluster 1, 2 and 3
(clusters numbering is inversely proportional to the conformation population of the cluster, i.e., cluster 1 is the most
populated. Other clusters are poorly populated.).

Structures Structures Structures

SEECI e Ligand PDBID  Clusters on cluster 1 oncluster 2 on cluster 3
Closed - 4F90 5 42% 35% 19%
Closed Cryst.1 4F90 8 53% 20% 15%
Open? - 1HKC 7 69% 18% 7%
HK1 Open? Cryst. 1HKC 6 89% 6% 2%
Open? “Cmpd 27~ THKC 7 1% 6% 3%
Open2 “Cmpd 30" 1HKC ) 79% 10% 6%
Open? “Cmpd 33" 1HKC 4 89% 8% 2%
Closed - 2NZT 9 69% 12% 8%
Closed Cryst. 2NZT 5 74% 16% T%
Open - 5HFU 2 99% 1% -
HK2
Open “Cmpd 2773 5HFU 4 88% 10% 1%
Open ‘Cmpd 30 SHFU 6 86% 9% 3%
Open ‘Cmpd 33" SHFU 10 32% 29% 25%

Cryst. — Crystallographic ligands; 20Open — 1HKC structure has only the CTD pocket in the open state; **Cmpd 27" —
“cmpd 27" is the crystallographic liganf of SHFU.

In order to conclude whether the closed and open state structures of each isozyme mainly converge to
a similar structure, the structures of the most populated cluster of 4F90 and 1HKC (HK1) and 2NZT
and 5HFU (HK2) were compared and RMSDs were measured (Figure 86). These results suggest that
the HK1 and HK2 structures are very fluid and do not converge to similar conformations. Interestingly,
a considerable difference was found between RMSD of the CTD and the NTD of HK2 (Figure 86 C and
D): the higher RMSD values are clearly attributed to residues in the first half of the isozyme, which

possibly indicates a higher mobility of the NTD.

RMSDs between the structure of the first cluster of each system with and without the crystallographic
ligand were also measured (Figure 87). While the RMSDs between structures with and without glucose
and G6P as crystallographic ligands were considerably high, the lowest RMSDs were found between
5HFU and 5HFU with “cmpd 27~ (crystallographic ligand).
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Figure 86. Comparison between the representative structure of the most populated cluster of each system (without ligands):
closed versus open state of HK1 (A) and HK2 (C) and respective average RMSD. RMSD by residue is shown in the plots

B and D.
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Figure 87. Average RMSD and RMSD by residues between each system with and without crystallographic ligands.
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2.3.6. Ligands RMSD

To discover how the conformation of the ligands, crystallographic or inhibitors, evolves from the initial
structure throughout the simulation, the RMSD was calculated for each molecule. Figure 88 — A shows
the average RMSD (plus SD) for each ligand. The endogenous crystallographic ligands display lower
RMSDs when compared to the inhibitors. Unexpectedly, inhibitor “cmpd27”, the crystallographic ligand
of 5HFU, caused the highest RMSD in both HK1 and HK2. As a crystallographic ligand, its conformation
in the pocket was expected to be similar to that in equilibrium in solution. On the other hand, inhibitor
“cmpd 30” exhibit one of the lowest RMSDs (2.90 A) in the CTD pocket. It should be noticed that the
initial conformations of inhibitors “cmpd 307, “cmpd 33” and “cmpd27” (in HK1) were found through
molecular docking. Generally, RMSDs were kept stable after the beginning of the simulation (see

example plots on Figure 88 - B and C).

A B
Isozyme  State Ligand PDBID  Pocket RMSD (A) "Cmpd 30"

Closed Glucose 4F90 NTD 2.3120.74 1501 5HFU _CTD
Closed Glucose 4F90 CTD 1.62+0.66 -
Closed G6P 4F90 NTD 3.19+1.41 = 10.0
Closed G6P 4F90 cTD 3.59:0.68 a
Open’ Glucose 1HKC NTD 3.17+1.07 g

HK1 Open'  “Crmpd 27" 1HKC NTD 6.64+0.89 ® 80
Open' “Cmpd 27" 1HKC CTD 6.61+1.14
Open'  “Cmpd 30" 1HKC NTD 5.47+1.02 0.04 T T T T
Open'  “Crmpd 30" 1HKC cTD 2.90+0.57 0 % Simulati:)l:lotime (ns) 190 200
Open’ “Cmpd 33" 1HKC NTD 5.48+1.06 C
Open’ “Cmpd 33" 1HKC CTD 6.80+0.90 "Cmpd 33"
Closed Glucose 2NZT NTD 6.65+1.57 10.0-
Closed Glucose 2NZT CTD 3.97+1.09 — 1HKC_CTD
Closed G6P 2NZT NTD 4.36+1.26 801
Closed 6P NZT  cTD 4481098 = g0

HK2 Open “Cmpd 2773 5HFU NTD 9.43+1.15 8
Open  “Cmpd 277 5HFU cTD 9.05+2.10 z
Open  “Cmpd 30 5HFU NTD 8.55+1.49 2.0
Open “Cmpd 30" 5HFU CTD 8.02£0.81 0.0 , . . .
Open  “Cmpd 33" 5HFU NTD 6.50%1.31 0 50 100 150 200
Open  “Cmpd 3"  5HFU cTD 6.0241.39 Simulation time (ns)

Figure 88. Ligands RMSD throughout the simulation. A - Average RMSD (xSD) for all ligands in all systems ("Open —
1HKC structure has only the CTD pocket in the open state); B and C - Examples of ligands RMSD over the simulation
in HK2 (5HFU, B) and HK1 (1HKC, C).

2.3.7. Root mean square fluctuation (RMSF)

The root mean square fluctuation (RMSF) was calculated (using the GROMACS module gmx rmsf) to
observe the residues deviations compared to the initial structures. A summary of the results is shown
in Figure 89. Figure 89-A illustrates the RMSF plots of all systems, showing how dynamic these

systems are. Still, approximately the same pattern is observed for all cases, and generally the residues
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that fluctuate the most are the same, changing, however in different ranges (reddish plots — higher
fluctuations; blueish plots - lower fluctuations). In Figure 89-B the HK1 structure (1HKC) displays the
regions that fluctuate the most in all systems throughout the simulations, showing that regions more
exposed to the solvent are the ones more susceptible to undergo more variations in their positions. As
expected, these include the initial and final helices-a. To understand which systems fluctuate the most,
Figure 89 - C presents the sum of RMSF for each system together with its discrimination for the NTD

and CTD regions.

The system that fluctuates the least is the ligand-free open structure of HK2 (5HFU). Conversely, the
system that shows higher RMSF residue fluctuations is the system composed equally by cmpd 33-
bound 5HFU (“cmpd 33” is the inhibitor with higher selectivity for HK2, displaying an HK1 ICs0 = 5 uM
and HK2 ICso = 25 nM) (Figure 89 - A). Interestingly, in the presence of this compound, 1HKC
experiments the smallest overall variation (Figure 89 - B). The presence of other inhibitors (“cmpd 27”
and “cmpd 30”) and crystallographic ligands did not markedly affect residue fluctuation relative to the
ligand-free protein structures.

A 12.04 B
10.0
g 8.0
L 6.0
=
x 4.0
2.0
0.0 ; ; , r
0 200 400 600 800
C Residue

Isozyme State Ligand PDBID  Sum of RMSF (nm) Sum of RMSF NTD  Sum of RMSF CTD

HK2 Open “Cmpd 33" 5HFU 406 215 191
HK1 Closed - 4F90 360 175 185
HK1 Closed Cryst.! 4F90 301 148 153
HK1 Open? - 1HKC 288 157 132
HK1 Open? “Cmpd 30" 1HKC 286 150 136
HK1 Open? “Cmpd 27" 1HKC 267 139 128
HK2 Closed - 2NZT 261 1 120
HK2 Closed Cryst.! 2NZT 254 131 123
HK1 Open? Cryst.! 1HKC 240 118 122
HK1 Open? “Cmpd 33" 1HKC 220 121 99
HK2 Open “Cmpd 30" SHFU 213 116 99
HK2 Open “Cmpd 27 SHFU 207 107 100
HK2 Open - SHFU 175 83 92
Sum of total RMSF 1801 1678

Figure 89. RMSF of each residue for all the systems in study. A - RMSF plot of all systems together,
showing that differences occur in the same residues but in different ranges; B - Red regions in the
structure of HK1 (PDBID: 1HKC) indicate the most affected residues throughout all simulations. The
open state of the CTD pocket is also visible; C — The table indicates the sum of total, NTD and CTD
RMSF’s for each system. ' Cryst. — Crystallographic ligands; 2 Open — 1HKC structure has only the CTD
pocket in the open state; 3 "Cmpd 27" - “cmpd 27" is the crystallographic liganf of 5SHFU.
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NTD is the domain that presents higher residue oscillations (Figure 90- C). For instance, Figure 90-C
shows the RMSF plots of 1HKC and 5HFU, evidencing a slightly higher fluctuation on NTD. The region
449-479 corresponds to the linker helix-a13 (linker between NTD and CTD), whose variation in the 1HKC
system stands out. Structure 1HKC originally displays an endogenous ligand in the NTD pocket,
presenting a closed conformation in this domain. This result indicates that, in solution without ligands,
HK2 tends to display a more open conformation. A considerable higher fluctuation appears on the
region composed by residues 740-826, part of the CTD large subdomain (Figure 91). The fluctuation
of this region in HK1 and HK2 in presence of “cmpd33” stands out (more dramatically in HK2) since it
does not match the fluctuation pattern observed for the same region of the systems without ligands.
Interestingly, the large subdomain was previously described as a rigid region comparing with other
regions such as the small subdomain (non-rigid) that should be the one which fluctuates the most
[74,75,83] (cf chapter I, section 2.2.). However, the small subdomain region fluctuation’s pattern does
not change substantially from the systems without any ligand, despite the general increase in the

fluctuation of all regions in HK2 with “cmpd 33” (Figure 90 — A and B).

The closed structure of HK1 (4F90) seems to behave differently and CTD residues seems to fluctuate
more in comparison with the CTD of the HK2 closed structure (Figure 90- D), and this starts right at the

beginning of helix-a1s.

121 5HFU 121 — 1HKC

104 — 5HFU_"cmpd 33" 10 1HKC_"cmpd 33"
z 3 z ¥
G 5 G 5
= =
o 4 o 4

24 24

0 T T T T 0 T T T T

0 200 400 600 800 0 200 400 600 800
Residue Residue

127 P — 1HKC 121 : — 4F90

10 D 5HFU 10 : 2NZT
z ¥ z 8
% 6 % 6
= =
o 4 o 44

24 24

0 T —i—t T T 0 T —t T T

0 200 400 449-479 600 800 0 200 400 449 600 800
Residue Residue

Figure 90. Most relevant RMSF differences among the systems in study. A - RMSF plots of the lowest and highest
fluctuation patterns of all systems, 5HFU (light salmon) and 5HFU + “cmpd33” (red), respectively; B - RMSF plots
of THKC (green) and 1THKC + “cmpd 33” (light green). C - RMSF plots of open state HK2 (5HFU -light salmon) and
HK1(1HKC - green); 449-479 indicates de region of the linker helix-a1s. D - RMSF plots of closed state HK1 (4F90
- blue) and HK2 (2NZT- orange).
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% Res740-Res826

.Small Subdomain

Figure 91. Structure of HK1 (PDBID: 1HKC) with region Res740-Res826 depicted (cyan), corresponding to
the majority of the large subdomain of CTD. The small subdomain at highlighted in yellow.

2.3.8. Ligands’ solvent-accessible surface area (SASA)

The solvent-accessible surface area (SASA) of ligands was calculated (using the GROMACS module
gmx sasa) in order to understand how the contact with solvent changes overtime, and consequently
how the structure embraces the ligand and closes the conformation. The amplitude of SASA does not
seem to change considerably throughout the simulation for both endogenous ligands and inhibitors,
independently of the pocket. When normalized by the number of heavy atoms, endogenous ligands’
SASA is even higher than inhibitors’ SASA (Figure 92- A), which does not agree with the closed state
of the protein when bound to glucose and open state in presence of inhibitors. Differences between
glucose and G6P in the different pockets and systems (4F90, 2NZT and 1HKC-glucose only) were
found to be insignificant. Except for “cmpd 27" and “cmpd 33” in 5HFU systems, no significant

differences were found between ligands/inhibitors in different pockets.

The statistical difference between “cmpd 27 SASA distribution in the two pockets of 5SHFU was verified,
however, when the plot is analyzed (Figure 92- B) it is confirmed that after ~60 ns both molecules
converge to a similar SASA until the end of the simulation.

Regarding the difference between “cmpd 33” in the different pockets, it might be significant, since this
statistical difference is also verified between the two CTDs with “cmpd 33” of 1HKC and 5HFU. In Figure
92 - C the plot of “cmpd 33” SASA for NTD and CTD pockets in 5SHFU and 1HKC systems indicates a
consistently higher SASA for CTD “cmpd 33” in the 5SHFU system, which is confirmed by the probability

mass function in Figure 92 — D.
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Figure 92. Main changes in ligands and inhibitors’ SASA. A - Normalized average SASA (+SD) for each ligand/inhibitor in
each pocket. The statistical significance (Kruskal-Wallis test) between the distribution of SASA for relevant comparisons is
depicted. **p < 0.001; ****p < 0.0001. B - Plot of “cmpd 27” SASA throughout the simulation in the NTD and CTD pockets,
for the 5HFU system. C and D - Plot (C) and probability mass function (D) of “cmpd 33” SASA throughout the simulation in
the NTD and CTD pockets, for the 5SHFU and 1HKC systems.

2.3.9. Distance of ligands to the catalytic Asp209/657

The Asp209 residue in the NTD pocket, and its CTD-pocket Asp657 counterpart, have been
demonstrated to be key catalytic residues responsible for the facilitation of the catalysis process of
HK1/2, i.e., the transfer of a phosphate group from ATP to glucose, forming G6P (cf chapter Il, section
2). In the crystallographic structures of HK2 5HFU, SHEX and 5HG1, inhibitors “cmpd 27”, “cmpd 30”
and “cmpd 1” interact with Asp209/657 (Figure 93). In this regard, the distance between the center of
mass of the inhibitors and the center of mass of the Asp residues was measured throughout the

simulations (Figure 94) to find out how the position of the ligands changes towards the catalytic pocket.
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Figure 93. Interaction of synthetic co-crystallized inhibitors with HK2 in the catalytic center (CTD): A — PDBID: 5HEX
with “empd 30” (ICso = 10 nM); B - PDBID: 5HFU with “cmpd 27” (ICs0 = 130 nM); C - PDB:5HG1 with “cmpd 1” (ICso
= 6.3 uM). Hydrogen bonds between the lateral chain of surrounding residues and the inhibitor are depicted in dark
blue.

The distances between inhibitors and Asp209 are similar between HK1 and HK2 in the presence of
‘cmpd 27” and did not change significantly since the initial conformation (Figure 94 — A). Unexpectedly,
the distance that increases the most from the starting of the simulation is the one between 5SHFU Asp657
(CTD) and “cmpd 27", the crystallographic ligand of 5HFU (Figure 94 — B). The distances between
residue Asp209 and “cmpd 30” or “cmpd 33” are much larger in 5HFU than in 1HKC, throughout the
entire simulation (Figure 94 — C and E). The same is valid for the distance between Asp657 and “cmpd
33" (Figure 94 — F); however, with “cmpd 30” the distance between the inhibitor and Asp657 is very

similar and is kept stable until the end of the simulation (Figure 94 — D).
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Figure 94. Distance between the center of mass of residue Asp209/657 and the center of mass of inhibitors “cmpd 27”
(A/B), “cmpd 30” (C/D) and “cmpd 33” (E/F) in systems 1HKC (green) and 5HFU (pink), throughout the simulation.
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2.3.10. Comparing the displacement of helix-ay3

Recently, Ferreira et al. [271] reported that the displacement of the linker helix-a13 impacted the relative
orientation of the NTD and CTD in an HK2 mutant with loss of N-terminal catalytic activity, where a
wider angle between the two domains was found to be the most probable in the MD simulation. Herein
the angle and distance between NTD and CTD were also compared in all systems to verify if the
presence of inhibitors affects the displacement of helix-a13 as well. The angle formed by Ca of Thr389
(NTD), Arg468 (helix-a13) and Ala839 (CTD) was measured throughout the simulation. Table 16 shows
the average angle for each system (£SD). Contrary to what was found previously [271], the average
angles of all systems were kept between 120-130°, with one exception. The closed state of HK2, in the
presence of endogenous ligands, seems to display both domains much closed to each other, presenting
a much lower average angle (95.2°+7.3). The same does not happen with HK1 in the same state
(4F90+ligands), which presents a higher angle (130.4°+8.8) than in the absence of ligands
(118.3°+£11.8).

Apart from 5HFU, generally without any endogenous ligand or in their presence, this angle varies
considerably throughout the simulation as demonstrated by the probability mass function graphs (broad
curves, Figure 95). 5HFU, the open structure of HK2, keeps the probability mass function quite sharp
in absence of ligands and in presence of “cmpd 27”, showing that during the simulation the structure
presents an angle very similar to the average, i.e., stability. The probability mass function for the inhibitor
“‘cmpd 30” in 5HFU is wider, and similar to that with the same compound in 1THKC (HK1). The biggest
difference is associated with the presence of “cmpd 33” in 5SHFU, where the probability mass function
curve is broader, showing instability or higher movement of the structure throughout the simulation in
the presence of this inhibitor. On the contrary, HK1 (1HKC) shows similar curves with the parent system

without ligand.

Regarding the angle, 1THKC tends to show a slightly lower angle than the THKC system without ligands.
In average, the mean Thr389-Arg468-Ala839 angle in 5HFU with inhibitors does not change much from
that of the SHFU system without any ligand.

As expected, the probability mass function distances between Thr389-Ala839 follow the same
distribution pattern for all systems, still, the behavior of 5SHFU and 1HKC seems to be slightly different
in the presence of “cmpd 33", independently of the angle (Figure 96). The distance between the two
residues in the 1HKC system with “cmpd 33" is substantially reduced when compared to the structure
without the inhibitor. On the opposite side, this distance is consistently larger in 5SHFU with “cmpd 33”

relative to the system without ligands.

In conclusion, “cmpd33” seems to destabilize the HK2 structure more prominently than the HK1
structure. This destabilization, as well as the increased distance between NTD and CTD, is in
agreement with the increased angle (Thr389-Arg468-Ala839) found in the MD simulations of Ferreira
et al.(2020) [271] for a non-NTD catalytically active HK2 mutant.
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Table 16. Average Thr389-Arg468-Ala839 angle (°) + SD for each system.

Isozyme State Ligand PDBID Angle 339-468-839 (°)
Closed - 4F90 1183+11.8
Closed Cryst. 4F90 1304+88
Open? - 1HKC 1297 +54
HK1 Open? Cryst." 1HKC 125.9+£6.3
Open? “Cmpd 277 1HKC 1216+44
Open? “Cmpd 30 1HKC 1246 £7.5
Open? “Cmpd 33" 1HKC 125.7£4.0
Closed - 2NZT 125.0+6.4
Closed Cryst.! 2NZT 952+73
o Open - 5HFU 1228+29
Open “Cmpd 2772 5HFU 1197 +3.3
Open “Cmpd 30” 5HFU 1224 +53
Open “Cmpd 33” 5HFU 126.9+9.4

Cryst. — Crystallographic ligands; 20Open — 1HKC structure has only the CTD pocket in the open state; >"Cmpd 27" —
“cmpd 27” is the crystallographic ligand of 5HFU.
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Figure 95. Probability Mass Function of the Thr389-Arg468-Ala839angle throughout the simulation for all
systems, comparing the absence with the presence of different ligands/inhibitors: A - Crystallographic ligands; B
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“Cmpd 307 D -

“Cmpd 33",
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Figure 96. Probability Mass Function of the distance between Res389 and Res839 of systems 1HKC and 5HFU in
absence or in presence of the inhibitor “cmpd33”.

2.3.11. Influence of the 618, K—T “mutation”

In section 2.2, the static analysis of HK1 and HK2 structures suggested the 618,K—T “mutation”
(HK2—HK1) to be a probable player in the selectivity for certain inhibitors. In HK1, Thr618 interacts by
H-bonding with Lys738 effectively closing the catalytic pocket, while in HK2 Lys618 does not interact
with Lys738 (Figure 80). The distance between residue 618 and Lys738 was measured in order to
evaluate the impact of the 618,K—T “mutation” throughout the simulations. Figure 97 shows the
respective probability mass function of this distance for all systems. Together, the information obtained
seems to lead to the conclusion that a different Res618 does not justify the difference of selectivity
among the distinct inhibitors. A pattern could not be identified and the distribution of the distance
between Res618-Lys738 for the most selective inhibitor, “cmpd 33", is almost identical in HK1 and HK2
(Figure 97 - D). Moreover, potent inhibitors of both HK1 and HK2 (“cmpd 27” and “cmpd 30”) tend to
cause different changes in the distance distribution. While “cmpd 27” considerably induced lower
distances between the residues in HK2 and higher distances in HK1 (similar to HK2 without any ligand),
“‘cmpd 30” did not change the distance in HK2 and slightly increased that distance in HK1 (Figure 97 -
B and C).
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Figure 97. Probability mass function for the distance between Res618-Lys738 for all systems. Each plot compares
ligand-free systems with systems displaying crystallographic ligands (A), with inhibitor “cmpd 27” (B), with inhibitor
"empd 30" (C) and with inhibitor "empd 33" (D).

2.3.12. Comparing pocket opening in HK1 and HK2

As previously reported [271], the distance between Cq of Res88 (small subdomain, Ser88 in HK1, Thr88
in HK2) and Thr232 (large subdomain) was used as an indicator of the opening of the NTD pocket.
Likewise, the distance between the corresponding residues in CTD (Thr536 and Thr680) was used to

measure the opening of the CTD active site (Figure 98).

Recalling previous information, the 1THKC crystallographic structure displays an NTD in the closed state,
just like 4F90 and 2NZT, but the CTD presents an open state pocket. SHFU possesses both pockets
in the open state. Throughout the simulation, distances between the residues referred above are the
reflection of these initial structures. The probability mass function of the Res88-Thr232 distance for
2NZT, 4F90, and 1HKC in the presence or absence of crystallographic ligands is very similar, while
5HFU, either in presence or absence of its crystallographic ligand, displays much larger distances for
the same pair of residues (Figure 99 — A). On the CTD pocket, this difference is much smaller. 4F90
and 2NZT present approximately the same distribution throughout the simulation in presence or
absence of crystallographic ligands, whereas 1HKC and 5HFU share a slightly larger Thr536-Thr680
distance. In this pocket, in the presence of the crystallographic ligand (in the NTD), the Thr536-T680
distance in 1HKC is considerably longer than in the ligand-free system (Figure 99 — B). From these

data, it is possible to conclude that the 200 ns simulation
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might not be sufficiently long to observe similar opening of the glucose/G6P pockets, especially in the
NTD case, where 5HFU shows a wider opening of the pocket compared with the other structures and
the CTD pocket. It might be assumed that the opening of the CTD pocket might be limited by any non-

detected constrain.

\ Small
N\ subdomain

Figure 98. Positioning of residues Thr88 and Thr232 on the NTD pocket and Thr536 and Thr680 on the CTD
pocket and respective distances (A), measured between the Ca atoms on the crystallographic structure PDBID:
2NZT [73].
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Figure 99. Probability mass function of the distance between Res88/536 and Thr232/680 in the absence or presence of
crystallographic ligands for the four structures.

Figure 100 shows the probability mass function for Res88-Thr232 and Thr536-Thr680 distances in HK1
(1HKC) and HK2 (5HFU) systems in the absence or presence of inhibitors. In the presence of inhibitors
“‘cmpd 27” and “cmpd 30”, the Res88-Thr232 distance in THKC was kept in the same range than in the
system without ligands. Regarding the inhibitor “cmpd33”, the presence of this molecule increased the

distance in analysis. As for SHFU, the presence of inhibitors led to a smaller most probable distance.
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This decrease in the distance was mostly detected in the presence of “cmpd 30”. With “cmpd 33", the
most probable distances between Res88-Thr232 are closer in the two isozymes, halfway between those
of the systems 1HKC and 5HFU without any ligand (Figure 100).

Considering the distance between Thr536-T680 in 5SHFU, the distribution almost did not change from
the system without ligands. For 1HKC, a slight increase compared with the system without ligands was

found with all inhibitors, more prominent with “cmpd 33”.
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Figure 100. Probability Mass Function of the distance between Res88/536 and Thr232/680 of HK1 (1HKC) and HK2
(5HFU) in the absence and presence of inhibitors “cmpd 27", “cmpd 30”, “cmpd 33”.
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2.3.13. Notes from the trajectory visualization

Upon visualization of the 200 ns trajectories of each simulated system with VMD software, several

tendencies of movement were observed, comparing with the starting structure (Table 17). Opening and

closure movement of the two catalytic pockets is notorious; however it is more prominent or smooth

depending on each system. Supporting the RMSF results, movement of the NTD pocket seems to be

more significant than that of the CTD in the majority of systems.

Table 17. Observations on systems trajectories regarding the position of the ligand, and the behavior of the NTD and

CTD pockets.
Observations
Isozyme  State Ligand PDBID
Ligand NTD pocket CTD pocket
Closed } 4F90 } Leads to a slight opening ofthe | Leads to pocket opening
pocket; and closure.
Does not change its position. Binds
Closed Cryst.! 4F90 | in the cleft between the large and = Does not change significantly; | Closes overtime.
the small subdomain;
Leads to pocket opening and
Open? - THKC - closure; Closes overtime.
Does not change its position
5 ’ significantly; Binds in the cleft — . Leads to pocket opening
Open Cryst. 1HKC between the large and the small Does not change significantly; and closure.
HK1 subdomain;
NTD - Does not change its position.
Stays between the large and the Does not chanae
Open?  “Cmpd 27" 1HKC | small subdomain, CTD - Binds | Leads to pocket opening; considerably g
deeper in the cleft between the ’
large and the small subdomain;
Does not change its position. Stays
Open?  “Cmpd 30" THKC | between the large and the small | Leads to pocket opening; Slightly closes overtime.
subdomain;
Slightly changes its position; Binds
Open?  “Cmpd 33" THKC | in the cleft between the large and | Leads to pocket opening; Closes after 10 ns.
the small subdomain;
} _— Leads to a slight opening of
Closed 2NZT - Leads to pocket opening; the pocket.
Does not change its position. Binds | Opens and then closes; Leads Leads to a slight . f
Closed Cryst! 2NZT | in the cleft between the large and o a slight opening of the ght opening o
- . the pocket.
the small subdomain; pocket;
Open - 5HFU - l;;s:sest;to a slight opening of the Slightly closes overtime
HK2 Changes considerably its position. .
Open  “Cmpd 27"  5HFU Bindsgin the cleft bet\nyeen 1Frjme large tl_heads fo pqcket opening, and Slightly closes overtime
o en closure;
and the small subdomain;
Changes considerably its position; Openinalclosure of the pocket
Open  “Cmpd 30" 5HFU | Binds do both subdomains in both | =P g i p Slightly closes overtime
. is blocked:;
pockets;
Open  “Cmpd 33" SHEU Binds to the large subdomain in Closes overtime: Does not change

both pockets;

considerably.

'Cryst. — Crystallographic ligands; 20Open — 1HKC structure has only the CTD pocket in the open state; **Cmpd 27" — “cmpd 27" is the

crystallographic liganf of SHFU.

Distribution of the Res88-232 (NTD) and Res536-680 (CTD) distance was not indicative of the evolution

of the opening/closure process of the systems. This distance was used to measure the pocket opening

in Ferreira et al. (2020) [271]. However, those residues are placed deep in the cleft between the two

subdomains, and cannot be used to properly describe the movement of the two subdomains. Analysis

of more than one distance in three dimensional systems is required for an accurate description of such

conformational changes. Toward this goal, other distances between residues placed further away from
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the active site were chosen for the analysis, supporting prior observations. In the end, distances
between three residues from the large subdomain (Res232[NTD]/680[CTD], Res286/734, Res335/783)
and three from the small subdomain (Res88/536, Res157/605, Res116/564) of each pocket were
measured throughout the simulation (Figure 101). Figure 102 exemplifies as those distances help to
rationalize certain observations, in this case, relative to 1HKC in presence of “cmpd 33" (green).
Together, distances explored in plots A, B and C, tendentially increase overtime, showing the opening
of the NTD pocket. Regarding the CTD pocket, plots D, E and F show a slight decrease in the distances
analyzed, indicating closure of the pocket. These observations relative to the ligands can be rationalized

using the ligands RMSD previously covered in section 2.3.6. and the protein-ligand interaction

fingerprint (PLIF) further covered in section 2.3.15.

Figure 101. Positioning of residues T536, P605 and Q564 in the small subdomain and T680, L734 and E783 in the
large subdomain of the CTD pocket, and respective distances (A, in red), measured between Ca in the CTD pocket
of the crystallographic structure PDBID: 2NZT [73].

In general, the NTD of HK1 in the presence of inhibitors opens or keeps approximately the same
opening throughout the simulation, while in HK2 this pocket closes (Figure 102 — pink). Interestingly,
despite of the decrease pocket width, in presence of inhibitors “cmpd 27” and “cmpd 30”, the pocket of
HK2 (5HFU) is slightly wider or in the same range of HK1 (1HKC), while in presence of “cmpd 33” 5HFU

the trend is to have a pocket much closed than the presented by 1HKC.

The HK2 CTD pocket usually did not change its amplitude considerably (Figure 102 — pink). However,
prior measurements, such as RMSD calculations, indicate a large change in the CTD pocket in 5SHFU
with “cmpd 33”. Careful observation of the CTD (large and small subdomains) indicates that the
presence of the inhibitor in different conformations (Figure 103) greatly impacts the overall structure,
without having a significant impact in the pocket opening. In fact, a backbone torsion seems to be
induced that might destabilize the entire protein structure. This torsion does not occur in the HK1 system

or with any other inhibitor. The NTD pocket is not as deeply affected, since the inhibitor binds differently

184



VI - Structural comparison between HK1 and HK2: a Molecular Dynamics approach to investigate

potential drug selectivity

and does not cause the same distortion. Figure 104 compares the initial structure and the conformation

obtained after the 200 ns simulation and shows the distortion caused in the structure without a

significant change in the opening amplitude of the pocket
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Figure 102. Plots of distances between key residues in NTD (A, B and C) and CTD (D, E, F) pockets of HK1
(PDBID: 1HKC, green) and HK2 (PDBID:5HFU, pink) in presence of “‘cmpd 33” throughout the simulation time.
Distance was measured between Ser88 and Thr232 (A), Glu116 and Asn335 (B), Pro157 and Leu 286 (C),
Thr536 and Thr680 (D), lle564 and Glu 768 (E) and Pro605-Leu734 (F).
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Figure 103. Positioning of the inhibitor “cmpd 33” in the NTD and CTD pockets of HK2 at 0 ns (initial

position) (A) and at 200 ns (end of simulation) (B) (system 5HFU + “cmpd 33”). While “cmpd 33” in

the NTD pocket aligns the hydrophobic moiety with the helix of the large subdomain, the CTD

hydrophobic moiety of “cmpd 33” goes more deeply into the pocket in direction of the small
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Figure 104. Initial structure at 0 ns (A) and the distortion caused by “cmpd 33” after 200 ns of simulation in the
CTD pocket of HK2 (system 5HFU + “cmpd 33”) (B). The distance between GIn564 and Glu783 does not change
significantly, but the subdomain is globally affected.

2.3.14. Principal component analysis

Principal component analysis (PCA) was performed (using the GROMACS modules gmx covar and
gmx anaeig) to determine the variance among the set of conformations generated throughout the
simulation. Scatter plots of eigenvector 1 vs. eigenvector 2 projections show the configuration space

explored in the simulation defined by the selected set of modes.

Figure 105 A and B present the PCA for the systems involving HK1 (1HKC) and HK2 (5HFU),
respectively. Overall, HK1 conformations seem to be more closely related to each other, since highly
correlated conformations cluster together. The same is true for HK2 without any ligand and with “cmpd
27” and “cmpd 30”. However, projecting data points for “cmpd 33” are spread all over the plot, indicating
that this structure is highly affected and different conformations are found throughout the simulation.

This is in agreement with the previous findings in this MD study.
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Figure 105. PCA of simulations with HK1 (1HKC) (A) and HK2 systems (5HFU) (B).
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Figure 106 specifically shows the PCA for 5HFU alone (A) and 5HFU with “cmpd 33” (B) to evince the
differences. The MD trajectory seems to sample multiple states of the protein and approximately 3
clusters can be defined (C1, C2 and C3), which agrees with the number of clusters found using an
cutoff an RMSD of 0.4 nm as cutoff (section 2.3.5).

Interestingly, HK1 with cmpd 33 also behaved differently from HK1 alone (Figure 106 - C and D). Two
defined clusters (C1 and C2) were found with “cmpd 33” (C), suggesting that the MD trajectory sampled

two states of the protein, although C2 seems to be more populated.
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Figure 106. PCA of simulations with: SHFU alone (A), SHFU with “cmpd33” (B), THKC afgne (C) and 1HKC with
“cmpd 33” (D) systems. c1

The RMSF derived from the covariance analysis allowed the identification of the regions responsible
for the majority of changes in the protein conformations. In Figure 107, most changing regions of HK1,
when in the presence of “cmpd 33", are placed in the large subdomain of the NTD. Not unexpectedly,
the most affected region is the N-terminal helix, one end of the protein. On the other hand, changes in
HK2 when in presence of “cmpd 33” were more evenly distributed, but with more weight on the CTD
part (Figure 108). These results confirm that the residues that fluctuate the most are not in the catalytic
pocket itself but rather in its vicinity, and that no changes in the pocket opening were observed. More

exact causes for this destabilization should be further investigated.
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Figure 107. Structure of HK1 (1HKC) colored according to the PCA-derived RMSF. Blue means low RMSF and red/pink
represents high RMSF. Regions with high RMSF are defined with the starting and ending residue: GIn15-Tyr25; Leu
270-Pro288; Leu310-Thr330; Asn345-Val371.
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Glu699
-

_—— =

Figure 108. Structure of HK2 (5HFU) colored according to the PCA-derived RMSF. Blue means low RMSF and
red/pink represents high RMSF regions. Regions with high RMSF are defined with the starting and ending

residue (e.g.: Asp17-Thr35).
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2.3.15. Protein-ligand interaction fingerprints (PLIFs) over time

Protein-ligand interaction fingerprints (PLIFs) were determined throughout the simulation [272] for the
three inhibitors “cmpd 27”, “cmpd 30 and cmpd 33” in both HK1 and HK2, in the NTD and CTD. In this
section the most common interactions with each ligand in each domain are compared, with greater
focus on the “cmpd33” interactions in both isozymes. Complete PLIF plots (0-200 ns) for each system

are shown on annex 5.

2.3.151. “Cmpd27”
HK1

During the simulation, HK1 NTD interacted more frequently with “cmpd 27” through residues Lys173
(salt bridge, H-bond), Arg174 (H-bond, hydrophobic, salt bridge), Asp209 (H-bond, hydrophobic), 1le229
(hydrophobic), Gly231 (H-bond), Thr232 (H-bond), Gly233 (H-bond), Thr234 (H-bond), Asn235 (H-
bond), and Glu260 (H-bond, hydrophobic).

In the CTD, the most common contacts of “cmpd 27” were with residues Leu512 (hydrophobic), Cys606
(H-bond), Asn656 (H-bond), Asp657 (H-bond, hydrophobic), 1le677 (hydrophobic), and Glu708 (H-
bond).

In common, NTD and CTD contacted with “cmpd 27” very often through Glu260/708, 11€229/677 and
Asp209/Asp657.

HK2

In the NTD “cmpd27” interacted mostly with residues Leu64 (hydrophobic, H-bond), Pro65
(hydrophobic, H-bond), Ser155 (H-bond), Phe156 (H-bond), Cys158 (H-bond), Thr172 (H-bond),
Lys173 (H-bond, salt bridge, m-cation), Asn208 (H-bond), Asp209 (H-bond), Thr210 (H-bond,
hydrophobic), Asn235 (H-bond, hydrophobic), Val248 (hydrophobic), and Asn258 (hydrophobic).

The CTD residues that interacted most with “cmpd27” were Pro508 (hydrophobic, H-bond), Lys510 (H-
bond, T-cation, hydrophobic), Cys606 (H-bond), GIn607 (H-bond, hydrophobic), GIn608 (H-bond,
hydrophobic), Lys621 (H-bond), Asn656 (H-bond, hydrophobic), Asn683 (H-bond), Glu708 (H-bond),
and GIn739 (H-bond).

The common interactions found in both NTD and CTD were through residues Cys158/606,
Lys173/Lys621, Asn208/656, and Asn235/683, suggesting a similar binding mode in the two domains.
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HK1 and HK2 with “cmpd 27”

During the simulations, none of the residues that interacted with “cmpd27” were the same in the two
isozymes HK1 and HK2 in both domains. However, Lys173 and Asn235 of both isozymes maintained
contact with “cmpd27” in the NTD, as did residues Cys606, Asn656 and Glu708 in the CTD.

2.3.15.2. “Cmpd30”
HK1

In the NTD the most frequent interactions occurred with residues Asp84 (H-bond), Arg91 (H-bond, -
cation, salt bridge), Ser155 (H-bond), Lys173 (H-bond, salt bridge, 11-cation), Asn208 (H-bond), Asp209
(H-bond), Thr210 (hydrophobic), 1e229 (hydrophobic), Asn235 (H-bond, hydrophobic), Asp413 (H-
bond), Gly414 (H-bond), Lys418 (H-bond, salt bridge), and Ser449 (H-bond).

“Cmpd 30” interactions were very consistent from the beginning until the end of the simulation in both
NTD and CTD.

In the CTD, the most common contacts occurred with residues Lys510 (hydrophobic), Leu512
(hydrophobic), Ser603 (H-bond), Pro605 (hydrophobic), Cys606 (H-bond), lle617 (hydrophobic),
Lys621 (H-bond, salt bridge), Asn656 (H-bond), Asp657 (H-bond), Thr658 (H-bond), lle677
(hydrophobic), Thr680 (H-bond), Asn683 (H-bond), Asn706 (H-bond), Glu708 (H-bond, hydrophobic)
and Thr863 (H-bond).

Several contacts were found in both domains (Ser155/630, Lys173/621, Asn208/656, Asp209/657,
Thr210/658, 11e229/677 and Asn235/683), indicating a similar binding mode in the two domains.

HK2

When compared with the CTD, fewer consistent interactions between “cmpd30” and HK2 were found
in the NTD: Lys173 (H-bond, hydrophobic), Phe175 (hydrophobic, -stacking), Met302 (H-bond),
Gly303 (H-bond), Glu304 (H-bond, salt bridge) and Arg333 (H-bond, Tr-cation, salt bridge).

In the CTD, main interactions between “cmpd30” and HK2 are mediated by residuesPhe602 (H-bond,
hydrophobic), Ser603 (H-bond), Lys621 (H-bond, hydrophobic, salt bridge, 1r-cation), Asn656 (H-bond,
hydrophobic), Asn683 (H-bond), Asn706 (H-bond), Glu708 (H-bond), Ser733 (H-bond), Leu734 (H-
bond), Asn735 (H-bond) and GIn739 (H-bond).

Except for Lys173/621, none of the interacting residues interacting with toward “cmpd 30”, in one

domain matched with the other.
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HK1 and HK2 with “cmpd 30”

Throughout the simulations, Lys173/621 was the only residue that interacted with the two isozymes in
the two domains. Other residues interacted with “cmpd30” in both isozymes in the CTD (Ser603,
Asn706 and Glu708) but not in the NTD.

2.3.15.3. ‘Cmpd33”
HK1 - NTD

At the beginning of the simulation “cmpd 33” interacted with residues Asp84, Ser88, Arg91, Asp209,
lle229, Thr232, Asp413, Gly414, Ser415, Lys418 and Ser449. At 200 ns, “cmpd 33" maintained the
contact with Asp209, Gly414 and Ser415, besides new contacts with Leu64, Lys173, Arg 174, Thr232,
Gly233, Asn235 and Glu260.

In summary, the most common interactions throughout the simulation were to residues Asn208
(hydrophobic), Asp209 (H-bond, hydrophobic), Thr232 (H-bond), Gly233 (H-Bond), Asn235
(hydrophobic), Asp413 (H-bond, salt bridge), Gly414 (H-bond), and Lys418 (H-bond, hydrophobic, 1-

cation interaction).

Some contacts were lost throughout the simulation (Leu93, Arg91, Ser88, Pro157, Thr172, 1le230,
Ser449, and others were formed (Leu64, Asn208, Asn258, Glu260).

HK1- CTD

Many interactions with “cmpd 33” were formed after the first nanoseconds. At 0 ns, “cmpd 33" had
contact with GIn608, Val654, Asn656, Gly681, Ser682, Asn683, Glu708, GIn739 and Glu742. By the
end of the simulation interactions with GIn608, Asn656, Asn683 and Glu708 were kept, and contacts
with Thr620, Lys621, Asp657, Thr658, Thr661, Asn706, Asp861, Gly862 and Thr863 were formed.

The most common and consistent interactions were found with Leu512 (hydrophobic), Phe602
(hydrophobic), Ser603 (H-bond), Pro605 (hydrophobic), GIn608 (hydrophobic), Thr620 (H-bond),
Lys621 (H-bond, Tm-cation interaction), Val654 (hydrophobic), Asn656 (hydrophobic), Asp657
(hydrophobic, H-bond, salt bridge), Thr658 (hydrophobic), Thr661(hydrophobic), Asn683 (H-bond),
Asn706 (H-bond, hydrophobic), Glu708 (H-bond, halogen bond), Asp861 (H-bond), Gly862 (H-bond),
Thr863 (H-bond, hydrophobic).

HK1 - “cmpd33” key results:

Interactions in the CTD were more consistent throughout the simulation, with many residues maintaining

the contact with the inhibitor when compared with the NTD.
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Regarding the most frequent contacts, “cmpd33” interacted with 6 common residues in both NTD and
CTD (Lys173/621, Asn208/656, Asp209/657, Asn235/683, Asp413/861, Gly414/862), revealing similar

contacts in both domains.

HK2 - NTD

At the beginning of the simulations “cmpd 33” interacted with lle281, Gly299, Tyr301, Gly303, Glu304,
Glu335, Thr336, Lys337, Val416 and Lys419. At 200 ns, interactions with residues Glu304 (halogen
bond), Glu335, Lys337, Val416 were maintained, while interactions with Ser415 and Thr232 arose.

The most consistent interactions between “cmpd 33” and HK2 are through the residue Thr232 (H-bond,
hydrophobic), Glu304 (salt bridge), Glu335 (H-bond, hydrophobic, salt bridge), Thr336 (H-bond,
hydrophobic), Lys337 (H-bond, hydrophobic, salt bridge), Ser415 (H-bond), Val416 (hydrophobic) and
Lys419 (hydrophobic).

Interaction with Gly299 was found very often at the start, however this contact was lost after 56 ns of

simulation.

HK2 - CTD

At 0 ns, “cmpd 33” interacted with Thr784 (hydrophobic), Glu783 (hydrophobic), Tyr749 (H-bond),
Met748 (H-bond), Asn683 (hydrophobic), Thr680 (hydrophobic) and lle677 (hydrophobic). By the end
of the simulation (200ns), interactions with Thr784, Tyrd79 and Met748 were kept and new interactions
with Lys621 (hydrophobic, H-bond), Glu742 (salt bridge) and Ser746 (H-bond).

In the C-terminal domain the most common interactions throughout the simulation were through Thr620
(hydrophobic), Lys621 (hydrophobic, H-bond, tr-cation), Glu742 (hydrophobic, H-bond, salt bridge),
Met748 (H-bond), Tyr749 (H-bond), Glu783 (hydrophobic, salt bridge) and Thr784 (hydrophobic, H-
bond).

Some interactions were significantly different in the last 50 ns of simulation (151-200) compared to the
first 50 ns. For instance, Thr863, which did not sustainably participate in any interaction throughout the
first nanoseconds of simulation, interacted via H-bond in almost every nanosecond of the last 50
(41/50). Moreover, “cmpd 33” only started to interact with Ala711 (hydrophobic) in the last 80 ns.

By contrast, interaction with Thr620 (hydrophobic), although frequent in three fourths of the simulation,
only occurred in 10 of the 50 last nanoseconds. Also, contact with Pro605 which appeared often in the

first 50 ns, was lost throughout the simulation.

Interestingly, some hydrophobic interactions were found mostly from 40 to 110 ns and then lost (Thr680,
Leu787, Leu864).
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HK2 - “cmpd33” key results:

“Cmpd 33” was not found to interact with key residues for catalysis Asp209 or Asp 657 at any time.
Throughout the simulation, only two residues commonly interact with “cmpd 33” in both NTD and CTD
(Glu335/783; Thr336/784); however, those interactions were not with the same moieties. In the NTD
Thr336 is facing the glucose ring and Glu335 is closer to the biphenyl moiety. In the CTD the portion

facing those residues is the phenyl substituent.

In agreement with the visual inspection of the simulation, the remaining interactions in NTD are mostly
with residues of the large subdomain (Ser415, Val416, Lys419), while most interactions of “cmpd 33”

in the CTD occurred with residues of the cleft in the opposite side of the domain.

HK1 and HK2 with “cmpd 33”

None of the most frequent contacts were found in both HK1 and HK2 in both domains, however regular
contact with Lys173/621 occurred in the CTD of both HK1 and HK2 and in the NTD of HK1. Thr232 had
contact with both HK1 and HK2 in the NTD, but not with the corresponding residue in the CTD (Thr680).
On the other hand, contact with Thr620 and Lys621 was frequent in both HK1 and HK2 but not with the
corresponding residue (Thr172 and Lys173) in NTD.

In summary, despite the initial spatial position being similar (molecular docking conditions to obtain the
initial position had the same center [Glu742] and volume for the conformation search [15 A]), “cmpd 33”
interacts with quite different residues in both enzymes. Moreover “cmpd 33” interacted with residues

substantially different in each domain of HK2.

2.3.15.4. General key messages
As anticipated, most interactions occurred via H-bonding or salt bridge, although hydrophobic contacts

were also observed.

The PLIF plots analysis indicated Lys173/621 as a key residue for the inhibition with all three test
compounds in both enzymes (exception systems: HK2 NTD-2 “cmpd33” and HK1 CTD-“cmpd27”).

Asn208/656 and Asp209/Asp657 are suggested as key residues for the inhibition of HK1 and HK2 by
“‘ecmpd 30" and “cmpd 27” and for HK1 by “cmpd33”. Interestingly, these residues did not contact with
“‘ecmpd 33” in both domains in any of the 200 ns of simulation. The same was found for Asn235/683. In
the CTD, contact of Glu708 with “cmpd 33” in HK2 was not frequent, but it was the main common
interaction for the remaining systems (HK1- “cmpd33”, HK1 and HK2 with both “cmpd 30” and “cmpd
27” in both isozymes). Accordingly, these residues were already known to perform crucial interactions

with glucose or G6P (vide supra Figure 20, Section 2.1, Chapter IlI).
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As described above, two residues were shown to maintain contact with “cmpd 33” only in HK2 in both
domains, including Glu335/783 that interacts with “cmpd 33” mostly via salt bridge. Noteworthy, in HK1
NTD the residue with opposite charge (at pH7.4) Arg335 is in place of Glu335. This change might affect

the way the molecule interacts with the isozyme.

Sustained interactions with Asn335/Gly335/783 and Thr336/784 were not found in any of the other
systems, neither were the ones previously found to interact with glucose or G6P (vide supra Figure 20,
Section 2.1, Chapter lll).

3. Conclusions

Static structural analysis and recent studies in the field [73,271] gave important insights about the
resemblances and differences between HK1 and HK2. However, the few structural differences found
did not indicate strong potential to be responsible for the changes in the activity of the two isozymes in
presence of certain inhibitors. As MD has the potential to predict the behavior of enzymes in aqueous

medium, MD studies were expected to give more information.

From the data here analyzed, HK1 and HK2, especially HK2 (5HFU), are mostly affected by “cmpd 33”.
This compound is the most selective inhibitor towards HK2 and it seems to deeply affect the structure
as RMSD, RMSF and PCA indicate (section 2.3.3, 2.3.7., 2.3.14), more prominently in the CTD. This
is shown not only by CTD RMSD but also in the significative increase of “cmpd 33” SASA.

Residue 618, a Thr in HK1 but a Lys in HK2, was suspected to have a role in the difference between
HK1 and HK2 activity. This was analyzed during the simulation, and although the results were not

conclusive, this “mutation” dose not seem likely to cause the difference.

Analysis of PLIF plots revealed that interactions of “cmpd 33” with Gly335/783 and Thr336/784 were
exclusive to HK2 and no contact was made with the key residue Asp209/Asp657 which might indicate

a unique inhibition mechanism driven by “cmpd33”, that should be explored.

Other simulations with “cmpd 33” using different starting systems (different protein structure or different
docking poses) should be performed to understand if the drastic change in the structure was an artifact
or if indeed the inhibitor is able to deeply affect the structure of the protein. Once the effect of “cmpd

33" is confirmed, the mentioned destabilization should be investigated.
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4. Experimental Section

4.1. Structural analysis

Structure analysis, comparison studies and distance measurements were performed with Molecular
Operating Environment 2016 (MOE2016) [232] software. Three-dimensional structures of HKs PDBID:
4F90 [72], 2NZT [73], SHEX [43], 1BG3 [74], 1BDG [74], 3B8A [75], 4QS7 [76] were downloaded from
Protein Data Bank (PDB) [78]. Global structures, catalytic pockets (or binding pocket for N-terminal
pocket of HK1) were compared, as well as “neighbouring residues”. The catalytic pocket comprehends
all the residues containing at least one atom within 4.5 A of glucose and G6P atoms; any residue
containing at least one atom within 4.5 A of any atom of the catalytic pocket is considered a “near
residue”. For the analyses, measurements, alignments and superpositions, water was removed and
only chain A was considered for all structures. Metal ions as Na*, Mg?* and K* were removed, since
they did not seem to interact with the catalytic pocket. Root mean square deviations (RMSDs) were

calculated according to the deviation of Ca atoms.

4.2. Molecular Dynamics Simulations

As for structural analysis, three-dimensional structures of HKs PDBID: 4F90 [72], 2NZT [73], 5HFU
[43], 1HKC [84] were downloaded from Protein Data Bank (PDB) [78] and corrected using MOE2016
[232] software. Structure clashes, inconsistencies and residue naming issues were resolved, and
protonation at pH 7.4 was performed. Protein and residue charges (300 K, pH 7.4) were recorded.
Structures of exogenous ligands for each system were obtained from the first ranking result of molecular
docking using GOLD 5.2 software according to the settings described in chapter lll, section 4.2. Ligand
topologies were generated using Automated Topology Builder (ATB) [273]. The MD GROMACS
v2016.4 package was used for the steps of MD simulation preparation, running and analysis, unless
mentioned otherwise. After generating .gro files containing the atomic system, octahedral boxes large
enough to avoid interaction with its periodic image were created and systems were solvated following
a simple point charge (SPC) water model. Charge neutralization (using the necessary number of Na*
ions) and energy minimization (1000 steps steepest descent algorithm) to remove the unreasonable
atomic contacts and stereochemical conflicts) were performed before a 1 ns temperature equilibration
under the canonical ensemble (NVT) and a 1 ns pressure equilibration under the isothermal-isobaric
ensemble (NPT) (300 K, 1 atm). MD simulations were carried out at 300 K and 1 atm., using the
GROMOS 54A7 force field [274] for 200 ns. A cut-off of 1.0 nm was used to compute the short-range
electrostatic and van der Waals interactions. The Particle Mesh Ewald method [275,276] was used to

calculate the long-range electrostatic interactions.

After rotation removal, translation removal, and recentering, results (structures and trajectories) were

visualized using Visual Molecular Dynamics (VMD) software [277]. PLIF plots were obtained from the
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PDB simulation files with 201 snapshots (corresponding to the 200 ns of simulation + initial structure)
using the Python module protein—ligand interaction profiler (PLIP) [272]. The PLIP parameters and
considered interactions (hydrophobic, Tr-stacking, 1-cation, H-bonds, halogen bonds, and salt bridges)

were previously described [272].

The Kruskal-Wallis test was performed to evaluate the statistical significance of the differences between
distributions (probability mass functions; Figure 92) using GraphPad Prism® 6.0 (GraphPad Software
Inc., La Jolla, CA, USA).
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1. Translation of HK2 inhibition to therapeutics

Inhibition of HK2 by itself is expected to not be enough to produce a full therapeutic effect, and
combination therapy with other agents as part of a targeted therapy strategy is the most likely scenario
for the use of HK2 inhibitors.

Advances in cancer research allowed the development of several therapeutical strategies in recent
years, such as cell therapy or molecular targeted therapy. At present, more personalized targeted
therapeutic options, according to specific features of the disease (e.g., metabolic profile, affected
tissues, or stage) have yet to meet their full potential, both in terms of intrinsic efficacy and cost-benefit
considerations [278]. Molecular targeted therapy works by inhibiting specific biomolecular entities that
are essential for cancer progression and particularly expressed in the cancer cells of interest. This
implies genome sequencing of patient cancer cells for biomarker determination [279], to be as specific
as possible. Moreover, achievement of better diagnosis and follow-up procedures are thus fundamental
approaches towards faster, more cost-effective, and successful therapeutic options. With the view to
overcome cancer cells resistance, which is the greatest challenge for an effective cancer treatment,
combination therapy involving targeted therapy and chemotherapy or radiotherapy is seen as the most
promising strategy [7,8]. In this regard, targeted therapy envisioned to block specific pathways in cancer

metabolism is a potentially safe and efficient strategy [10].

As previously mentioned, HK2 has been shown to be a consistent biomarker in several cancers, whose
many reports have arisen recently. If efficient HK2 inhibitors were found, probably many patients would
benefit from targeted therapy. Unfortunately, eligibility for targeted therapy is still very low (~15% of US
patients in 2018 [280]). Thus, contributing to the enlargement of the pool of targetable biomarkers will
enhance the coverage of more patients with this therapeutic strategic, thereby increasing the rates of

success [279].

2. Alternative strategies

Finding novel HK2 inhibitors was the major goal driving this research project. Many obstacles were
anticipated, including the poor druggability of the target and the selectivity issues against the
desired isozyme. A hydrophilic catalytic pocket, extremely flexible, requires a precise balance
between structural features that could improve the binding affinity, along with the potential to
prevent an active conformation of the macromolecule, and others that could maintain adequate
pharmacokinetic properties, namely the permeability across biological membranes. Another, more
unlikely, hypothesis could be the use of known transporters that might facilitate the translocation

of the molecule.
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In this project different paths could be taken. In the next subsections alternative methodologies

and directions are suggested.

2.1. Altematives to the SBVS approach

For a single and fixed conformation to be considered a proper representation of the protein, the
system must be extensively rigid, to correspond perfectly to the “lock-and-key” concept of binding
[281]. The flexibility of the catalytic pocket, which accommodates glucose and ATP, was possibly
one of the biggest barriers to the success of SBVS, a problem that may apply to most kinases. As
a picture of a certain conformation in a certain moment, crystallographic structures and
subsequently molecular docking do not consider the flexibility of entire subdomains that could limit
the binding affinity of potential ligands. In contrast to other SBVS studies reported in the literature
[153,155], instead of the closed conformation of HK2 (PDBID: 2NZT [73]), a more open
conformation (PDBID: 5HFU [43]) was explored in this work and this is likely to have influenced
the results. This difference might be explored in the future, as an attempt to evaluate the
importance of the free space available for docking. Notably, our results showed that known potent
inhibitors do not fit inside the closed state and thus would never have been highly scored.
Moreover, different additional databases might be included. As an example, Dark Chemical Matter
databases would be interesting choices to avoid off-target interactions and increase the novelty on
the hit molecules potentially found [282]. Another approach to improve the results would be the
selection process of PHK2Is. First, filtering databases based on druglike properties could be
applied before the molecular docking. This could save a lot of calculation time; nevertheless, the
parameters used for cutoff must be carefully analyzed to not exclude molecules untimely.
Furthermore, the virtual selection based on the best poses/interactions could be improved using
the knowledge acquired so far to prioritize, for instance, molecules with a central hexose moiety or

another 6-membered ring substituted with H-bond donors/acceptors.

In addition to those alternative strategies, a different SBDD technique might be applied instead of
SBVS, specifically, fragment-based de novo design (FBND). FBND might be applied to guarantee
the interaction with key residues, using different building blocks to achieve new molecules with
potential ability to interfere with HK2 activity. This might increase the specificity of the molecule to

the target.

2.2. Alternative strategies to obtain more promising test compounds

The SBVS strongly indicated that ribose derivatives would be HK2 inhibitors. Thus, because SBVS
showed that all compounds eventually selected for testing were expected to be able to interfere

with HK2 activity to some extent, ribose derivatives were synthesized. The experimental results
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ultimately showed that the effort to synthesize those compounds did not add any value to the set
of PHK2Is already reported. Thus, synthesis efforts directed to improve the potency of molecules
already found to be active would be a better strategy. Preparation of a set of derivatives of a known

potent inhibitor to provide comprehensive SAR data could improve the quality of the overall project.

2.3. Altematives to the biological evaluation approaches

The major aim of the biological evaluation of PHK2ls and known inhibitors was to understand how
these molecules affect the proliferation of cancer cells and confirm their activity against the desired
pathway and macromolecular target. Other approaches than the ones illustrated in Chapter V
might be applied. For instance, if resources were not an issue and HTS could be an option, PHK2Is
could be evaluated directly as glycolytic inhibitors against the different CHO cell lines. In this way,
confirmation of the effect on the desired target and the selectivity against HK2 could be elucidated

simultaneously.

Following the approach chosen for this project, additional studies could be carried out in the future,
such as the calculation of ICso for glycolysis inhibition for different cell lines, in order to measure
properly the effect of PHK2Is. Moreover, improvement of certain methods would lead to more
insightful results. For instance, as previously mentioned, accumulation of labeled G6P in the
metabolomic studies was hard to achieve. To overcome this issue, using labeled 2DG or FDG,
which are metabolized by HKs but not by enzymes in subsequent pathways, might lead to
detectable amounts of labeled phosphate derivatives. This could allow a better perception of the

effect of small molecules on the inhibition of the desired target.

PHK2l 10 has shown an ability to inhibit glycolysis; however, significant inhibition of cell
proliferation during a period of seven days was barely achieved. As the effect on cell proliferation
might not be immediate, treating cells with PHK2I 10 for a longer period (e.g., 2 weeks) could be

a better strategy to evaluate this molecule.

Promising results were found for PHK2Is 6, 7, 10 and 60. Therefore they should be further probed.
To evaluate potential metabolic obstacles to the use of these molecules, metabolism studies are
envisioned. For instance, incubation with human and/or rodent liver S9 fraction (9000g supernatant
of a liver homogenate) associated with MS can provide insights into the metabolic stability of the

compounds and the potential phase 1 and phase 2 metabolic reactions [283].

2.4. Alteratives in the MD study

MD studies can provide important mechanistic insights into biological processes. The NTD pocket of

HK1 has been proven to regulate the enzyme activity. This mechanism could be further explored by
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simulation of HK1 and HK2 isozymes in the presence of ligands in one pocket at a time to investigate
the potential differences in the overall structure. The presence of endogenous molecules might be

included.

Herein, the behavior of HK2 in the presence of the selective inhibitor “cmpd 33” was found to be very
particular; however, the exact mechanism of the change in the structure was not fully understood and
more studies should be carried out, such as the simulation of other docking solutions. Moreover,
simulation of other known inhibitors such “cmpd 34”, one the most selective inhibitors toward HK2, could

provide more insights in the behavior of HK1 and HK2

3. Discussion on the effect of PHK2I 10 and 60 in glycolysis
and their physicochemical and pharmacokinetic
properties

Regarding HK2 inhibition, PHK2I 10 was the most promising compound discovered in this project.
However, several concerns are associated with this molecule. This molecule has a PAINS
substructure related with the azo function, violates 3 out of the 4 components of Lipinski’s rule of
5, has one of the highest TPSA (301 A2) among the compounds selected for study, and contains
two (considered low-risk) free sulfonic acids. Other substructures, such as the 8-aminonaphtol,
can also be a reason for worry related with the reactivity or metabolism of the molecule (Figure
109 —B). Surprisingly, this molecule was able to affect glycolysis without inducing cell death (48h)
or significantly reducing cell proliferation (6 days), showing no signs of toxicity or induction of
differences in cell morphology. Still, a long-term evaluation on cell proliferation is advisable.
Interestingly, a substantial difference in pH between control and PHK2I 10-treated cells (10 uM),
specifically a decreased pH in the extracellular medium, was found, which suggests an unexpected
cellular response to the molecule. This molecule is a dark reddish-brown powder, pink in diluted
solutions, which may be considered an azo dye family member with a structure quite similar to

well-known dyes such as Acid Red 33 and Trypan blue (Figure 110).

PHK2I 60 also showed a meaningful inhibition of glycolysis. However, this molecule displayed a
strong ability to reduce proliferation and increased cell death in cancer and non-cancer cells.
Previously predicted ADMET properties unveiled several problems with this molecule, namely
predicted poor solubility, the presence of a large number of rotatable bonds and, most importantly,

a high-risk ketone with a halogen substituted alpha carbon, available for alkylation.

These molecules were procured willfully, based on their positioning on the HK2 pocket (Figure
109). Moreover, their availability from a free-of-charge source also impacted the decision to acquire
and test PHK2Is 10 and 60.
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Figure 109. Crystallographic pose of “‘cmpd 1” [43] (A) and molecular docking-generated pose of PHK2! 10 (B) and
PHK2I 60 (C) into the HK2 catalytic pocket in 2D (left) and 3D (right).
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Figure 110. Structures of Acid Red 33 and trypan Blue azo dyes.
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4. Concluding remarks

In summary, an SBVS strategy was implemented in this project. After virtual hit selection and biological
evaluation, PHK2Is 6, 7, 10, and 60 were found to inhibit glycolysis in several cell lines. However, the
molecular target of these molecules was not unequivocally confirmed to be HK2, as dubious results
from biochemical tests were obtained. Future work is required to clarify their mechanism of action and
metabolic profile. Derivatives of these molecules might be designed and synthesized in order to obtain

improved activity and drug-like properties.

Up to now, little information was available regarding HK2 targeting. From a medicinal chemistry
perspective, this project allowed starting an exploratory approach to HK2. Structural, biochemical and
biological insights in the field can provide tools to improve the approach followed herein and drive better
decisions to stimulate the development of new potent and selective HK2 inhibitors, with the ability to be

effective in combination therapy for cancer treatment.
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Annex 1. Structures of several glycolytic inhibitors (cf chapter Il, section 1.2).
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Annex 2. List of acquired molecules:

code, structures, molecular docking code, MW and

percentage of rhHK2 inhibition at 10 pM (ADP-Glo™ assay).
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Annex 2. List of acquired molecules: code, structures, molecular docking code, MW and

percentage of rhHK2 inhibition at 10 pM (ADP-Glo™ assay).
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Annex 2. List of acquired molecules:

code, structures, molecular docking code, MW and

percentage of rhHK2 inhibition at 10 pM (ADP-Glo™ assay).

Page 3 of 4

CODE: 12-NCI

rhHK2 inhibition: 27+5%

CODE: 13-NCI

rhHK2 inhibition: 30£12%

CODE:

~ )Y
0:27";?
o O N
;0 HA{O
hHK2 inhibition: 34+7%

r

15-NCI

CODE: 16-NCI

.
o
. /
\_< \ -
; o

o

rhHK2 inhibition: 40+10%

Score: 88 Score: 88 Score: 95 Score: 95
MW: 499.4470 MW: 448.5200 MW: 557.5560 MW: 546.4890
CODE: 17-NCI CODE: 18-NCI CODE: 19-NCI CODE: 20-NCI

Z
OS\/Q%K 0: ’

)
NP

|
rhHK2 inhibition: 42+8%  °

Oy

g a

)\/\/\/\/“T\//

L

rhHK2 inhibition: 35+1%

rhHK2 inhibition: 36+4%

o
HH o

o

w

o

O

rhHK2 inhibition: 43+10%

Score: 95 Score: 95 Score: 88 Score: 88
MW: 688.6500 MW: 546.7140 MW: 529.5900 MW: 422.5300
CODE: 21-NCI CODE: 22-NCI CODE: 23-NCI CODE: 24-NCI

/
HO\

HO HN)\N
Q |
N)Yks
& !
OH

rhHK2 inhibition: 36£4%

T O
Sy

]
o

rhHK2 inhibition: 50£6%

Ho_°
s N o
. o T
/K °
o o HO o

rhHK2 inhibition: 38+5%

CSID/L?\H)@:T"VQ

rhHK2 inhibition: 44+6%

Score: Score: 91 Score: 90 Score: 89
MW: 405.4350 MW: 520.6270 MW: 508.5720 MW: 502.0110
CODE: 26-NCI CODE: 27-NCI CODE: 28-NCI CODE: 29-NCI
1 NZ A o A\
Q ° T, SEVOUUR - YOO
'3q R S [0 ) S| oo

cl

rhHK2 inhibition: 30£8%

rhHK2 inhibition: 33+7%

rhHK2 inhibition: 51+1%

rhHK2 inhibition: 42+11%

Score: 94 Score: 91 Score: 89 Score: 94
MW: 560.2450 MW: 465.5550 MW: 534.7060 MW: 538.5520
CODE: 30-NCI CODE: 31-nci CODE: 32-NCI CODE: 33-NCI
\ PPN e
OY:/ T\lf \©/ O N/m i

<£§<*C>F§:f

rhHK2 inhibition: 47+9%
Score: 95

MW: 648.7250

OH

rhHK2 inhibition: 56£9%
Score: 93

MW: 547.3690

\M N
d s Ny
0

rhHK2 inhibition: 45+5%
Score: 97

MW: 653.7000

rhHK2 inhibition: 39+5%
Score: 90

MW: 488.7180




Annex 2. List of acquired molecules: code, structures, molecular docking code, MW and

percentage of rhHK2 inhibition at 10 pM (ADP-Glo™ assay).

Page 4 of 4

CODE: 34-NCI

rhHK2 inhibition: 52+5%
Score: 93

MW: 456.4950

CODE: 35-NCI

nerrﬂVJj(K/ﬂ:jﬂ\
r

rhHK2 inhibition: 55£2%
Score: 93

MW: 547.6080

CODE: 36-NCI

/ Cl
A

o 0\\

N S;
IO
N

| rhHK2 inhibition: 66+7%
Score: 101

MW: 617.5550

CODE: 37-NCI

S S
KK" S o
: ST

rhHK2 inhibition: 50£3%
Score: 95

MW: 656.4060




Annex 3. Correspondence between code number implemented in Chapter V and the molecule code

defined previously (annex 2, Chapter Ill, Chapter V).

Chapter V Molecule Chapter V Molecule Chapter V Molecule

number code’ number code number code

1 192 22 11-NCI 43 82

2 232 23 27-NClI 44 142
3 "cmpd 25" 24 10-NCI 45 212
4 4-chem 25 12-mol 46 g2

5 36-NClI 26 1-mol 47 222

6 RuGly213 27 3-mol 48 102
7 RuGly223 28 25-mol 49 161

8 3-chem 29 6-mol 50 62

9 5-chem 30 2-mol 51 122
10 3-NCI 31 8-mol 52 182
11 22-NClI 32 5-mol 53 202
12 23-NClI 33 21-mol 54 242
13 35-NClI 34 32-NClI 55 Gly214
14 16-mol 35 8-NCI 56 Gly224
15 17-mol 36 72 57 1-chem
16 20-mol 37 112 58 2-chem
17 21-NClI 38 132 59 2-NCl
18 28-NClI 39 172 60 24-NClI
19 19-NClI 40 37-NCI 61 18-NCI
20 1-NCI a1 5-NCI 62 15-NCI
21 9-NClI 42 13-mol 63 19-NCI

1 Molecule code was defined after molecules aquisition or synthesis; Structures of these molecules are found in annex 3. 2 These
molecules were sintesized, structures are found in chapter IV, section 7.2, schemes 12-32; Structure of “cmpd 25” is found on
chapter 1V, section 7.3, scheme 40. ® These molecules are described on chapter I, where structures are found (section 2.6.3,
figure 32). * These molecules are described on chapter Il as the carbohydrate ligands of molecules RuGly21 and RuGly22
(section 2.6.3, figure 32).
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Annex 5. Protein-ligand interactions fingerprint (PLIF) plots for HK1 and HK2 with “cmpd 277, “cmpd 30” and “cmpd 33” in both N-terminal and C-terminal domain.
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Annex 5. Protein-ligand interactions fingerprint (PLIF) plots for HK1 and HK2 with “cmpd 277, “cmpd 30” and “cmpd 33” in both N-terminal and C-terminal domain.
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Annex 5. Protein-ligand interactions fingerprint (PLIF) plots for HK1 and HK2 with “cmpd 277, “cmpd 30” and “cmpd 33” in both N-terminal and C-terminal domain.

HK2 C27 50 ns

HK2-“cmpd 27” (CTD)

%

O -

>

B REIEE

0

]

o e
= E- T e ETCetaseeEesSE——

Hydrophek

Interaction
Hydrogen
Bonds
pi-Stacking
pi-Cation
Interaction

Salt
Bridges

Halogen

Bonds

Simulation nanoseconds



Annex 5. Protein-ligand interactions fingerprint (PLIF) plots for HK1 and HK2 with “cmpd 277, “cmpd 30” and “cmpd 33” in both N-terminal and C-terminal domain.
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Annex 5. Protein-ligand interactions fingerprint (PLIF) plots for HK1 and HK2 with “cmpd 277, “cmpd 30” and “cmpd 33” in both N-terminal and C-terminal domain.

HK2 €33 50 ns

HK2 €33 51 t0 100 ns

Resiglues

HK2-“cmpd 33” (CTD)

HK2 €33 101 to 150 s

HK2 €33 151 to 201 s

Simulation nanoseconds

Hydrephok
Interacticn
Hydrogen
Bonds
pi-Stacking
pi-Cation
Interaction
Salt
Bridges

Halagen
Bonds



	Chapter I
	Chapter II
	1. Hallmarks of cancer cells: Reprogramming of Energy Metabolism
	1.1. Impaired glycolysis
	1.2. Blocking Glycolytic Steps
	1.3. Blocking multiple pathways
	1.4. Limited success of current glycolytic inhibitors
	1.5. HK2 as a potential target

	2. Hexokinases
	2.1. Roles and distribution of HKs
	2.1.1. HK1-3
	2.1.2. HK4/GCK
	2.1.3. HKDC1

	2.2. Structures
	2.3. Expression of HK2
	2.3.1. HK2 expression in normal cells
	2.3.2. HK2 upregulation in cancer cells
	2.3.3. HK2 downregulation
	2.3.4. HK1 Expression in Cancer Cells

	2.4. HK anti-apoptotic activity
	2.4.1.  HK-VDAC interaction


	3. Available HK2 Inhibitors
	4. Targeting HK2
	4.1. Proof of concept
	4.2. Strengths
	4.3. Limitations
	4.4. Strategy to target HK2


	Chapter III
	1. Overview
	1.1. Insights into the Structure Based Virtual Screening approach
	1.1.1. Molecular Docking

	1.2. Prediction of ADMET properties
	1.3. Biochemical validation of the SBVS
	1.3.1. ADP detection by HPLC
	1.3.2. ADP detection by Luminescence - ADP-GloTM Kinase Assay


	2. Results and discussion
	2.1. Molecular docking protocol design and validation
	2.2. Selection of databases
	2.3. Structure-based virtual screening (SBVS)
	2.4. Prediction of ADMET properties and compounds selection
	2.5. Confirmation of the identity of acquired compounds
	2.6. SBVS validation – Biochemical assays
	2.6.1. ATP/ADP detection by HPLC
	2.6.2. ADP detection by Luminescence - ADP-GloTM Kinase Assay
	2.6.3. Evaluation of ruthenium complexes as HK2 inhibitors


	3. Conclusions
	4. Experimental Section
	4.1. Design of Molecular Docking Protocol
	4.2. Virtual Screening
	4.3. Prediction of ADMET properties
	4.4. Characterization of the acquired molecules
	4.5. Biochemical hexokinase activity assay – ADP-GloTM kinase assay
	4.6. Quantitative determination of ATP and ADP by HPLC


	Chapter IV
	1. Overview
	2. Results and discussion
	2.1. Synthesis of Ribose-derivatives
	2.1.1. Synthesis of the ribose-based core
	2.1.2. Synthesis of derivatives of 5

	2.2. Synthesis of “cmpd 25” (known inhibitor)
	2.3. Biochemical evaluation of the synthesized compounds as HK2 inhibitors

	3. Conclusions
	4. Experimental Section
	4.1. General data for chemicals and instrumentation
	4.2. Synthesis of Ribose-derivatives
	4.2.1. Synthesis of compound 1 (( + β anomers), (3aR,4R,6R,6aR)-6-(hydroxymethyl)-2,2-dimethyltetrahydro-2H-furo[3,4-d][1,3]dioxol-4-ol
	4.2.2. Synthesis of compound 2, ethyl [(3aS,4S,6R,6aR)-6-(hydroxymethyl)-2,2-dimethyltetrahydro-2H-furo[3,4-d][1,3]dioxol-4-yl]acetate
	4.2.3. Synthesis of compound 3, ethyl [(3aS,4S,6R,6aR)-6-{[(methanesulfonyl)oxy]methyl}-2,2-dimethyltetrahydro-2H-furo[3,4-d][1,3]dioxol-4-yl]acetate
	4.2.4. Synthesis of compound 4, ethyl [(3aS,4S,6R,6aR)-6-(azidomethyl)-2,2-dimethyltetrahydro-2H-furo[3,4-d][1,3]dioxol-4-yl]acetate
	4.2.5. Synthesis of compound 5 (a + b), ethyl [(2S,3R,4S,5R)-5-(aminomethyl)-3,4-dihydroxyoxolan-2-yl]acetate + methyl [(2S,3R,4S,5R)-5-(aminomethyl)-3,4-dihydroxyoxolan-2-yl]acetate
	4.2.6. General procedure for the formation of the amide/sulfonamide at C5 (6-11)
	4.2.6.1. Synthesis of compound(s) 6, ethyl/methyl {(2S,3R,4S,5R)-3,4-dihydroxy-5-[(4-(dimethylamino)benzamido)methyl]oxolan-2-yl}acetate
	4.2.6.2. Synthesis of compound(s) 7, ethyl/methyl {(2S,3R,4S,5R)-3,4-dihydroxy-5-[(4-methoxybenzamido)methyl]oxolan-2-yl}acetate
	4.2.6.3. Synthesis of compound(s) 8, ethyl/methyl {(2S,3R,4S,5R)-3,4-dihydroxy-5-[(4-methylbenzamido)methyl]oxolan-2-yl}acetate
	4.2.6.4. Synthesis of compound(s) 9, ethyl/methyl [(2S,3R,4S,5R)-3,4-dihydroxy-5-{[(4-methylbenzene-1-sulfonyl)amino]methyl}oxolan-2-yl]acetate
	4.2.6.5. Synthesis of compond(s) 10, ethyl/methyl [(2S,3R,4S,5R)-5-{[(4-chlorobenzene-1-sulfonyl)amino]methyl}-3,4-dihydroxyoxolan-2-yl]acetate
	4.2.6.6. Synthesis of compound(s) 11 ethyl/methyl [(2S,3R,4S,5R)-5-{[(2,3-dichlorobenzene-1-sulfonyl)amino]methyl}-3,4-dihydroxyoxolan-2-yl]acetate

	4.2.7. General procedure for the hydrolysis of esters (6-11) to the corresponding carboxylic acids (12-17)
	4.2.7.1. Synthesis of compound 12, [(2S,3R,4S,5R)-3,4-dihydroxy-5-({[4-(dimethylamino)benzamido]}methyl)oxolan-2-yl]acetic acid
	4.2.7.2. Synthesis of compound 13, {(2S,3R,4S,5R)-3,4-dihydroxy-5-[(4-methoxybenzamido)methyl]oxolan-2-yl}acetic acid
	4.2.7.3. Synthesis of compound 14, {(2S,3R,4S,5R)-3,4-dihydroxy-5-[(4-methylbenzamido)methyl]oxolan-2-yl}acetic acid
	4.2.7.4. Synthesis of compound 15, [(2S,3R,4S,5R)-3,4-dihydroxy-5-{[(4-methylbenzene-1-sulfonyl)amino]methyl}oxolan-2-yl]acetic acid
	4.2.7.5. Synthesis of compound 16, [(2S,3R,4S,5R)-5-{[(4-chlorobenzene-1-sulfonyl)amino]methyl}-3,4-dihydroxyoxolan-2-yl]acetic acid
	4.2.7.6. Synthesis of compound 17, [(2S,3R,4S,5R)-5-{[(2,3-dichlorobenzene-1-sulfonyl)amino]methyl}-3,4-dihydroxyoxolan-2-yl]acetic acid

	4.2.8. General procedure for the synthesis of C2’ amides (18-23)
	4.2.8.1. Synthesis of compound 18, 2-[(2S,3R,4S,5R)-3,4-dihydroxy-5-({[4-(dimethylamino)benzamido]}methyl)oxolan-2-yl]-N-[(4-methoxyphenyl)methyl]acetamide  / 2-[(2S,3R,4S,5R)-5-({[4-(amino)benzamido]}methyl)-3,4-dihydroxyoxolan-2-yl]-N-[(4-methoxyphe...
	4.2.8.2. Synthesis of compound 19, 2-[(2S,3R,4S,5R)-3,4-dihydroxy-5-[(4-methoxybenzamido)methyl]oxolan-2-yl]-N-[(4-fluorophenyl)methyl]acetamide
	4.2.8.3. Synthesis of compound 20, 2-[(2S,3R,4S,5R)-3,4-dihydroxy-5-[(4-methoxybenzamido)methyl]oxolan-2-yl]-N-[(4-methoxyphenyl)methyl]acetamide
	4.2.8.4. Synthesis of compound 21,  2-[(2S,3R,4S,5R)-3,4-dihydroxy-5-[(4-methybenzamido)methyl]oxolan-2-yl]-N-(2-methoxyethyl)acetamide
	4.2.8.5. Synthesis of compound 22,  [(2S,3R,4S,5R)-3,4-dihydroxy-5-{[(4-methylbenzene-1-sulfonyl)amino]methyl}oxolan-2-yl]-N-(2-methoxyethyl)acetamide
	4.2.8.6. Synthesis of compound 23, [(2S,3R,4S,5R)-5-{[(2,3-dichlorobenzene-1-sulfonyl)amino]methyl}-3,4-dihydroxyoxolan-2-yl]-N-[(4-methoxyphenyl)methyl]acetamide


	4.3. Synthesis of “cmpd 25” - known inhibitor
	4.3.1. Synthesis of 2-Amino-2-deoxy-1,3,4,6-tetrakis-O-(trimethylsilyl)-D-glucopyranose (“cmpd 25a”)
	4.3.2. Synthesis of 2-[(3-Biphenylylcarbonyl)amino]-2-deoxy-D-glucopyranose (“cmpd 25b”)
	4.3.3. Synthesis of Methyl 2-[(3-biphenylylcarbonyl)amino]-2-deoxy-D-glucopyranoside (“cmpd 25c”)
	4.3.4. Synthesis of Methyl 2-[(3-biphenylylcarbonyl)amino]-2-deoxy-6-O-[mesyl]-D-glucopyranoside (“cmpd 25d”)
	4.3.5. Synthesis of Methyl 6-azido-2-[(3-biphenylylcarbonyl)amino]-2,6-dideoxy-D-glucopyranoside (“cmpd 25e”)
	4.3.6. Synthesis of Methyl 6-amino-2-[(3-biphenylylcarbonyl)amino]-2,6-dideoxy-D-glucopyranoside (“cmpd 25f”)
	4.3.7. Synthesis of Methyl 2-[(3-biphenylylcarbonyl)amino]-6-[(2,3-dichlorobenzene-1-sulfonyl)amino]-2,6-dideoxy-D-glucopyranoside (“cmpd 25g”)
	4.3.8. Synthesis of of 2-[(3-Biphenylylcarbonyl)amino]-6-[(2,3-dichlorobenzene-1-sulfonyl) amino]- 2,6-dideoxy-D-glucopyranose (“cmpd 25”)

	4.4. Biochemical hexokinase activity assay – ADP-GloTM kinase assay


	Chapter V
	Biochemical and Biological Evaluation of selected hit molecules
	1. Overview
	1.1.  Effect on cell proliferation and cell death
	1.2. Immunoblotting
	1.3. Effect on glycolysis
	1.4. Biochemical Assay

	2. Results and Discussion
	2.1. Selection of cell lines
	2.2. Cell proliferation and cell death
	2.2.1. Cell proliferation in Huh7 cells
	2.2.2. Cell death in Huh7 cells
	2.2.3. Cell proliferation and cell death in PC3 cells
	2.2.4. Cell proliferation and cell death on CHO cells
	2.2.5. Effect of PHK2I 21

	2.3. Glycolysis stress test
	2.3.1. Effect of chronic treatment – GST and CMST
	2.3.2. Effect of an acute treatment – GST
	2.3.3. Particular effect of PHK2I 10 on GST

	2.4. 13C isotopic labeling experiments – stable isotope-resolved metabolomics
	2.5. Biochemical hexokinase activity assay

	3. Conclusions
	4. Experimental Section
	4.1. Preparation of PHK2I solutions
	4.2. Biochemical hexokinase activity assay
	4.3. Cell Culture
	4.4. CHO cell lines generation
	4.5. Effect on cell proliferation
	4.6. Effect on cell death
	4.7. Immunoblotting
	4.8. Metabolomic assays
	4.8.1. Measurement of the oxygen consumption rate (OCR) for CMST and the extracellular acidification rate (ECAR) for GST
	4.8.2. 13C isotopic labeling experiments

	4.9. Statistical analysis.


	Chapter VI
	1. Overview
	1.1. Static structural analysis
	1.2. Molecular dynamics

	2. Results and Discussion
	2.1. Important structure insights from the literature
	2.2. Static structural analysis
	2.3. MD studies
	2.3.1. Design of the experiment
	2.3.2. Total energy
	2.3.3. Root mean square deviation (RMSD)
	2.3.4. Radius of gyration
	2.3.5. Clusters of protein conformations
	2.3.6. Ligands RMSD
	2.3.7. Root mean square fluctuation (RMSF)
	2.3.8. Ligands’ solvent-accessible surface area (SASA)
	2.3.9. Distance of ligands to the catalytic Asp209/657
	2.3.10. Comparing the displacement of helix-α13
	2.3.11. Influence of the 618,K→T “mutation”
	2.3.12. Comparing pocket opening in HK1 and HK2
	2.3.13. Notes from the trajectory visualization
	2.3.14. Principal component analysis
	2.3.15. Protein-ligand interaction fingerprints (PLIFs) over time


	3. Conclusions
	4. Experimental Section

	Chapter VII
	1. Translation of HK2 inhibition to therapeutics
	2. Alternative strategies
	2.1. Alternatives to the SBVS approach
	2.2. Alternative strategies to obtain more promising test compounds
	2.3. Alternatives to the biological evaluation approaches
	2.4. Alternatives in the MD study

	3. Discussion on the effect of PHK2I 10 and 60 in glycolysis and their physicochemical and pharmacokinetic properties
	4. Concluding remarks

	Chapter VIII
	Annexes

