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The development of small-molecule
inhibitors targeting hexokinase 2

Wenying Shan, Yan Zhou, Kin Yip Tam*

Cancer Centre, Faculty of Health Sciences, University of Macau, Macau

As one of the well-known hallmarks of cancer malignancy, most proliferating cancer cells exhibit
enhanced rates of glycolysis. Hexokinase 2 (HK2) is the rate-limiting enzyme catalyzing the first step of
glycolysis, and is often overexpressed in most cancer cells. Thus, targeting HK2 appears to be a
promising anticancer therapy. However, selective inhibition of HK2 and the polar nature of the target
site remain challenges to the development of small-molecule inhibitors, which could be addressed by
targeting unique domains of HK2, such as its N-terminal domain. Here, we review different target-
inhibitor binding modes and the associated pharmacological effects, which would be informative for
rational molecular design. We also highlight further perspectives and strategies to develop novel HK2
inhibitors for cancer therapy.

Keywords: Cancer metabolism; Hexokinase 2; Drug-target binding; Selective inhibition; Structure-based molecular

design

Introduction
Proliferative cancer cells often exhibit an enhanced rate of glycol-
ysis, known as the Warburg effect.'” In contrast to normal cells,
in which glucose metabolism is typically undertaken via mito-
chondrial oxidative phosphorylation (OXPHOS), most cancer
cells benefit from enhanced glycolysis by rapidly generating
ATP and precursors for building biomass.* The dependence on
glycolysis facilitates the growth of cancer cells. Thus, targeting
cancer metabolism could be a promising anticancer strategy.
However, only a limited number of anticancer drugs tackling
cancer metabolism have been approved.®

HK, a rate-limiting enzyme responsible for the first irreversible
step of glycolysis, catalyzes glucose to glucose-6-phosphate
(G6P). It is also implicated in other pathways, such as the tricar-
boxylic acid cycle, the pentose phosphate pathway, and the syn-
thesis of nucleotides, lipids, as well as amino acids that are
required for rapid cancer growth.”®” Currently, five human HK
isoenzymes have been identified, namely HK1, HK2, HK3, HK4,

* Corresponding author.Tam, K.Y. (kintam@um.edu.mo)

and the newly discovered hexokinase domain-containing pro-
tein 1 (HKDC1).> Among these isoforms, HK1-3 and HKDC1
are 100-kDa proteins, whereas HK4 is half the size of other isoen-
zymes with only a single domain of much lower affinity for the
glucose substrate.”'* The retention of the HK function and
enzyme activity of HKDC1 have not yet been fully character-
ized.® HK3 is a weakly expressed isozyme in mammalian cells,*
whereas HK1 is the main isoenzyme ubiquitously expressed in all
mammalian tissues.'' HK2 is the major isoenzyme overexpressed
in various types of cancer,”'>"'® suggesting a key role in repro-
grammed glucose metabolism in cancer cells. To corroborate
the importance of HK in cancers, we explored the HK1 and
HK2 expression data in The Cancer Genome Atlas (TCGA) data-
base (https://portal.gdc.cancer.gov), from which 867 tumor sam-
ples and seven normal samples were collected. Protein
expression quantification data were downloaded and analyzed
in Python 3.7. HK2 is overexpressed in tumor samples compared
with HK1 (Fig. 1a), while HK1 is the major isoenzyme in normal
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FIGURE 1

Targeting hexokinase 2 (HK2) for anticancer therapy. (a) Comparison of HK1 and HK2 expression in normal and tumor samples archived in The Cancer
Genome Atlas (TCGA) database. The Y-axis represents the protein expression levels obtained from the TCGA database. (b) Schematic of HK2 binding with
VDACT to maintain cancer cell growth. HK2 binds to the VDAC1 at the outer mitochondria membrane enabling the preferential transport of ATPs from
mitochondria to cytosol, which are then utilized by the HK enzymes to facilitate glycolysis.

samples compared with HK2. Thus, its overexpression in cancer
cells and its relevance to glycolysis render HK2 an attractive anti-
cancer target.

Voltage-dependent anion channels (VDAC) are gatekeepers
for the transport of mitochondrial metabolites, including ade-
nine nucleotides, ATP, and ions across the outer mitochondrial
membrane (OMM).!” VDACI is the major anion channel form
at the OMM and is often overexpressed in many types of
cancer.”’ HK2 was found to bind to VDAC1 at the OMM
(Fig. 1b), resulting in the preferential transport of ATP from mito-
chondria to the cytosol, which was then used by HKs to facilitate
glycolysis. Moreover, the association of HK2 with VDAC1 pro-
tected cancer cells from apoptosis.”'">*> VDACI itself has been
shown to promote mitochondrial-mediated apoptosis by bind-
ing to the proapoptotic protein, B cell lymphoma-2-associated
X (Bax), followed by cytochrome c release and caspase cascade
initiation. By binding to VDAC1 and competing with Bax, HK2
effectively interferes with key apoptotic pathways, thereby help-
ing cancer cells escape their apoptotic fate.”* Therefore, inhibit-
ing the interaction between HK2 and VDACI1 could provide
another strategy for cancer therapy. However, the crystal struc-
ture of the HK2-VDAC1 complex is currently unavailable, which
hampers the molecular design of inhibitors targeting this
interaction.

Attempts have been made to design small-molecule inhibitors
of HK2, but the polar nature of the active site and the selective
inhibition of the specific isoenzyme remain some of the chal-
lenges to developing novel inhibitors.>>~*®* Human HK1-3 con-
tain N- and C-terminal domains that are equal in size and
structurally similar, and each domain contains a conserved
glucose-binding pocket.”” However, HK2 has catalytic functions
in both the N- and C-terminal domains, whereas HK1 and HK3

only have catalytic functions in the C-terminal domain. Thus,
targeting the N-terminal domain could be an important avenue
for designing selective HK2 inhibitors.”'%?°~*! Recently, three
specific residues responsible for maintaining the N-terminal cat-
alytic function of HK2 in the linker helix-al3 were confirmed
experimentally: ASP447, SER449, and LYS451.%,

In this review, we summarize the structural information of
HK2 available, including the glucose and G6P-binding domains
and the active site of HK2 catalytic function. In addition to these
commonly investigated domains, we highlight the unique linker
in the N-terminal domain, which specifically maintains the cat-
alytic function of HK2. We also review some of the known
HK2 inhibitors and their binding modes with the target protein.
To rationalize binding modes with the HK2-VDACI1 complex, we
constructed a homology model of the target, enabling the iden-
tification of key molecular interactions between the inhibitors
and the complex. Only a limited number of HK2 inhibitors have
been reported so far. Some of these original hit molecules were
discovered from high-throughput screening or virtual screening,
whereas others were derived from natural products. We hope
that this review will renew interest in the structure-based molec-
ular design of potent and selective HK2 inhibitors.

Structure of HK2

Several crystal structures of HK2 are available in the Protein Data
Bank (PDB), among which only one study reported the original
structure of HK2 (PDB ID: 2NZT), whereas others are co-
crystallized with other small-molecule inhibitors (PDB ID:
SHEX, SHFU, and SHG1) and cannot represent the native state
of HK2. Thus, the crystal structure of human HK2 (PDB ID:
2NZT, resolution: 2.45 A) was used in the present study. The
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Fig. 2 (continued)

N-terminal half of HK2, including the unique linker responsible can inhibit the expression of HK2 in Hela cells.”> However, 1
for the activity of HK2, was selected for illustration because of the exhibited adverse effects in the clinic, resulting in trials being dis-
highly conserved structure of the C-terminal half, as seen in continued.*® Over recent decades, virtual screening has offered
other HK isoenzymes. the exciting possibility to identify novel HK2 inhibitors with

Fig. 2a depicts the structure of HK2, together with glucose and new pharmacophores/scaffolds. For instance, benserazide (2,
G6P binding to its N-terminal domain. The interactions between Benz)*° and benitrobenrazide (3, BNBZ)*” were developed by vit-

glucose and G6P with HK2 are shown in Fig. 2b,c, respectively. tual screening to specifically target the glucose-binding site in
All polar interactions are predominant, suggesting the polar nat- HK2. Inspired by 2, 3 was subsequently developed, which exhib-
ure of the catalytic domain of HK2. Glucose locates near the cat- ited more-potent inhibition against HK2. However these studies

alytic helix-a5, which is responsible for catalyzing glucose to did not consider the design of inhibitors in terms of their drug—
G6P. Inhibitors designed to target the glucose-binding domain target binding modes. Information about inhibitors targeting the
could compete with the binding of glucose to HK2. Moreover, glucose-binding site, including their structures, binding affini-
G6P, as the product of glucose catalyzed by HK2, is a natural ties, enzyme inhibition activities, and ICsgs for cell viability inhi-
inhibitor of HK2. However, the inhibitory mechanism of G6P bition in different cell lines, are summarized in Table 1.

is not fully understood.** From the location of G6P in HK2 in Targeting the glucose-binding pocket would be useful to aid in
Fig. 2a (situated near the helix-a5 and helix-al3 domains) and silico molecular design. Fig. 2d shows the molecular interactions
the interactions of G6P with HK2 in Fig. 2b, it can be seen that of 2 and 3 with the glucose-binding pocket of HK2. Compared
G6P could be competing with glucose binding and might disrupt with 2, 3 was modified through the introduction of a phenyl ring

the unique catalytic structure of HK2 to exert a selective inhibi- and aromatization of one of the hydrazine nitrogens, which
tory function. The incomplete H-anchor (orange) in the N- enhanced its nonpolar and polar interactions with the binding
terminal half of HK2 (Fig. 2a) is discussed below. pocket, respectively. This might be one reason why 3 was tenfold

more potent against HK2 compared with 2.

Inhibitors targeting the glucose-binding site

Inhibitors competing with glucose had been developed for some  Inhibitors mimicking G6P binding

time. 2-Deoxy-D-glucose (1, 2DG) was the earliest inhibitor, first Early studies reported that metformin (4) exhibited HK2 enzy-
developed during the 1950 s.*>* It was reported that 10.0 mM of 1 matic inhibitory effects at mM concentrations similar to G6P

<
FIGURE 2

Structure depictions of hexokinase 2 (HK2) and the binding modes of inhibitors targeting the glucose- and glucose-6-phosphate (G6P)-binding sites. (a)
Crystal structure of the N-terminal half of HK2. The N-terminal half of HK2 comprises two subdomains: large subdomain (ASN208-ASP447, blue) and small
subdomain (ASP73-VAL207, gray). The helix-a5 (residues: ASP209-ASP220, yellow) linking these two subdomains has a catalytic function. Specifically, the
residue ASP209 in the helix-a5 is responsible for the catalytic function in the N-terminal domain. The linker helix-a13 (residues GLY447-GLN478, green), which
links the N- and C-terminal halves of HK2, together with helix-a5, maintains the unique catalytic structure of the N terminus. Glucose and G6P are overlaid at
their corresponding binding sites. (b) Interactions between HK2 and glucose. Glucose interacts with ASP209 of HK2 via two hydrogen bond interactions. (c)
Interactions between HK2 and G6P. G6P interacts with ASP209 of HK2 via one hydrogen bond interaction. G6P interacts with the SER449 residue in the linker
helix-a13, which is responsible for the unique catalytic structure of HK2, via strong hydrogen bond interactions. (d) Interactions of 2 and 3 with the HK2
glucose-binding pocket. Polar interactions between ligand and target are dominant, in which 2 and 3 pick up two and three hydrogen bond interactions with
ASP209, respectively. (e) Interactions of 5-7 with the HK2 G6P-binding pocket. 5-7 all interact with three residues (ASP447, GLY448 and SER449), which
reside in the linker helix-a13 to maintain the unique catalytic function of N-terminal of HK2. ASP447 and SER449 are crucial residues for the unique catalytic
function of the N-terminal domain of HK2.>? 7 picks up an additional interaction with GLY450, which is situated in linker helix-a13, in close proximity to
another key residue, LYS451, which is crucial for the unique catalytic function. Graphics generated using Discovery Studio 2016. Light green indicates van der
Waals, dark green indicates conventional hydrogen bonds, light green indicates carbon hydrogen bond, light purple indicates alkyl and Pi-alkyl, turquoise
indicates halogen (Cl, Br, 1), light green indicates Pi-donor hydrogen bond, pink indicates amide-Pi stacked.
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TABLE 1

(A34D) N33¥DS-1S0d

Summary of available HK2 inhibitors and their enzymatic and cell activity data.

Inhibitor Chemical structure Inhibitor- 1C5, for Kq4 for 1Cs, for cell viability 1Cs, for Enzyme source Enzyme inhibition (experimental Activities Cellular HK2-VDAC1 inhibition Refs
ID protein HK HK2 inhibition HK2- conditions) for HK2-  (experimental conditions)
binding inhibition VDAC1 VDAC1
mode inhibition inhibition
in cell
lines
1 HO O _~OH  Targets N/A .
glucose-
HO binding
S site
2 o o 4 Y ; 55 uM for 149.0 uM  143.0 uM for SW480 N/A Recombinant HK2 85 plL assay mix containing 100 mM N/A 2
e HK2; Tris HCI pH 8.0, 5 mM MgCl,, 200 mM
HO ° 25.0 uM glucose, 0.8 mM ATP, 1 mM NAD+, 0.25
for HK1 units of G6P-DH, enzyme inhibition
3 o on 0.5 uM for 5.0 uM 24.0 pM for SW1990; N/A calculated based on changes in N/A 27
dQ’NV@OH HK2; 7.1 uM for SW480 absorbance of NADH at 340 nm. 85 L
o o 2.2 uM for assay for 2 and 70 pL assay for 3
HK1
4 MM Mimics N/A ¥
NN G6P
T N tete binding
and
targets
HK2-
VDAC1
binding
5 c‘%"gﬁ‘ " Mimics 25.0 nM N/A Kit produced by Using 1 nM enzyme, ATP, citrate, and  N/A »
“Hmagp G6P for HK2; Promega glucose concentrations were 100 pM,
o binding 5.0 uM for 1 mM, and 100 uM, respectively; all
HK1 reactions carried out in 100 mM Hepes
6 c\éo,‘s‘é %p ] 7.9 nM for N/A buffer, pH 7.2 containing 0.1 M KCl, N/A
Loa HK2; 10 mM MgCl,, 2 mM dithiothreitol, 0.05
1.0 uM for mgN/AmL BSA, and 0.05% CHAPS
HK1 detergent; procedure quantified
7 50.0 nM N/A amount of MgADP generated from HK N/A
for HK2; reaction in presence of MgATP and
>20.0 uM glucose through UV absorbance at
for HK1 613 nm
8 Mimics 5.0 uM for N/A Cell lysates 100 mM Tris HCI (pH 8.0), 5 mM MgCl,, 10.0- After treatment with 8, dose- 8
G6P HK2 100 mM glucose, 0.8 mM ATP, 1 mM  100.0 pM  dependent mitochondrial HK2
binding NADP, and 3 units G6P in SK-BR-3  dissociation observed. Dissociation of
and dehydrogenase. NADP reduction in UV cells HK2 and VDACT induced release of
targets absorbance at 340 nm was monitored mitochondrial Cyt ¢, resulting from
HK2- treatment with 8
VDAC1
binding
9 Mimics No ICso 41 uM 1.3 uM for PANC-1 N/A Protein HK2 HK colorimetric assay kit (Biovision) N/A 39
G6P values but (BioVision)
binding compared
with other
inhibitors
10 175 M N/A 62.1 uM for Hela; N/A HK activity assay kit HK activity assay kit (Abcam) N/A %
for HK2 62.5 uM for HepG2; (Abcam)
54.6 uM for A549
11 2.1 uM for 114.5 pM 5.1 uM for SW1990; N/A Recombinant HK2 10 pL recombinant HK2 (100 nM) N/A 0
HK2 22.6 uM for Vero incubated with 5 pL inhibitor at 37 °C

for 10 min; 85 pl assay mix containing
100 mM Tris HCl pH 8.0, 5 mM MgCl,,
200 mM glucose, 0.8 mM ATP, 1 mM
NAD+, 0.25 units of G6P-DH, added;

(A34D) N3I3HUDS-1S0d
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TABLE 1 (CONTINUED)

Inhibitor Chemical structure Inhibitor- 1Cs, for Ky for 1C5o for cell viability 1C5o for Enzyme source Enzyme inhibition (experimental Activities  Cellular HK2-VDAC1 inhibition Refs
ID protein HK HK2 inhibition HK2- conditions) for HK2-  (experimental conditions)
binding inhibition VDAC1 VDAC1
mode inhibition inhibition
in cell
lines
enzyme inhibition ICs, values for
inhibitor calculated based on changes
in NADH at fluorescence (Ex340N/
AEmM460 nm)
12 Q Targets N/A 100.0 uM  Mitochondria isolated from HL-60 cells
HK2- in HL-60 resuspended in buffer containing KCl,
Br OH VDAC1 cells and incubated with clotrimazole (CTZ),
binding G6P, or 12 to test direct effect of these
o compounds. CTZ dissociates HK2 from
mitochondria by targeting interaction
of HK2 and VDAC1, whereas G6P
inhibits HK. 12 not only caused upshift
in HK2, but also led to release of HK2
from mitochondria
13 N/A 30.0 uM in - HK2 in mitochondria substantially 4
HCC-LM3  decreased in dose-dependent manner
cells after exposure to 13, with reduction of
HK2 in mitochondria, HK2 bound to
VDACT also significantly decreased.
Cleaved caspase-3 and PARP, markers
indicating cell apoptosis, were
dramatically elevated, suggesting that
decrease in HK2 and disruption of
HK2N/AVDAC1 interaction caused by
13 resulted in cancer cell apoptosis
14 @/Cl N/A %0
N\N Cl
/
d OH
15 2 9 N/A 50 uM in  Phosphorylation of HK2 on Thr473 is  °'
@w & o HCC827 required for its localization on
- and H1975 mitochondria. HK2 phosphorylation in
o cells HCC827 cells was determined: 15
significantly suppressed Thr473
phosphorylation in a dose-dependent
manner and promoted activation of
intrinsic apoptosis signaling pathway,
including release of cytochrome c and
Bax translocation to mitochondria
16 o N/A 920 nM  Human HK1 and HKs pre-incubated with VDAC1 for ICsp in Cellular effect of 16 demonstrated in >
HK2 plasmids 10 min; increasing concentrations of 16 human human skin SCC A431 cells (which
= (Addgene) purified  added for additional 10 min. All studies skin SCC expressed both HK1 and HK2).
from Escherichia coli. were done at room temperature in A431 cells:  Semiquantification of western blot
o VDAC1 purified from assay buffer of 20 mM Tris, 10 mM ~0.8 uM revealed dose-dependent reduction in
Y sheep liver glucose, 10 mM MgCl,, and 1% DMSO mitochondrial-bound HK2 levels, with
mitochondria at pH 7.5 1Cs0 of ~ 0.8 uM. This occurred without
N\ ) changes in total cellular HK2 levels,

suggesting direct effect on binding of
HK2 to mitochondria. 16 reduced
cellular ATP levels by ~ 50% after 2-h
incubation in A431 cells,
demonstrating energetic outcome of
HK2 dissociation from mitochondria.
16 treatment resulted in apoptosis
induction, demonstrated by reduction
in cytochrome C levels in

(continued on next page)
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TABLE 1 (CONTINUED)

(A34D) N33¥DS-1S0d

Inhibitor Chemical structure Inhibitor- 1Cs, for Kq4 for 1C5o for cell viability 1Cso for Enzyme source Enzyme inhibition (experimental Activities  Cellular HK2-VDAC1 inhibition Refs
ID protein HK HK2 inhibition HK2- conditions) for HK2-  (experimental conditions)
binding inhibition VDAC1 VDAC1
mode inhibition inhibition
in cell
lines
mitochondrial fraction within 2 h of
treatment and increase in cellular
levels of cleaved caspase-3 within 6 h
of treatment
17 Unknown N/A 21.5 nM for A2780; N/A 56
25.6 nM for Hey
18 N/A 11.2 uM for A2780; N/A 57
18.4 uM for Hey
19 N/A o8
20 N/A 5.8 nM for HCT116 N/A >
21 N/A 55.6 mM for SGC7901  N/A 60
22 N/A 60.8 pM for H1299 N/A ol
23 N/A 8.0-10.0 mM (ECso) for ~ N/A 62
GBM
24 N/A 3
25 N/A 61.0 pM for A549 N/A o
26 N/A 59.5 uM fpr HCC-LM3 ~ N/A 63
27 N/A 19.9 mM for Ecal09 N/A s
28 nq_on N/A 59.0 ugN/AmL for N/A o7
o g A2780
29 C N/A 8.0-10.0 mM (ECso) for  N/A 62

GBM

(A34D) N3I3HUDS-1S0d

7707 19qwia1das e 6 J2qUINN ‘ZZ SWN|OA e AepO] KI9A03SIQ BniQ



Drug Discovery Today ® Volume 27, Number 9 ® September 2022

POST-SCREEN (GREY)

mimics.>” Recently, 5-7 were designed as G6P mimics that
exhibited good HK2 inhibitory potency and selectivity.>> How-
ever, no further investigation was conducted on the link between
mimicking G6P binding and selective inhibition in terms of the
drug-target binding modes. In the same study, the crystal-
protein structures of three other less-potent HK2 inhibitors were
reported (PDB ID: SHEX, SHFU, and SHG1), which provided use-
ful information for the in silico molecular design of G6P mim-
ics.?® Pachymic acid (8, PA) is a natural product that was
reported as a HK2 inhibitor. Molecular docking suggested that
8 could be a G6P mimic.*® Ikarugamycin (9) was reported to be
a HK2 inhibitor. A docking study was used to corroborate the
binding of 9 with HK2 (PDB ID: 5HFU).** LY2019-001 (10) was
a patented molecule derived from virtual screening against the
binding pocket of HK2 (PDB ID: SHEX).?® 11, a steroid from Gan-
oderma sinense, exhibited HK2 inhibition function.*’.

To study the binding modes of 5-7 and investigate the rela-
tionship between mimicking G6P binding and selectivity, we
conducted docking to the G6P-binding site and visualized the
molecular interactions. As shown in Fig. 2e, 5-7 all interacted
with three common residues (ASP447, GLY448, and SER449)
residing in the linker helix-al3 to maintain the unique catalytic
function of the N terminus of HK2, whereas 7 picked up an addi-
tional interaction with residue (GLY450), which is critical for the
unique catalytic function of HK2,%? suggesting itself to be the
most-selective HK2 inhibitor among these three molecules.

We also sought to derive key active fragments that were likely
to interact with the G6P-binding site. G6P has two key fragments
that bind to HK2, namely, the glucose fragment and the phos-
phoric acid fragment. For inhibitors mimicking G6P binding,
key fragments could be designed to mimic the G6P fragments.
Indeed, 5-7 were designed with these notions in mind, namely
a sulfonamide fragment that mimics the phosphate fragment
and a polyhydroxy-pyran fragment that mimics the glucose frag-
ment. These fragments can form strong hydrogen bond interac-
tions with the G6P-binding site. In addition to fragments
specifically designed to mimic G6P fragments, other inhibitors
derived from other studies also have similar key fragments. For
instance, 8 and 11 are both natural products and have a
cyclopentane phenanthrene fragment in common. In addition
to the polycyclic fragments to enable occupancy of the G6P-
binding site, these two inhibitors also have hydroxyl, ester,
ether, carboxyl, and other polar fragments that can form hydro-
gen bonds with the G6P-binding site. Moreover, the lactam hete-
rocycle fragments in 9 and 10 are able to form hydrogen bond
interactions with the target. However, molecules with high
polarity could hamper permeation through various biological
barriers, which could lead to suboptimal target engagement, high
renal clearance (short in vivo half-life), and poor bioavailability.
Therefore, it is important to optimize the permeability and
lipophilicity of the molecules, while maximizing the nonpolar
and polar interactions with the binding pocket. With regard to
5-7, all three compounds have phenyl rings, which can form
pi-alkyl nonpolar interactions with the alkyl fragment of residue
ILE229. In addition, the phenyl rings of § can form amide-pi
stacked nonpolar interactions with the amino group of
ASP447, which could be responsible for the selective inhibition
of HK2. Hence, nonpolar fragments, such as phenyl and

cycloalkyl, are useful to reduce the polarity of the molecule,
which would enhance its lipophilicity and permeability. Thus,
these fragments, together with their bioisosteres, are worth con-
sidering for the further molecular design of HK2 inhibitors mim-
icking G6P binding.

Inhibitors targeting HK2-VDAC1 binding

HK1,2 were reported to bind with the membrane of mitochon-
dria through the short N-terminal hydrophobic helix (H-
anchor) (residues 1-27) more specifically, which was responsible
for the interaction with mitochondria.*'~*® Further study
revealed that the binding of HK2 with VDAC1 could free
Aspl9 to restrict the movement of the N-terminal helix of
VDACI responsible for the interaction with HK2.*” The complete
structure of the H-anchor of HK2 is not available, because the
incomplete H-anchor lacks residues 1-16, which is an obstacle
for the construction of the HK2-VDAC1 complex (Fig. 2a). To
address this problem, attempts have been made to construct a
homology HK2 model by using the highly homologous isoform
from rat, HK1 (PDB ID: 1BG3, resolution: 2.80 A) as a template.
The H anchor of rat HK1 shares high sequence similarity with
human HK2, which enabled the description of the dynamic pro-
cess of HK2 binding to the mitochondria membrane and showed
how VDACI1 phosphorylation disrupts HK2 binding. However,
less information is available on the interactions of residues
between HK2 and VDAC1, which might render this model
incomplete for use in in silico HK2 inhibitor design.** Another
HK2-VDAC1 binding model was also constructed using the
incomplete H-anchor of HK2 (PDB ID: 2NZT).*” Here, we con-
structed a homology model of the HK2-VDAC1 complex, which
was established according to the crystal structure of HK1 (PDB
ID: 1BG3, resolution: 2.80 A) to complete the incomplete struc-
ture of the H anchor of HK2, through a homology modeling
web-tool (Swiss Models; expasy.org). The structure of VDAC1
(PDB ID: 2JK4, resolution: 4.10 A) was used to dock with HK2.
According to the key residues of HK2 and VDAC1 mentioned
above, which are responsible for the interactions, we further con-
ducted protein—protein docking through the web tool ZDOCK
(https://zdock.umassmed.edu/). The HK2-VDAC1 binding com-
plex is shown in Fig. 3a, whereas the interactions of HK2 with
VDACI1 are shown in Fig. 3b. Asp19 of the N-terminal helix of
VDACI1 is not included in the interaction with H anchor of
HK2, which is in line with a previous report.*’.

To date, inhibitors targeting HK2-VDAC1 binding were all
discovered through screening of pharmacologically active com-
pounds. Besides targeting G6P binding, 4 has also been reported
to bind to the HK2-VDAC1 complex at mM concentrations.®’
Other than mimicking the G6P-binding mechanism as men-
tioned above, 8 was found to inhibit HK2-VDAC1 binding.*®
Moreover, 3-bromopyruvate (12, 3-BP) was reported to inhibit
the interaction of HK2 with VDAC1.*® Chrysin (13), a natural
product, can also inhibit the interaction of HK2 with VDAC1.*
Lonidamine (14), which is known to affect cancer cell prolifera-
tion, has been reported to inhibit HK2-VDAC1 binding.*° Piper-
longumine (15), a natural product, was reported to inhibit the
interaction between HK2 and VDAC1,”' whereas 16 selectively
dissociated HK2 from VDACI at both the enzymatic and cellular
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(b)

Interaction residues Categary Type
VDACI:LYS31:NZ - HK2:GLU13:0E2 Hydrogen Bond;Electrostatic Salt Bridge
VDACI:LYS56:NZ - HK2:GLU366:0E2 Electrostatic Attractive Charge
HK2:LYS21:NZ - VDACI1:ASP81:0D2 Electrostatic Attractive Charge

[HK2:ARG350:NH1 - VDAC1:ASP267:0D2 Electrostatic Attractive Charge
HK2:GLN20:NE2 - VDAC1:ASN109:0 Hydrogen Bond Conventional Hydrogen Bond
VDAC1:VAL20 - HK2:LEU6 Hydrophobi Alkyl
VDACI:LEU211 - HK2:MET1 Hydrophobic Alkyl
VDACI1:ALA225 - HK2:ILE2 Hydrophobic Alkyl
VDACI:LYS239 - HK2:ILE2 Hydrophobi Alkyl
HK2:ALA3 - VDACI:LEU245 Hydrophobic Alkyl
VDAC1:PHE27 - HK2:LEU6 Hydrophobic Pi-Alkyl
VDACI1:PHE27 - HK2:LEU7 Hydrophobic Pi-Alkyl
HK2:HIS5 - VDAC1:ALA17 Hydrophobic Pi-Alkyl

(c)

[ voACI N-terminal beiix

[ Hoce Hctr
15-HK2-VDAC1 16-HK2-VDAC1
5
TYR 2
H:9
o ALA JYR
Vil7 = > 2
[o]
.
N
VAL
f =
1 ; vz
e E
r i c ﬂ
; -
5 ]

Drug Discovery Today

FIGURE 3

Structure of the hexokinase 2-voltage-dependent anion channel 1 (HK2-VDAC1) complex and the binding modes of inhibitors targeting the HK2-VDAC1
interaction. (a) Homology model of HK2-VDAC1 complex. Homology HK2 (blue) was successfully docked into the channel of VDAC1 (purple) through
interactions between the H anchor (green) of HK2 and the N-terminal helix (orange) of VDAC1, while HK2 inhibitor binding to VDAC1 occurred on the
cytosolic side. (b) Interactions between HK2 and VDACT. HK2 interacts with VDAC1 with many nonbond interactions, including hydrogen bonds, and
electrostatic and hydrophobic interactions. The residues involved in the interactions include residues (black bold) in the H anchor of HK2 and the N-terminal
helix of VDACT. (c) Interactions of 15 and 16 with the HK2-VDAC1 complex. 16 forms more interactions with residues crucial for HK2-VDAC1 binding than
does 15. Graphics were generated using Discovery Studio 2016. Blue outline indicates residues in VDAC1 N-terminal helix, red outline indicates residues in
HK2 H anchor; light green indicates van der Waals, dark green indicates conventional hydrogen bonds, dark purple indicates Pi-sigma, pink indicates amide-

Pi stacked, light purple indicates alkyl and Pi-alkyl.

levels.’**? Information about the inhibitors targeting HK2-
VADC1 binding, including the structures, enzyme inhibition
activities, and cellular HK2-VDACI1 inhibition activities, are sum-
marized in Table 1.

Of the above inhibitors targeting HK2-VDAC1 binding, only
15°' and 16°%°* were potent enough to warrant further analysis.
To this end, we docked these two potent inhibitors to the homol-
ogy HK2-VDACI1 binding complex (Fig. 3a): 16 made more inter-
actions with residues crucial for HK2-VDAC1 binding than did
15 (Fig. 3c) This observation not only corroborates the more
potent inhibitory effect of 16, but also demonstrates the rational-
ity of our homology HK2-VDAC1 model, suggesting it could
offer useful information for in silico molecular design to target
HK2-VDACI1 binding. Although the binding modes of 15 and
16 with our homology HK2-VDAC1 model were identified,
molecular dynamics simulation should be performed to further
corroborate our observations.

Although disrupting HK2-VDAC1 binding could facilitate
cancer cell apoptosis, it might introduce cardiovascular safety lia-
bilities (and/or probably other organs), because HK-VDAC1
binding appears to be vital for normal functioning of the
heart.*®3*3° Therefore, particular attention should be paid to
the toxicological evaluation of such inhibitors. Interestingly, it
was reported that, in rat cardiac muscle fibers, G6P binding alone

was not enough to induce detachment of HK2 from mitochon-
dria, whereas lowering the intracellular pH to 6.3 was a necessary
condition to induce detachment.” This suggests that intracellu-
lar pH is an important factor in attaching/detaching HK2 to
mitochondria. It was hypothesized that the binding of HK2 to
the mitochondria might involve histidine residues, which, in
low pH, become positivity charged, facilitating dissociation.”®
The involvement of histidine in the HK2-VDAC1 binding was
identified in our homology model (Fig. 3b) and the binding of
16 with HK2-VDACT1 (Fig. 3c).

Other inhibitors with unknown drug-target binding
modes

The binding modes of other HK2 inhibitors (17-29), downregu-
lating HK2 expression levels and/or exhibiting inhibitory effects
against HK2, were not confirmed in the original references, but
require further investigation. Most of these were derived from
natural products. For instance, bufalin (17),°° cryptotanshinone
(18),%’ fenofibrate (19),°® halofuginone (20),’ licochalcone A
(21),°° jolkinolide B (22)°' ORY-1001 (25)°*, the natural product
resveratrol (26),°° and ginsenoside 20(S)-Rg3 (28)°” were
reported to inhibit cell viability and HK2 expression in vitro.
Ketoconazole (23)°? and posaconazole (29)°* exhibited inhibi-
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tion of cell viability and inhibition of HK2 expression in vivo,
while NKOO7 (24) increased HK2 protein degradation at
100.0 nM in A2780 cells and®® shikonin (27) exhibited inhibi-
tion of cell viability.®® The information relating to these inhibi-
tors with unknown binding modes, including their structures
and ICsq values for cell viability inhibition in different cell lines,
is summarized in Table 1.

With the exception of 28 and 29, these inhibitors were suc-
cessfully docked into the G6P-binding site (but failed to dock
into the glucose-binding site). However, further experiments
and structural studies are required to confirm whether HK2 is
the target of these inhibitors and to elucidate the inhibitory
mechanisms involved. Nevertheless, virtual screening against
the G6P-binding pocket might be helpful to identify potentially
active hit molecules from diverse compound libraries and/or nat-
ural product databases, which could open numerous opportunity
to develop novel scaffolds from these hits.

Concluding remarks

According to the structure of HK2, it should be possible to design
inhibitors to target the glucose-binding site, the G6P-binding
site, the linker helix-al3, which maintains the unique catalytic
function of the N-terminal half of HK2, and the interaction
domain of the HK2-VDAC1 complex.

To design inhibitors targeting the glucose-binding site, the
residue ASP209 in the helix-a$5 is the key target (N-terminal half
of HK2 as an example). Additional interactions with other polar
residues to pick up hydrogen bond interactions would enhance
the potency of inhibitors. However, other isoenzymes also have
the glucose-binding domain, which could cause selectivity issues
when targeting HK2.

By contrast, targeting G6P binding could be a promising
approach. Our docking studies revealed that G6P can interact
with the helix-aS catalytic domain and the linker helix-al3
domain, which are responsible for maintaining the unique cat-
alytic function of the N-terminal domain specifically in HK2.
These polar interactions, together with the additional polar inter-
actions with ASP447, SER449, and LYS451 in the linker hexli-
al3, could be used to guide the optimization of the potency
and selectivity of inhibitors. Moreover, we identified key frag-
ments that are likely to bind to the G6P-binding site, such as
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