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Hexokinase (HK) catalyzes the first step in glucose meta-
bolism, making it an exciting target for the inhibition of tumor
initiation and progression due to their elevated glucose meta-
bolism. The upregulation of hexokinase-2 (HK2) in many
cancers and its limited expression in normal tissues make it a
particularly attractive target for the selective inhibition of
cancer growth and the eradication of tumors with limited side
effects. The design of such safe and effective anticancer ther-
apeutics requires the development of HK2-specific inhibitors
that will not interfere with other HK isozymes. As HK2 is
unique among HKs in having a catalytically active N-terminal
domain (NTD), we have focused our attention on this region.
We previously found that NTD activity is affected by the size of
the linker helix-α13 that connects the N- and C-terminal do-
mains of HK2. Three nonactive site residues (D447, S449, and
K451) at the beginning of the linker helix-α13 have been found
to regulate the NTD activity of HK2. Mutation of these residues
led to increased dynamics, as shown via hydrogen deuterium
exchange analysis and molecular dynamic simulations. D447A
contributed the most to the enhanced dynamics of the NTD,
with reduced calorimetric enthalpy of HK2. Similar residues
exist in the C-terminal domain (CTD) but are unnecessary for
HK1 and HK2 activity. Thus, we postulate these residues serve
as a regulatory site for HK2 and may provide new directions for
the design of anticancer therapeutics that reduce the rate of
glycolysis in cancer through specific inhibition of HK2.

The rate of glucose metabolism is elevated in different types
of cancer that primarily utilize aerobic glycolysis, a phenom-
enon known as the Warburg effect (1, 2). An enhanced glucose
metabolic rate is required to meet the increased energy needs
and metabolite demands required to support rapid tumor
progression (3). HK, the first enzyme in glucose metabolism,
catalyzes the irreversible rate-limiting phosphorylation of
glucose to glucose-6-phosphate (G6P). In addition to glycol-
ysis, the HK reaction contributes to different pathways,
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including the tricarboxylic acid cycle and pentose phosphate
pathway, for the synthesis of nucleotides, lipids, and amino
acids required for rapid tumor growth (3–5). As an effective
regulator of glucose metabolism, HK can be targeted for the
inhibition of cancer growth and the development of anticancer
therapeutics.

Five human HK isozymes with structurally identical NTD
and CTD have been identified, including the new hexokinase
domain containing 1 (HKDC1); however, HK4, known as
glucokinase, is half the size and contains only a single domain
(6–9). The conserved conformational fold of the NTD and
CTD is constructed by small and large subdomains (Fig. 1, A
and B) (6, 7, 10–12). Each subdomain contains a β-sheet,
where the active site is enclosed in a cleft between the β-sheets
of the small and large subdomains. D209 and D657 are the
catalytic residues positioned at the beginning of the catalytic
helix-α5 and -α18 of the NTD and CTD, respectively. The
linker helix-α13 is the last secondary structure of the NTD and
protrudes from its active site to connect it to the CTD
(Fig. 1D). The catalytic residues D209 and D657 are required
to deprotonate the hydroxyl on C6 of glucose in preparation
for its nucleophilic attack on the γ-phosphate of ATP
(7, 12–14).

HK1 is ubiquitously expressed in all mammalian adult
tissues and is the main housekeeping isozyme (8). On the other
hand, HK2 is upregulated and predominantly expressed in
various types of cancers, where it is required to enhance
glycolysis for tumor growth and metastasis (5, 15–18).
Silencing HK2 in human hepatocellular carcinoma cells
inhibited tumorigenesis and increased apoptosis (5). HK2 was
also found to be required for tumor initiation and maintenance
in mouse models of lung and breast cancer (17). In addition,
HK2 binding to the outer mitochondrial membrane and its
interaction with the voltage-dependent anion channel (VDAC)
suppress apoptosis and enhance tumor cell survival (19–21).
Though minimally expressed in normal tissues, HK2 is found
in embryonic tissues and selectively expressed at the basal level
in adipose and muscle adult tissues (5, 15). The biological
importance of HK2 for the survival, progression, and chemo-
resistance of a variety of tumor types and its low abundance in
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Figure 1. Overall structural fold and linker helix-α13 interaction network of HK2. A, cartoon representation of the structural fold of the HK2 homodimer
(PDB ID 2NZT). The NTD and CTD of one monomer are colored according to their subdomains and unique secondary structure elements. B and C, the NTD
and CTD of HK2 with the active site located between the large (green) and small (yellow) subdomains. The catalytic helix-α5 and helix-α18 (cyan) carry the
catalytic residues D209 and D657 of the NTD and CTD, respectively. The linker helix-α13 (pink) connects the NTD and CTD. A small four-turn helix-α26
(orange) at the end of the CTD is similar to the linker helix-α13 of the NTD. D, interactions between the linker helix-α13 and the catalytic helix-α5. Glucose and
amino acid side chains (white) are shown in ball and stick representation with the D209 side chain in yellow. At the beginning of the linker helix-α13, S449
forms hydrogen bonds with the side chain of T213 (3.0 Å) and the peptide backbone carbonyl oxygen of D209 (3.1 Å). T216 forms multiple hydrogen bonds
with the peptide backbones of G448 (2.6 Å), S449 (3.6 Å), and G452 (2.9 Å). E, K451 of linker helix-α13 interacts with D447 (3.1 Å) of loop444−447 (green) and
D220 (4.1 Å) on catalytic helix-α5. Intramolecular interaction is observed in loop444−447 between R444 and E446 (3.1 Å and 4.1 Å). E446 also forms ionic
interactions with K418 (4.4 Å) in the large subdomain. F, the CTD has a similar network of interactions to the NTD (E), where D447, S449, and K451 of the
NTD correspond to D895, S897, and K899 in the CTD. The catalytic helix-α18 (cyan) carries the catalytic residue D657 of the CTD. The figure was prepared
using PyMol (Schrodinger LLC).
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normal tissues make it an attractive target for the development
of anticancer therapeutics (17, 18, 22–27).

Currently, the most commonly used cancer treatment is still
chemotherapy, a procedure with high side effects due to its low
specificity for cancer cells (27). However, inhibitors of glucose
metabolism have been proposed as an effective therapeutic
strategy for cancer treatment (5, 27, 28). Due to the highly
conserved identity of the active site residues of human HKs,
one of the greatest challenges in the design and development
of anticancer inhibitors based on the HK reaction is the
preferential targeting of HK2 over the other human isozymes
(12, 17).

Anticancer therapeutics that target cancer growth will have
to specifically inhibit HK2 and avoid interactions with HK in
normal tissues. For this reason, successful drug candidates
need to bind outside the highly conserved HK active site to
avoid the inhibition of all human isozymes. Although HK1 and
HK2 share high structural fold similarity, they do exhibit
2 J. Biol. Chem. (2021) 296 100071
biochemical differences that can be explored for the develop-
ment of HK2-specific inhibitors. The CTD is catalytically
active in all human HKs. Despite its structural fold similarity to
the CTD, the NTD is inactive in all human isozymes except
HK2. We previously found that the size of the linker helix-α13
regulates the activity of the NTD of HK2 (12). When expressed
separately from the full-length (FL) enzyme with four of the
eight helical turns of the linker helix-α13, the NTD variant was
inactive. However, increasing the number of helical turns of
the linker helix-α13 recovered the activity of the NTD variant.
The ability of the linker helix-α13 to regulate the NTD activity
of HK2 makes it an excellent target for the development of
specific inhibitors of HK2’s active NTD without interacting
with or binding to the HK active site.

In this study, we investigated the roles of the linker helix-α13
residues on the catalytic activity of the NTD of HK2 to identify
a possible regulatory site. Site-directed mutagenesis was used
to determine the roles of residues in the linker helix-α13 and its
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network of interactions on the NTD activity of HK2. We
identified three residues (D447, S449, and K451) at the
beginning of the linker helix-α13 that regulate the activity of
the NTD of HK2. These residues have been found to maintain
the conformational stability around the NTD active site,
enhancing the structural stability of the linker helix-α13 and its
interaction with the catalytic helix-α5 of the NTD. CTD of
HK1 and that of HK2 contain identical residues to those in the
NTD regulatory site, but these residues were unable to control
the activity of the CTD. The newly identified NTD regulatory
site of HK2 is a promising target for the design of anticancer
therapeutics that would reduce the rate of glycolysis in cancer
through specific inhibition of the upregulated HK2.

Results and discussion

Human HK2, similar to isozymes HK1, HK3, and HKDC1, is
a homodimer in which each monomer is split into two
structurally identical domains, the NTD and CTD (Fig. 1,
A–C) (10–12). The overall α/β structural fold of the NTD
and CTD is conserved among the mammalian HK family
(10, 29–33), and the active site is located in a cleft between the
large and small subdomains. In mammalian HK, the glucose
binding site is conserved and includes the catalytic residues
D209 and D657 in the NTD and CTD, respectively (12). We
previously reported that the linker helix-α13 (residues G448–
Q478) is important for maintaining the catalytic activity of the
NTD (Fig. 1, A and B), which is composed of a long eight-turn
α-helix (12). The linker helix-α13 protrudes from the active site
at the end of the NTD, thus connecting it to the CTD. It is also
perpendicular to the catalytic helix-α5 that carries the catalytic
residue D209 (Fig. 1D). In this study, we investigated the roles
of residues of the linker helix-α13 on the catalytic activity of the
NTD of HK2 to identify a possible regulatory site, which would
be targeted in the design of anticancer therapeutics to reduce
the rate of glycolysis in cancer through the inhibition of
upregulated HK2.

The catalytic characterization of residues of the linker
helix-α13 for the identification of a regulatory site in the
NTD of HK2

To assess the role of residues of the linker helix-α13 in the
catalytic activity of the NTD of HK2, site-directed mutagenesis
was used to introduce mutants into the linker helix-α13 and its
network of interactions. Since both the NTD and CTD of HK2
are catalytically active, the enzymatic rate of the NTD was
measured in the FL variant in the presence of D657A mutant
to catalytically inactive the CTD. All HK2 mutants were
expressed and purified using Ni-NTA affinity chromatography
followed by size-exclusion chromatography as described
before (12). The protein purity was assessed using SDS-PAGE
with high purity to enable detailed characterization of the WT
and mutant enzymes (Fig. S1).

The enzymatic rate of HK2 mutants was measured at
saturated concentrations of glucose and ATP using the
coupled G6P dehydrogenase assay. First, the interaction of the
linker helix-α13 with the catalytic helix-α5 and loop444−447 of
the large subdomain in the NTD was investigated. The last
β-strand of the large subdomain extends outward as
loop444−447 to connect to the linker helix-α13, where D447 of
loop444−447 forms a salt bridge (3.1 Å) with K451 of the linker
helix-α13 (Fig. 1E). K451 is conserved in human HKs, while
D447 is partially conserved and replaced by S447 in HK1 and
HKDC1 (Fig. S2). The enzyme titration assay showed that
D447A and K451A mutants were surprisingly catalytically
inactive, where the alanine substitution of each residue was
introduced in the presence of D657A in the FL variant (Fig. 2, A
and G). These alanine substitutions at nonactive site residues
were able to eliminate the catalytic activity of NTD of HK2. To
recover the activity of D447A and K451A mutants, alternative
amino acid substitutionswere introduced.TheNTDactivitywas
partially recovered in the presence of D447E, D447N, D447S,
and K451R (Fig. 2, A and G). The amino acid substitutions
D447E andK451R conserved the ionic charges but increased the
size of the side chains for these residues, thus decreasing
the distance betweenD447 andK451. The partial recovery of the
NTD activity of D447E and K451R mutants indicates that not
only the charge but also the distance between D447 and K451 is
important in maintaining the activity of the NTD. Therefore,
D447 and K451 facilitate strong interactions and mediate a
specific distance between the linker helix-α13 and loop

444−447 for
optimum activity of the NTD of HK2.

An intramolecular interaction is observed between E446
and R444 (3.1 and 4.1 Å) in loop444−447 (Fig. 1E), where the
NTD enzymatic rate was also reduced by 57% ± 1% and 74% ±
1% in the presence of R444L and E446A mutations, respec-
tively (Fig. 2, B and G). Interestingly, only HK2 harbors a
positively charged residue R444, whereas the corresponding
residue is leucine in HK1 and HKDC1, proline in HK3, and
E440 in HK4 (Fig. S2). An alternative amino acid substitution,
E446N, recovered the enzymatic activity of the NTD. In
contrast to D447 and K451, the intramolecular interactions of
loop444−447 reduced, but did not eliminate the catalytic activity
of the NTD of HK2. Furthermore, E446 forms an additional
bond with K418 of the large subdomain (4.4 Å), where both
residues are conserved in the NTD and CTD of all human HK
isozymes (Fig. 1E). The K418A mutant increased the activity of
the NTD at 146% ± 1% compared with the control (Fig. 2, B
and G).

In the NTD of HK2, the catalytic helix-α5 (residues: D209–
D220) is a small three-turn α-helix that harbors the catalytic
residue D209. The catalytic helix-α5 is perpendicular to the
linker helix-α13, and both are wedged between the two
β-sheets of the large and small subdomains (Fig. 1B). The
linker helix-α13 interacts with the catalytic helix-α5 at three
sites. First, S449 at the beginning of the linker helix-α13
interacts with the side chain of T213 (3.0 Å) and peptide
backbone of D209 (3.1 Å), both of which are located on the
catalytic helix-α5 (Fig. 1D). Similar to D447A and K451A, the
introduction of S449A eliminated the catalytic activity of
the NTD of HK2 (Fig. 2, C and H). Multiple amino acid sub-
stitutions were introduced at S449 to evaluate its role in
catalysis, where S449N mutant slightly recovered the NTD
activity. Interestingly, S449T was inactive, although threonine
J. Biol. Chem. (2021) 296 100071 3



Figure 2. Enzyme titration analysis of NTD mutants of HK2. A–F, the enzymatic rates of the NTD mutants of HK2 were measured at different enzyme
concentrations and fixed saturated concentrations of 3 mM for glucose and ATP. The enzymatic rate of the NTD of HK2 was measured in the FL variant only
because the CTD was silent in the presence of the D657A mutant of the catalytic residue of the CTD. G–I, bar plots of relative enzyme activity determined
from the slopes of enzyme rates. Data are the mean ± SD, n = 3.
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has the same hydroxyl functional group on its side chain as
serine, and S449D slightly increased the NTD activity
(Fig. 2H). This indicates that not only the hydrogen bonding
interaction of S449 but also the size of its side chain is
important to maintain the activity of the NTD. To further
investigate whether the loss of NTD catalytic activity by S449A
is due to interactions with the side chain of T213 or the
backbone of D209, the T213A mutant was introduced in the
FL variant with D657A, where it did not affect the NTD ac-
tivity. Therefore, the interaction between T213 and S449 is not
important for the NTD activity.
4 J. Biol. Chem. (2021) 296 100071
The second point of interaction involves the formation of
hydrogen bonds between T216 of the catalytic helix-α5 and the
peptide backbones of G448 (2.6 Å), S449 (3.6 Å), and G452
(2.9 Å) of the linker helix-α13 (Fig. 1D). T216A increased the
activity of the NTD in the FL variant (Fig. 2, D and H).
Additionally, D220 of the catalytic helix-α5 forms a salt bridge
(4.1 Å) with K451 of the linker helix-α13 (Fig. 2E). A distance of
�4.0 Å has been shown to be optimal for the formation of
ionic interactions between the side chains of charged amino
acids in proteins (34). The D220A mutant increased the NTD
activity by 1.5-fold and eliminated the ionic interactions with
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K451 (Fig. 2, D and H). These observations were further
confirmed by D220E and D220N, which also increased the
NTD activity. Overall, the alanine substitution at T216 and
D220 increased the NTD activity, and both are located on the
third turn of the catalytic helix-α5 opposite D209 (Fig. 1, D and
E). As discussed earlier, the linker helix-α13 interactions with
the first turn of the catalytic helix-α5 harboring the catalytic
residue D209 are important in maintaining an active NTD.
However, interactions with the third turn of the catalytic helix-
α5 harboring T216 and D220 hinder the NTD activity.

The third set of interactions is formed between the linker
helix-α13 and loop66–77. The small subdomain is connected to
the large subdomain via loop66–77 and the catalytic helix-α5.
The R462 of the linker helix-α13 interacts with D73 (3.3 Å) and
T75 (3.0 Å) of loop66–77 (Fig. S3A). The NTD activity was
affected by D73A and R462A, but no change was observed
with T75A (Fig. 2, E and I). Therefore, the interaction of R462
with D73A is more important than its interaction with T75A.
These results were further confirmed when D73E and R462K
fully and partially restored the NTD activity, respectively
(Fig. 2, E and I).

The last set of interactions that might influence the NTD
activity of HK2 is formed between the second half of the linker
helix-α13 and the small subdomain. These interactions are
facilitated by residues K146, K147, D202, Y461, and R468 with
distances >4.4 Å in the crystal structure of HK2 with a closed
conformation (Fig. S3B) (12). These distances could change in
the open conformation, as the subdomains undergo confor-
mational changes to open and close the active site during
catalysis, as observed upon glucose binding to HK1 and HK2
(12, 31). Additional internal ionic interactions in the small
subdomain are observed between E79 and K147 (3.9 Å)
(Fig. S3B). The E79A, K146A, K147A, D202A, and R468A
substitutions increased the activity of the NTD, whereas
Y461A partially reduced its activity (Fig. 1, F and I). These
results show that the interactions of the second half of the
linker helix-α13 with the small subdomain are not required to
maintain the activity of the NTD. Overall, the interactions of
residues at the beginning of the linker helix-α13 are essential
for NTD activity of HK2, whereas interactions at the middle of
the linker helix-α13 are not.

Catalytic rate and initial velocity studies of HK2 mutants

Kinetic analysis and initial velocity studies were performed
on mutants that affected the NTD activity of HK2. The kinetic
studies were conducted on mutants of the NTD regulatory site
with several amino acid substitutions of residues D447, S449,
and K451. As described earlier, the enzymatic rate of the NTD
was directly measured in the FL variant by inactivating the
CTD with the D657A mutant. The kinetic parameters were
determined from initial velocity studies in the forward direc-
tion by varying the glucose concentration at different fixed
ATP concentrations. The enzyme rate data were plotted and
fitted to random Bi–Bi sequential kinetic mechanism (Fig. 3).
The kinetic parameters of all mutants were compared with the
control, the D657A mutant. The catalytic rate V/Et values of
D447S and D447E decreased by twofold, and the Michaelis
constant for glucose (KGlu) slightly decreased for both mutants
(Table 1). The Michaelis constant for ATP (KATP) decreased
by four- and sevenfold for D447S and D447E, respectively,
indicating a higher affinity for ATP. Similar to the D447 mu-
tants, a threefold decrease was observed in V/Et for K451R,
and KATP and KGlu increased by four- and sevenfold, respec-
tively (Table 1). Overall, the V/KGluEt slightly decreased for
D447E and D447S mutants, but an 11-fold decrease was
observed for K451R. The V/KATPEt increased by two- and
fourfold for D447S and D447E, respectively, but decreased by
18-fold for K451R (Table 1).

All amino acid substitutions at S449 were catalytically
inactive except for S449D. Similar to enzyme titration analysis,
the initial velocity studies on S449D revealed that V/Et
increased by 1.2-fold (Table 1). A twofold increase and 16-fold
decrease in KATP and KGlu, respectively, were observed for
S449D with an 18-fold increase in V/KGluEt. The introduction
of S449D did not greatly affect the catalytic rate but did in-
crease the glucose affinity of the NTD. Overall, the changes
observed in the catalytic rate (V/Et) and substrates affinities
(KGlu and KATP) support the importance of D447, S449, and
K451 in regulating the catalytic activity of the NTD of HK2.

The alanine substitution at D220 that forms a salt bridge
with K451 increased the NTD activity of HK2. From initial
velocity studies, D220E and D220A showed similar patterns
with 1.5- and 2.5-fold increases in V/Et compared with the
control, respectively (Fig. 3 and Table 1). The substrate
binding affinities changed slightly for D220 mutants, except
that a twofold increase in KATP was observed for D220A.
These results again suggest that the interactions between D220
and K451 hinder the NTD activity of HK2. Finally, to inves-
tigate the importance of the interactions between loop66–77

and the linker helix-α13, initial velocity studies were conducted
on D73E and R462K. The kinetic parameters of D73E were
similar to those of the control with a slight increase in KGlu and
KATP, and R462K decreased V/Et by twofold with no change in
KGlu and a twofold increase in KATP (Table 1). Consistent with
the enzyme titration analysis, D73 and K462 do not play major
roles in controlling the NTD activity of HK2.

Thermodynamic stabilities and half-life characterization of
residues in the NTD regulatory site of HK2

Differential scanning calorimetry (DSC) and differential
scanning fluorimetry (DSF) were used to determine the ther-
modynamic stabilities of HK2 mutants in the NTD regulatory
site (Fig. 4). Thermodynamic measurements were performed
on the FL variants of the single mutants D447A, S449A, and
K451A in the absence or presence of glucose. Previously, we
reported an increase in the thermodynamic stability of HK2
variants upon glucose binding (12). From DSC analysis, all
thermal melts of HK2 were irreversible with a second heating
scan included for each run as outlined in the methods section.
The HK2 thermograms showed single or two-state transitions,
where the melting temperature (Tm) was calculated at the apex
of the melting peak, and the calorimetric enthalpy (ΔHcal) was
J. Biol. Chem. (2021) 296 100071 5



Table 1
The kinetic parameters of NTD mutants determined in the direction of the formation of G6P at 25 �C and pH 7.5

HK2 variants
V/Et (s

−1)
fold change

KGlu (mM)
fold change

KATP (mM)
fold change

V/KGluEt (mM−1 s−1)
fold change

V/KATPEt (mM−1 s−1)
fold change

Control D657A 35 ± 1.3 0.19 ± 0.02 0.90 ± 0.07 186 ± 7 39 ± 2
D447S 19 ± 0.4

−1.9
0.15 ± 0.01

−1.3
0.24 ± 0.02

−4
128 ± 3

−1.5
80 ± 2
+2.1

D447E 20 ± 4.5
-1.8

0.12 ± 0.01
−1.6

0.13 ± 0.01
−7

170 ± 38
−1.1

157 ± 35
+4

S449D 41 ± 3
+1.2

0.012 ± 0.002
−16

1.7 ± 0.2
+2

3417 ± 250
+18

24 ± 2
−1.6

K451R 13.4 ± 0.4
−2.6

0.77 ± 0.05
+4.1

6.1 ± 0.3
+7

17.4 ± 1
−11

2.2 ± 0.1
−18

D220A 86 ± 9.2
+2.5

0.21 ± 0.03
+1.1

2.1 ± 0.25
+2.3

410 ± 44
+2.2

41 ± 5
+1.1

D220E 54 ± 1.9
+1.5

0.23 ± 0.02
+1.2

0.63 ± 0.05
−1.4

233 ± 8
+1.3

85 ± 3
+2.2

D73E 34 ± 1.7
+1.0

0.28 ± 0.03
+1.5

1.1 ± 0.14
+1.2

121 ± 6
−1.5

31 ± 2
−1.3

R462K 19 ± 3
−2

0.21 ± 0.02
+1.1

2.0 ± 0.2
+2.2

91 ± 15
−2

10 ± 2
−4

Figure 3. Double-reciprocal plots of the initial velocity rates of NTD mutants. The initial velocity rates were determined by varying the glucose
concentration at different fixed ATP concentrations. The points on the graphs represent experimental data, and the lines are the theoretical fit of the data to
a random Bi–Bi sequential mechanism. The NTD activity of the single mutants D220E, D447S, D447E, S449D, or K451R was measured in the FL variant in the
presence of D657A to inactivate the CTD of HK2. The initial velocity rates of the control D658A were also determined. Data are the mean ± SD, n = 3.
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Figure 4. Thermodynamic stability analysis of NTD mutants. A and B, the DSC thermograms of FL variants of WT (black), D447A (red), S449A (green), and
K451A (blue) in the absence (A) or presence (B) of 5 mM glucose. The DSC scans were corrected for the buffer baseline, and the data were fitted to one- or
two-state transitions. The thermograms have been baseline corrected and deconvoluted using the Nano-Analyze software package from TA instruments. C,
DSF analysis of FL variants for the WT and NTD mutants of HK2 at different glucose concentrations. SYPRO Orange was used as the reporter dye for the
determination of Tm at different glucose concentrations. D–F, bar plots of the DSC parameters ΔHcal, Tm1, and Tm2 in the absence (black) or presence (red) of
5 mM glucose for the WT and NTD mutants. The thermograms of S449A and K451A in the presence of glucose were deconvoluted as a one-state transition;
therefore, the Tm2 values in the presence of glucose were not included for S449A and K451A. G, bar plots of Tm determined from DSF analysis in the absence
(black) or presence (red) of 5 mM glucose. Data are the mean ± SD, n = 3.

Catalytic inactivation of human hexokinase 2
determined from the area under the thermographic peak.
Similar to the WT enzyme, the DSC thermograms of the
mutants produced a two-state transition in the apo-state
(Fig. 4A). The addition of glucose increased the thermody-
namic stability of WT and mutants, where the thermograms of
S449A and K451A shifted to a single transition and those of
WT and D447A yielded a small shoulder for the second
transition (Fig. 4B). The addition of glucose increased Tm1

between 3 and 6 �C and ΔHcal was higher for WT and S449A
at 174 ± 8 and 274 ± 25 kJ/mol compared with the marginal
increases of 32 ± 11 and 64 ± 12 kJ/mol for K451A and D447A,
respectively (Fig. 4, D and E). The effect of glucose on Tm2 was
marginal with an increase of less than 2 �C for WT and D447A
(Fig. 4F). Therefore, D447A or K451A compromised the
thermodynamic stabilization effect observed upon glucose
binding. We reported a similar observation previously, where
glucose did not enhance the enthalpy of D209A, the catalytic
residue in the NTD of HK2 (12). The decrease in ΔHcal may
result from the catalytic inactivation of the NTD of HK2, as
mutants that exhibited a decrease in ΔHcal possessed an
inactive NTD.

In addition to DSC analysis, the Tm of HK2 mutants was
determined by DSF from the global thermal unfolding of FL
variants in the presence of a reporter dye, SYPRO Orange. In
the absence of glucose, the Tm of S449A (42.6 ± 0.2 �C) was
higher than those of WT (38.3 ± 0.9 �C), D447A (40.5 ± 0.1 �C)
and K451A (38.6 ± 0.1 �C) (Fig. 4, C and G). Similar to DSC,
the addition of glucose increased the Tm of WT and mutants
by 5–6 �C, and S449A reached glucose saturation faster than
the WT, D447A, and K451A. The Tm values reported here by
DSF were on average <7 �C lower than Tm1 estimated from
DSC. The difference in the Tm values is expected due to the
nature of the two techniques, with DSC measuring the molar
heat capacity of the protein sample versus DSF utilizing a
fluorescence probe, which binds to hydrophobic patches on
the protein sample (35).
J. Biol. Chem. (2021) 296 100071 7
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Another thermodynamic property tested here is the heat
inactivation kinetics (HIK) to reveal the relation between the
thermal stability and the time-dependent catalytic activity of
HK2 mutants. The HIK was measured from the time depen-
dence of the residual catalytic activity of NTD mutants incu-
bated at 37 �C in the absence or presence of glucose. In the
apo-state, the decrease in the percentage of relative enzyme
activity was the fastest for the WT with the shortest half-life
(t1/2) of 5 min (Fig. S4A). The D447A and K451A mutants
possessed higher thermal kinetic stabilities than WT with t1/2
values of 8 and 16 min, respectively. However, the D209A and
S449A mutants showed the highest kinetic thermal stability
with similar inactivation rates in the absence or presence of
glucose. The addition of glucose increased the thermal kinetic
stabilities of WT, D447A, and K451A with inactivation rates
similar to those of D209A and S449A (Fig. S4B). The D209A
mutant was introduced as a control for mutants with an
inactive NTD. Unlike the WT, all mutants analyzed in this
study possessed an inactive NTD. The increased kinetic ther-
mal stabilities of the mutants could result from their inactive
NTD, as similar results were obtained with the D209A mutant
containing an inactive NTD.

Hydrogen/deuterium exchange mass spectrometry (HDX-MS)
to determine the conformational dynamics of mutants
eliminated the catalytic activity of the NTD of HK2

We investigated the roles of D447, S449, and K451 in the
activity of the NTD, where the alanine substitutions of these
residues were sufficient to eliminate the catalytic activity of the
NTD of HK2. It was not clear how these residues distant from
the active site regulated the NTD activity. To investigate their
regulatory mechanisms, HDX-MS was used to compare the
dynamics and conformational fold differences between the
WT and mutants that demolished the NTD activity of HK2.
The deuterium incorporation rate was measured in the
absence or presence of glucose to evaluate the structural fold
differences of the WT and mutants in the open (ligand-free)
and closed (glucose-bound) states. To the best of our knowl-
edge, there is no crystal structure of the open apo-state of
mammalian HKs, as all available crystal structures are in
complex with ligands, e.g., glucose and G6P (10–13, 29, 31, 32).
Therefore, this HDX-MS analysis represents the first study
of conformational dynamics of the apo-state of any mamma-
lian HK.

The HDX-MS measurement of the NTD of HK2 was con-
ducted in two variants, the FL and NTD that is expressed as a
separate domain. The NTD or FL variants were incubated in a
deuterated buffer at time intervals of 1 min, 6 min, 1 h, and 3 h
in the absence or presence of 5 mM glucose. The deuterium
incorporation was measured by Q-TOF MS (Impact II, Bruker
Daltonic) with a resolution >50,000. The higher charge states
(charge greater than +1) with the highest peak intensity were
used to determine the deuterium incorporation for each pep-
tide acquired from the protease column. To facilitate differ-
ences in protein dynamics between the WT and mutants and
to enhance the HDX rates, the deuterium exchange tempera-
ture was increased from 25 �C to 37 �C. The temperature
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increase enhanced the deuterium incorporation rates for the
WT and mutants with similar sequence coverage. The number
of peptides was 266 and 415 for the NTD and FL variants,
respectively, with >95% protein sequence coverage. The pep-
tide sequence maps of the WT and mutant enzymes were
identical in the absence or presence of glucose with variations
at the linker helix-α13 region between the FL and NTD variants
of HK2. Due to the high structural identity and sequence
similarity of the NTD and CTD, the catalytic helices of both
domains share identical amino acid sequences represented by
residues 204–218 and 652–666 (VAVVNDTVGTMMTCG),
respectively. Consequently, amino acid sequence assignments
of the catalytic helices to NTD or CTD in the FL variant were
not possible. Therefore, D657A, the catalytic residue mutant of
CTD, was used as the control for the FL variant in the HDX-
MS experiment to enable amino acid sequence assignment of
the catalytic helices to the NTD or CTD of HK2.

The time-dependent HDX-MS measurements identified 11
nonoverlapping peptides of the NTD with altered dynamics,
modulated by either glucose addition or mutations (Fig. 5). In
the apo-state, D447A and K451A increased the deuterium
incorporation rates for all peptides compared with the WT,
while S449A had similar or reduced deuteration compared
with the WT except for residues 440–455 (Fig. 5). The
increased dynamics of D447A and K451A were centered on
residues 206–214, which represents the first half of the cata-
lytic helix-⍺5 (residues 209–220). The deuterium incorpora-
tion at residues 206–214 in the FL variant at 1 h increased by
7% and 4% for D447A and K451A, respectively. In addition to
the FL variant, HDX-MS analysis was conducted on the NTD
variant expressed separately from the FL enzyme, where the
WT enzyme was used as a control. In the NTD variant, D447A
increased the deuteration of the catalytic helix-⍺5 by 16% with
only 6 min of incubation. On the other hand, deuterium
incorporation of residues 206–214 at 1 h decreased (�24%)
upon the addition of glucose for WT and mutants in the NTD
and FL variants (Fig. S5). The decrease in dynamics in the
catalytic helix-⍺5 upon the addition of glucose is important to
prepare the enzyme for catalysis, as slower motions of active
site residues facilitate the alignment of substrates for catalysis.
The inactivation of the NTD by D447A may result from
increased dynamics of the catalytic helix-⍺5, where improper
alignment of D209 with the C6-hydroxyl of glucose prevents
its deprotonation and nucleophilic attack on the γ-phosphate
of ATP.

Using the percentage of deuterium incorporation data at the
1 h time point for apo-WT and D447A in the FL variant, we
mapped the regions that showed higher exchange rates onto
the crystal structure of the NTD of HK2 (Fig. 6, A and B). The
graphical presentation of the HDX-MS reveals increased
conformational flexibility on regions surrounding the catalytic
helix-⍺5 of D447A compared with the WT. To evaluate the
effect of mutants on the dynamics of HK2, the difference in the
percentage of deuterium exchange was calculated by sub-
tracting the HDX percentage of WT from the mutant
(Fig. 6C). In the apo-state, the D447A mutation increased the
dynamics of residues 226–238 and 407–416 of the large



Figure 5. Comparative HDX kinetics of NTD mutants. The percentage of deuterium exchange for the NTD mutants was determined as a function of
exchange time at 37 �C. The HDX-MS measurements were conducted on the NTD or FL variants. The HDX traces of the representative peptides showed
different deuterium exchange rates in the absence (=) or presence (ο) of 5 mM glucose for the WT (black), D447A (red), S449A (green), and K451A (blue).
Lines through points are shown only as guides. Data are the mean ± SD of 6–8 and 3–6 measurements for the apo and glucose-bound states, respectively.
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Figure 6. Comparison of the percentage of HDX for the NTD of WT and D447A. Graphical presentations of the NTD of HK2 for WT (A) and D447A (B).
Mapping the HDX data of the FL variant at 1 h of the apo-state onto the structure of HK2 (PDB ID 2NZT). The color-coded structures reflect the percentage of
HDX, with blue being least labeled and redmost labeled, for peptides with altered HDX exchange profile upon the introduction of D447A. The HDX profile of
D447A is shown here, as it exhibits the most deuterium incorporation compared with the other mutants. This figure was prepared using PyMol (Schrodinger
LLC). C, bar plot of the percent increase in deuterium exchange in the apo-state at 1 h, calculated by subtracting the exchange of WT from that of the
mutants. The color code is D447A (red), S449A (green), and K451A (blue) in the FL (solid bars) and NTD (checkered bars) variants.
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subdomain by 18% and 14% in the FL variant and 20% and 18%
in the NTD variant, respectively. K451A increased the dy-
namics by �5%, but S449A decreased it by �4%. In the large
subdomain, three peptides, 226–238, 407–416, and 440–455,
are part of the five-stranded β-sheet of the large subdomain
that is positioned between the catalytic helix-⍺5 on one side
and two α-helices (residues 37–60 and 392–406) on the other
side. D447A increased the deuteration of residues 37–60 and
392–406 by 18% and 16% in the FL variant and by 17% and
12% in the NTD variant, respectively. While K451A increased
the HDX of these peptides by �4%, and S449A decreased it by
6% and 2%, respectively. Overall, the four peptides represent-
ing the large subdomain showed enhanced dynamics in re-
gions adjacent to the catalytic helix-⍺5 in the presence of
mutants D447A and K451A (Fig. 6C).

In the apo-state, the dynamics of loop59–77 (peptide 61–67)
that connects the C-end of the large subdomain with the N-
end of the small subdomain increased by 21% for D447A in
both the NTD and FL variants and by 8% for K451A in the FL
variant (Fig. 6, A–C). In contrast, the dynamics of loop59–77

decreased by 2% in the S449A mutant. Similarly, in the small
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subdomain, D447A increased the deuterium incorporation for
peptides 91–107, 127–137, and 189–203 by 11–23% and
10–30% in the NTD and FL variants, respectively. Peptides
91–107 correspond to the first two strands of the five-stranded
β-sheet in the small subdomain that is adjacent to linker helix-
α13 on one side and two α-helices (peptides 127–137 and
189–203) on the other side. However, the deuterium incor-
poration for these three peptides decreased by <3% in S449A.

Peptides 440–455 are important because they form multiple
secondary structures, including the last strand of the β-sheet in
the large subdomain, loop444−447, and the first turn of the
linker helix-α13. The deuterium incorporation of peptides
440–455 is one of the highest among the NTD peptides pre-
sented here with 40% HDX for the control after 1 min of in-
cubation of the NTD and FL variants in the absence or
presence of glucose. The deuteration of peptides 440–455
increased by �7% for D447A in the NTD and FL variants and
by �3% for S449A and K451A in the FL variant. Interestingly,
S449A decreased the dynamics of all NTD peptides except
peptides 440-455. The side chain of S449 forms a hydrogen
bond with the backbone carbonyl oxygen of the catalytic
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residue D209. The enhanced dynamics of peptides 440–455
would reduce the structural stability of the catalytic helix-⍺5

and the alignment of D209 with glucose for catalysis, which
explains the ability of the nonactive site residues D447A,
S449A, and K451A to eliminate the catalytic activity of the
NTD of HK2 due to increased conformational dynamics
around the active site.

Finally, the pepsin digestion of the linker helix-α13 was
different in the NTD variant (residues 461–479) and the FL
variant (residues 456–475). In the apo-state and at the 1 h time
point, D447A was the only mutant that increased the deuter-
ation of the linker helix-α13 compared with the WT by 6% and
7% in the NTD and FL variants, respectively, and S449A and
K451A did not alter its deuteration (Fig. 6C). However, in the
glucose-bound state and at the 1 h time point, D447A did not
alter the deuteration of the linker helix-α13 compared with the
WT, but S449A and K451A reduced its deuteration by 3% and
6%, respectively (Fig. S5). Overall, the deuterium incorporation
rate of the linker helix-α13 in the FL variant is high compared
with that of other peptides observed here, with time-
dependent deuterium labeling averaging 21% (1 min), 41%
(6 min), and 56% (1 h and 3 h) for the control and mutants in
the apo and glucose-bound states (Fig. 5). In the NTD variant,
the linker helix-α13 deuteration was 50–55% in the apo and
glucose-bound states for the WT and D447A. The high dy-
namics of the long linker helix-α13 may be related to its role in
the NTD catalysis, where opening and closing of the NTD
active site are accompanied by conformational changes in the
linker helix-α13 (12). In addition, D447A further enhanced the
dynamics of the linker helix-α13, which could reduce the
conformational stability of the NTD active site, enabling
conformational perturbation to compromise the ability of the
NTD to catalyze a reaction.

The catalytic activity of the CTD mutants of HK1 and HK2 for
cancer drug specificity

HK2 is overexpressed in various types of cancers but limited
in normal adult tissues (17), as HK1 is the dominantly
expressed human isozyme in normal cells (8). In addition to its
role in anaerobic glycolysis, HK2 is necessary for chemo-
resistance and for tumor initiation and maintenance in many
types of cancers (17, 25, 36). Therefore, HK2 is an attractive
candidate for the development of anticancer therapeutics;
however, the challenge is to achieve the specific inhibition of
glycolysis in cancer cells without affecting normal tissues. This
can be accomplished if HK2 can be specifically inhibited
without affecting other HKs, e.g., HK1. The human HK iso-
zymes share a highly conserved structural fold and active site
residues making the specific inhibition of HK2 a challenge.

Here, the newly identified NTD regulatory site of HK2 is a
promising target for the specific inhibition of glycolysis in
cancer. Since the NTD is naturally inactive in all human HKs
except HK2, the design of anticancer drugs that inhibit the
NTD of HKs without affecting CTD activity would enable the
development of specific anticancer therapeutics. Due to the
high degree of structural similarity between the NTD and CTD
of human HKs, the D895 and K899 residues of the CTD are
identical to the D447 and K451 residues, of the NTD regula-
tory site (Fig. 1, D and E). To validate their roles in the activity
of the CTD, site-directed mutagenesis analysis was conducted
on D895 and K899 in both the HK1 and HK2 isozymes. To
measure the CTD activity in the FL variant, D209A was
included with HK2 mutants to inactivate its NTD but was not
needed for the HK1 mutants, as HK1 contains a naturally
inactive NTD. The enzyme titration analysis of the D895A
mutant yielded similar CTD activity to the controls for both
HK1 and HK2 (Fig. S6, A–C). The K899A mutant retained
68 ± 2% and 91 ± 2% of the CTD activity for HK1 and HK2,
respectively. Therefore, the NTD regulatory site is a good
candidate target for the specific inhibition of HK2 with limited
effects on the CTD of other human HKs to achieve the specific
inhibition of glycolysis in different cancer types with upregu-
lated HK2 levels.

In summary, the ionic interactions between D895 and K899
are conserved in the CTD of all human HK isozymes (Fig. S2).
However, in the NTD, K451 forms a salt bridge with D447 of
HK2 and HK3 and E442 of HK4, but K451 forms hydrogen
bonds with S447 of HK1 and HKDC1. In the FL variant, D447
and K451 were important for the NTD activity, but D895 and
K899 did not affect or partially reduced the CTD activity. One
of the main structural differences between the two HK do-
mains lies in the linker helix-α13 and helix-α26 at the ends of
the NTD and CTD, respectively (Fig. 1, A–C). The linker helix-
α13 connects the NTD to the CTD, but helix-α26 is free and not
associated with any structure. To further investigate whether
the NTD inactivation by D447 mutants is due to restriction of
the linker helix-α13 movement in the FL variant, the activity of
the D447A and D447S mutants was measured in the NTD
variant. The D447A mutant that disrupted the interactions
with K451 possessed only 14 ± 1% of the WT activity in the
NTD variant (Fig. S6, D and E), where in the FL variant it was
inactive. Nevertheless, the D447S mutant, which can form a
hydrogen bond with K451, restored 55 ± 3% of the WT activity
in the NTD variant compared with 72 ± 1% of the control
activity in the FL variant. Therefore, restricting the linker he-
lix-α13 movement in the FL variant does not have major
contribution to NTD inactivation, but the D447 bonding in-
teractions with K451 are important in maintaining the NTD
activity of HK2.

Molecular dynamics (MD) simulations and comparison of
structural stability of the NTD of HK2 for WT and D447A
mutant

MD simulations at 200 ns were conducted to explore the
structural dynamics and fluctuation of the HK2 structure upon
the introduction of D447A. For this purpose, principal
component analysis (PCA)-derived root mean-square fluctu-
ations (RMSF) were calculated for the Cα atoms of WT and
D447A (Fig. 7). The first three vectors are presented for each
monomer separately and collectively captured >50% of the
overall global motion. In the apo-state, the MD simulation
trajectories showed increased dynamics of the D447A mutant
compared with the WT at the linker helix-α13 in addition to
regions of the small and large subdomains of the NTD, which
J. Biol. Chem. (2021) 296 100071 11



Figure 7. MD simulation of WT and D447A in the NTD of HK2. A and B, comparison of PCA-derived RMSF profiles for the first and second monomers of
the NTD of HK2 for WT (black) and D447A (red). C, depiction of regions of the 3D structure of the NTD of HK2 that show higher fluctuation in the D447A
mutant.
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was evident from the significant deviation in the PCA-derived
RMSF patterns (Fig. 7). The enhanced dynamics observed for
the D447A mutant are predicted to be caused by disruption of
the interaction between D447 and K451, which has been
shown here to be important for NTD activity.

In good agreement with the HDX-MS data, the MD simu-
lation revealed high fluctuation at residues 80–145 and
175–200 of the small subdomain of the NTD (Fig. 7). Similarly,
enhanced HDX exchange was also observed at residues
91–107, 127–134, and 189–203 of the small subdomain
(Fig. 6). Similar to HDX analysis, the linker helix-α13 repre-
sented by residues 447–479 also showed slightly higher fluc-
tuation on one of the monomers. Furthermore, high
fluctuation was observed in the large subdomain of the NTD at
residues 260–300 and 340–375 but was not detected in the
HDX-MS analysis. The enhanced dynamics observed in the
MD simulation of the D447A mutant compared with WT is
due to disruption of the electrostatic interaction of D447 with
K451, as mutation at either residue has been shown here to
eliminate the NTD activity of HK2. Consequently, the D447A
mutation caused displacement of the small and large sub-
domains and the linker helix-α13 from their original positions
in the WT (Fig. S7).

The MD simulation has also been conducted on the D220A
mutant that increased the NTD activity by 2.5-fold. The dy-
namics of NTD increased in the presence of D220A mutation
compared with the WT, which was expected due to the
disruption of its ionic interactions with K451 of the linker helix-
α13 (Fig. 7). However, D220A was less dynamic than D447A at
the small subdomain and linker helix-α13 (Fig. S7, A and C).

Since the active site and linker helix-α13 lie in a cleft be-
tween the small and large subdomains, the enhanced confor-
mational dynamics induced by the D447A mutation caused
wider opening of the NTD active site (Fig. S8A). The wider
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opening of the active site facilitated by D447A is indicated by
the large distance between the Cα atoms of T88 and T232 of
the small and large subdomains of the NTD, respectively
(Fig. S8A). The distance between T88 and T232 increased from
a range of 5 Å–14 Å for the WT to 7 Å–20 Å for D447A. In the
case of D220A, the distance was larger compared with the WT,
but its distribution was smaller than D447A. In addition, the
displacement of the linker helix-α13 impacted the relative
orientation of the NTD and CTD in the D447A mutant, as
represented by the wider angle between the two domains
(Fig. S8B). The angle was measured at the Cα atoms of T389,
R468, and A839 on the NTD, linker helix-α13, and CTD,
respectively. The angle distribution was wider for D447A, with
values of 160�–190�, than for the WT, with values of 150�–
180� (Fig. S8B). Interestingly, a pronounced stabilization effect
on the linker helix-α13 was observed in the presence of D220A
mutation with angle smaller than the WT enzyme (Fig. S8B).
The enhanced fluctuation and increased opening of the active
site upon the introduction of D447A to the NTD could explain
the ability of D447 and its interacting partner K451 to elimi-
nate the catalytic activity of the NTD of HK2. The enhanced
fluctuation of the NTD in the presence of the D447A mutant
could reduce its substrate binding stability, which explains the
ability of D447 to eliminate the catalytic activity of the NTD of
HK2. On the other hand, the stabilization effect of D220A on
the linker helix-α13 can explain its ability to increase the NTD
activity, which again highlights the importance of the linker
helix-α13 in the activity of the NTD of HK2.

Conclusion

Glucose is an essential carbon source for many cancerous
tumors, as rapidly proliferating cancer cells alter their meta-
bolic activities to elevate the rate of aerobic glycolysis in order
to sustain the high energy and metabolite demands of cancer
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(1, 3–5). The HK reaction is an important step for the regu-
lation of glucose metabolism. The upregulation of HK2 in
cancer is a major contributor to the elevated aerobic glycolysis
and “Warburg effect” in cancer, and the low expression of HK2
in specific normal tissues makes it an attractive target for the
selective inhibition of glucose metabolism in cancer (5, 8, 15,
17, 18). The challenge lies in the development of HK2 in-
hibitors that target cancer but induce limited interference with
the ubiquitously expressed HK1 isozyme. Because of the highly
conserved structural similarity and active site identity of HK
isozymes, the design of inhibitors that target HK2 with limited
interactions with the other human isozymes is currently
unattainable.

Here, the catalytic roles of 20 amino acid residues of the
linker helix-α13 and their network of interactions were inves-
tigated to determine their effects on the NTD activity of HK2.
Three nonactive site amino acid residues (D447, S449, and
K451) were found to eliminate the catalytic activity of the NTD
of HK2. These amino acid residues are important to the
conformational stability of the NTD active site, and alanine
substitutions at D447 and K451 increased the structural dy-
namics of regions surrounding the catalytic helix-α5 of the
NTD of HK2. HDX-MS analysis and MD simulation of D447A
showed higher dynamics and a widened active site cleft in the
NTD. The high fluctuation could contribute to reduced
glucose binding stability and consequently to poor alignment
of glucose with the catalytic residue D209 of the NTD. Dis-
rupting the bonding interactions facilitated by D447, S449, and
K451 eliminated the catalytic activity of the NTD of HK2, and
thus, these residues represent the newly identified regulatory
site of the NTD. A similar pocket also exists in the CTD but
was found to be unnecessary for the CTD activity of HK1 and
HK2. Since HK2 is the only isozyme with an active NTD
among the human HKs, inhibitors that bind and disrupt the
interactions in the NTD regulatory site should reduce the
activity of HK2 without affecting the activity of HK in normal
tissues.

In this study, multiple mutants were identified to increase
the activity of the NTD of HK2, in particular, D220A that has
the highest catalytic activity compared with the WT. MD
simulation confirmed higher stability at the linker helix-α13
that may contribute to the increased activity of the NTD for
D220A mutant. One of the future objectives of the work
presented here is to use structure-based drug design to screen
for small molecules that bind the NTD regulatory site of HK2.
The inhibition of the NTD will reduce the activity of HK2 and
make it similar to other HK isozymes found in normal cells
with inactive NTD, e.g., HK1. Targeting the NTD regulatory
site will enable exploration of new families of potential HK2
inhibitors and could lead to design and development of novel
and safe therapeutic interventions for the treatment of multi-
ple cancer types.

In contrast to residues in the regulatory site, alanine sub-
stitutions at T216 and D220, among others, increased the
activity of the NTD of HK2. This suggests that these residues
enforce structural restraints that stabilize a conformation
of the NTD with low catalytic activity. Upon alanine
substitutions; however, these restraints are removed and the
NTD exhibited higher catalytic activity compared with the WT
enzyme. Therefore, these sites can also be targeted in the
structure-based drug design of small molecules that can
further stabilize these structural restraints, hence reduce the
enzymatic activity of the NTD of HK2.

Materials and methods

Expression and purification of recombinant mutants human
HK2

The recombinant mutants of human HK1 and HK2 were
introduced by GenScript Inc into pET28b bacterial expression
vector. The expression of the Hisx6-tagged human HK pro-
teins was performed in Escherichia coli BL21-CodonPlus-RIL
(Stratagene). The inoculated cultures (4–6 l) were grown in LB
broth at 25 �C until the A600 reached 0.2 in the presence of
100 mg/l kanamycin and 50 mg/l chloramphenicol. The
temperature was then lowered to 15 �C and the expression was
induced overnight with 0.1 mM IPTG. The cells were har-
vested by centrifugation at 12,000g at 4 �C for 10 min in an
Avanti J26-XPI centrifuge (Beckman Coulter Inc), then
resuspended in lysis buffer (100 mM Tris pH 7.4, 150 mM
NaCl, 5 mM imidazole, 3 mM βME, and 0.1% protease in-
hibitor cocktail from Sigma-Aldrich: P8849). Cell lysis was
carried out using sonication on ice, then centrifuged at 40,000g
for 45 min at 4 �C. The supernatant was loaded on a ProBond
Nickel-Chelating Resin (Life Technologies) previously equili-
brated with binding buffer (100 mM Tris pH 7.4, 150 mM
NaCl, 5 mM imidazole, and 3 mM βME) at 4 �C. The resin was
washed with ten column volumes (cv) of binding buffer, fol-
lowed by 15 cv of washing buffer (100 mM Tris pH 7.4,
150 mM NaCl, 25 mM imidazole, and 3 mM βME). The His-
tagged HK enzyme was eluted from the column with elution
buffer (100 mM Tris, pH 7.4, 150 mM NaCl, 300 mM imid-
azole, and 3 mM βME) in 1 ml aliquots. Finally, the Ni-column
fractions containing HK were loaded onto a HiLoad Superdex
200 size-exclusion column using an AKTA purifier core sys-
tem (GE Healthcare). The column was pre-equilibrated with
filtration buffer (50 mM Hepes pH 7.4, 150 mM NaCl, and
0.5 mM TCEP). The final protein was collected and concen-
trated to �5 mg/ml based on Bradford assay. The sample
purity was assessed using SDS-PAGE (Fig. S1).

Enzyme assay and initial velocity studies

HK activity was determined by the glucose-6-phosphate
dehydrogenase coupled spectrometric assay as described (37)
using Shimadzu UV-visible Spectrophotometer (UV-2700)
equipped with CPS-100 temperature controller. The reaction
was monitored at 340 nm (ε340nm = 6220 M−1 cm−1) in an
enzymatic reaction containing 50 mM Hepes pH 7.4, 150 mM
NaCl, 20 mM MgCl2, 3 mM NAD+, and 0.1 U/μl G6PDH
(Sigma- 8404). The initial linear portion of the time course was
fitted to a straight-line function to calculate the initial velocity
using the Excel add-on package XL fit (IDBS Limited). The
enzyme titration assay was conducted by measuring the
enzyme rate at fixed 3 mM concentration of glucose and ATP,
J. Biol. Chem. (2021) 296 100071 13



Catalytic inactivation of human hexokinase 2
and the enzyme concentration was varied from 0.05 to 0.5 μM,
and the initial rate (v) was plotted against the enzyme con-
centration. The enzyme rate was fitted to a straight-line
equation, and the relative enzymatic activity was calculated
from the slope of the line. The graphs were created using the
GraphPad Prism 6 software (GraphPad Software, Inc).

The initial enzyme rate in the direction of G6P formation
was measured as a function of glucose concentration (0.025
mM–2 mM) at different fixed concentrations of ATP
(0.05–3 mM). The amount of enzyme used in the reaction was
kept constant at 65 nM for the wild-type HK2, but varied for
the mutants relative to their activity. The initial rate data was
plotted in a double reciprocal form to determine the quality of
the data, then fitted using Equation 1 for a random Bi–Bi
sequential kinetic mechanism.

v ¼ VmaxAB
KaKb þ KbA þ KaB þ AB

(1)

where v and Vmax are the initial and maximum velocities, A
and B are the substrate concentrations, and Ka and Kb are the
Michaelis constants for substrates A and B, respectively. Data
were globally fitted using the kinetics module of SigmaPlot
(Systat Software, Inc).

Thermal inactivation of HK2 enzyme

Thermal inactivation kinetics of HK2 at 37 �C in the pres-
ence or absence of 3 mM glucose were analyzed using two-
state mechanism (N↔U). The enzyme was incubated at 37
�C, then its activity was measured at different incubation time
intervals. The enzyme rate was assayed spectroscopically and
the % residual enzyme activity was plotted as a function of
HK2 incubation time. Thermal inactivation was analyzed
considering first-order activity decay, and the enzymatic ac-
tivity decay was fitted to a first-order reaction, Equation 2 or to
a signal phase exponential decay using Prism 6, GraphPad
Software.

ln½A� ¼ −kobst þ ln½A0� (2)

where A0 and A are the initial and remaining enzyme activity
at different time intervals, respectively. kobs is the rate constant
for enzyme inactivation, and t is the incubation time. The half-
life (t1/2) is the time required to decrease the enzyme activity
by half, was calculated as ln(2)/kobs.

Differential scanning calorimetry and differential scanning
fluorimetry

The thermodynamic stability of the HK enzymes was
measured using Nano-DSC (TA Instruments). The thermo-
gram was measured in the absence or presence of 5 mM
glucose using 5 μM enzyme. The buffer (50 mM Hepes pH 7.4,
and 150 mM NaCl) was degassed under vacuum for 15 min.
The total volume of 700 μl was loaded into the sample cell, and
the reference cell that contains all components except
the enzyme sample. The sample was heated at a scan rate of
14 J. Biol. Chem. (2021) 296 100071
1 �C/min from 10 to 80 �C at 3 atm pressure. The background
scans were obtained by loading degassed buffer (with or without
glucose) in both the reference and samples cells and heated at
the same rate. A reheating scan was carried out on all samples to
establish the irreversibility of the thermal denature of HK2
samples. In addition to the background scan, the reheating scan
was used as a blank. The DSC thermograms were corrected by
subtracting the corresponding buffer baseline and converted to
plots of excess heat capacity (Cp) as a function of temperature.
The Nano-Analyze software package from TA instruments was
used for baseline subtraction and deconvolution of the DSC
thermograms. The melting point (Tm) is equal to the maximum
temperature of the thermal transition, and the calorimetric
enthalpy of the transitions (ΔHcal) was estimated by calculating
the area under the thermal transition.

The thermal Tm of the HK enzyme was determined using
DSF measurements in the presence of SYPRO Orange fluo-
rescent dye using a real-time QPCR instrument (Mx3005P
QPCR system, Agilent Technologies). The measurements were
conducted in a 96-well thin-walled PCR microplate (BioRad,
Cat. No. 223 94444) with excitation and emission at 492 nm
and 610 nm, respectively. The protein sample contains 50 mM
Hepes pH 7.4, 150 mM NaCl, and 40 mM MgCl2 in the
presence of 5 μM enzyme and 3X SYPRO Orange dye. The
concentration of the substrates, ATP, and glucose were varied
at 0 mM–10 mM. The fluorescence measurements of the
protein unfolding signals were collected from 25 �C to 80 �C at
a temperature ramp rate of 1 �C/min. The data was fitted to a
Boltzmann sigmoidal function to calculate the Tm at the
middle of the transition using the Excel add-on package XLfit
(IDBS limited) as described previously (38).

Hydrogen/deuterium exchange mass spectrometry

The HDX reaction was initiated by diluting 3 μl of either
100 μMNTD or FL-variants into 37 μl or 97 μl, respectively, of
D2O (Sigma-Aldrich) buffer (20 mM HEPES pD 7.5, 150 mM
NaCl, and 0.5 mM TCEP). Since the FL variant was approxi-
mately twice the molecular weight of the NTD, a 2.5 dilution
factor for FL was used compared with NTD to avoid over-
loading the protease column with final injection concentra-
tions of 7.5 μM and 3 μM for NTD and FL-variants,
respectively. The exchange reaction was performed at 25 �C
with different time points (1 min, 6 min, 1 h, and 3 h). How-
ever, due to low HDX rates, the exchange reaction incubation
temperature was increased to 37 �C in order to increase the
protein dynamics and deuterium exchange rate. Each time
point was repeated between four and eight times in the pres-
ence or absence of 5 mM glucose. The exchange reaction was
quenched at 4 �C with 1:1 dilution in quench buffer for NTD
(100 mM Phosphate pH 2.2, 2 M Guanidine-HCl, and 200 mM
TCP) and FL-variant (2 M Guanidine-HCl, 0.8% formic acid
pH 2.2). The nondeuterated experiments were performed
under the same conditions and quench buffer. A volume of
60 μl or 185 μl of the final reaction mixture for the NTD or FL-
variant, respectively, was injected on the online protease and
liquid chromatography mass spectrometry. The HDX PAL
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RTC Robot (LEAP Technologies) with refrigerated sample
compartments was used to automate the HDX reactions and
injections into the mass-spectrometer.

LC-MS and MS/MS analysis

An isocratic pump (MX-Class; Teledyne SSI) with 100 μl/
min of 0.3% formic acid was used to load the reaction mixture
onto the online immobilized pepsin column (2.1 × 30 mm;
Waters). The column was kept at 4 �C and NTD and FL-
variants were digested at 4 min and 6 min, respectively. A
gradient pump (1290 Infinity; Agilent Technologies) with C18
Trap column (1.7 μm × 30 mm; Waters) and analytical col-
umns (1.7 μm, 1.0 × 100 mm; Waters) were used to desalt and
separate generated peptides. Both C18 columns were kept at
4 �C at constant flow rate of 40 μl/min. The mobile phases
consisted of aqueous 0.3% formic acid (Sigma-Aldrich) for
solvent A and 0.3% formic acid in 95% acetonitrile for solvent
B. A linear gradient was set at 10% to 40% of solvent B in
10 min, then to 70% of solvent B in 5 min. A 10 min wash at
95% of solvent B was used to maintain the column sensitive
and prevent carry over followed by 15 min equilibration with
10% of solvent B to complete the gradient. The LC system was
coupled to a QTOF Impact II mass spectrometer (Bruker
Daltonik) equipped with an Easy Spray ion source and oper-
ated in positive ion mode. The spray voltage was set to 4.5 kV,
dry gas 4.0 l/min, dry temperature 100 �C, and the full scans
were acquired in a TOF MS mass analyzer over m/z 300–2000
at a spectra rate of 2.0 Hz.

For protein sequence coverage and peptide identification,
the auto MS/MS analysis with a fixed precursor cycle time of
2 s was performed using collision induced dissociation (CID).
The MS/MS was performed only for the nondeuterated sam-
ple. The MS/MS raw files, converted to mgf format by Data-
Analysis software (Bruker Daltonik) with 622 m/z lock mass
calibration, were searched against HK2 sequence using the
ProteinScape software (Bruker Daltonik) with an in-house
Mascot search engine (Matrix Science Limited). The search
parameters were set at peptide tolerance of 10 ppm, MS/MS
tolerance of 0.05 Da, mascot score of 20 for positive peptide
identification, and oxidation of methionine and protein
N-terminal acetylation were used as variable modifications.
The peptide deuterium-exchange data were calculated as
the change in mass of deuterated and nondeuterated
averaged masses of the protein using HDExaminer (Sierra
Analytics). HDExaminer performs automatic isotopic envelope
isolation and measures the average mass of peptides. The
statistical analysis for deuterium labeling on the peptide was
further analyzed by GraphPad Prism 6 software (GraphPad
Software, Inc).

3D structure preparation for molecular dynamics simulations

The crystal structure of human HK2 in the dimeric form
(PDB-ID: 2NZT) was used in the MD simulations (12). Prior to
structure preparation, glucose and G6P were removed from
the crystal structure to acquire the apo-state of HK2. The
missing parts of the protein were modeled using “Crosslink
Protein” panel of BioLuminate, which is implemented in
Schrodinger suite (39). The hydrogen atoms were added using
“Protein preparation” wizard of Schrodinger suite (40). The
protonation states of amino acids were determined using
PROPKA at pH 7.0 (41). The D447A mutant of the NTD was
introduced using the “Build” panel of Schrodinger suite (40).

The MD simulation setup

The MD simulation files were prepared using CHARMM-
GUI web server (42). The protein was modeled by
CHARMM36 force field, whereas water molecules were
modeled using TIP3P model (43, 44). The systems were
neutralized with salt concentration of 0.15 M KCl, and
simulations were carried out using GROMACS software (45).
Periodic boundary conditions were applied in all directions
and simulation time step was set to 2 fs. The temperature
and pressure were maintained at 310 K and 1 atm using
Nose–Hoover and Parrinello–Rahman coupling algorithms,
respectively to achieve canonical ensemble (46–48). Particle
mesh Ewald (PME) method was used to compute long-range
electrostatic forces and Van der Waals forces were treated
with 9 Å cutoff (49). The systems were simulated for 200 ns,
where the backbone RMSD of the protein fluctuated no more
than 2 Å. All coordinates were saved at 10 ps intervals for
further analysis. Two separate simulations were performed,
where each was started with different initial velocity
distribution.

Analysis of the MD simulation trajectories

PCA was carried out on the apo-state of the wild-type and
mutant proteins to explore dominant motions in the systems.
First, the resultant trajectories of each system were aligned
with respect to backbone Cα atom of the corresponding initial
structure. Computation and diagonalization of covariance
matrices were done by using “gmx covar” module of GRO-
MACS, and the “gmx anaeig” module of GROMACS was used
to obtain eigenvectors and eigenvalues from diagonalized
covariance matrices (45). The first three vectors, which
collectively captured more than 50% of the overall global
motion, were presented for each monomer separately. The
distance measurement was done using the Cα atoms of T88
and T232, which are located in the small- and large-
subdomains of the NTD, respectively (Fig. S8). On the other
hand, the angle measurement was done using the Cα atoms of
T389, R468, and A839 of the NTD, linker helix-α13, and CTD,
respectively (Fig. S8).

Data availability

All data are included within the article and associated
Supporting information.

Acknowledgments—The authors would like to thank Thyago Car-
doso for editing the manuscript. This research was partially carried
out using the Core Technology Platforms resources at New York
University Abu Dhabi.
J. Biol. Chem. (2021) 296 100071 15

https://www.jbc.org/cgi/content/full/RA120.015293/DC1


Catalytic inactivation of human hexokinase 2
Author contributions—J. C. F. expressed HK enzymes, conducted
biochemical analysis, analyzed the data, and assisted in writing the
article. A.-R. K. set up and performed the HDX-MS analysis and
edited the article. C. L. S. expressed HK enzymes, assisted in data
collection, and edited the article. S. M. performed the MD simu-
lation and computational modeling and assisted in writing the
article. L. A. set up and assisted in the HDX-MS analysis and edited
the article. O. S. supervised the MD simulation and computational
modeling and assisted in writing the article. W.M. R. designed the
biochemical experiments, analyzed the data, supervised the project,
and wrote the article.

Funding and additional information—This work was supported by
research funds from New York University Abu Dhabi and the
ADEK (Abu Dhabi Education and Knowledge) Award for Research
Excellence (AARE18-130).

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: CID, collision-induced
dissociation; CTD, C-terminal domain; cv, column volumes; DSC,
differential scanning calorimetry; DSF, differential scanning fluo-
rimetry; FL, full-length; G6P, glucose-6-phosphate; ΔHcal, calori-
metric enthalpy; HDX-MS, hydrogen/deuterium exchange mass
spectrometry; HIK, heat inactivation kinetics; HK, hexokinase; HK2,
hexokinase-2; HKDC1, hexokinase domain containing 1; KATP,
Michaelis constant for ATP; KGlu, Michaelis constant for glucose; t1/
2, half-life; Tm, melting temperature; MD, molecular dynamics;
NTD, N-terminal domain; PCA, principal component analysis;
PME, particle mesh Ewald; RMSF, root mean-square fluctuations; v,
initial rate; VDAC, voltage-dependent anion channel.

References

1. Vander Heiden, M. G., Cantley, L. C., and Thompson, C. B. (2009) Un-
derstanding the Warburg effect: the metabolic requirements of cell pro-
liferation. Science 324, 1029–1033

2. Warburg, O. (1956) On the origin of cancer cells. Science 123, 309–314
3. Pedersen, P. L. (2007) Warburg, me and Hexokinase 2: multiple discov-

eries of key molecular events underlying one of cancers’ most common
phenotypes, the "Warburg Effect", i.e., elevated glycolysis in the presence
of oxygen. J. Bioenerg. Biomembr 39, 211–222

4. Patra, K. C., and Hay, N. (2014) The pentose phosphate pathway and
cancer. Trends Biochem. Sci. 39, 347–354

5. DeWaal, D., Nogueira, V., Terry, A. R., Patra, K. C., Jeon, S. M., Guzman,
G., Au, J., Long, C. P., Antoniewicz, M. R., and Hay, N. (2018) Hexoki-
nase-2 depletion inhibits glycolysis and induces oxidative phosphorylation
in hepatocellular carcinoma and sensitizes to metformin. Nat. Commun.
9, 446

6. Ardehali, H., Yano, Y., Printz, R. L., Koch, S., Whitesell, R. R., May, J. M.,
and Granner, D. K. (1996) Functional organization of mammalian
hexokinase II. Retention of catalytic and regulatory functions in both the
NH2- and COOH-terminal halves. J. Biol. Chem. 271, 1849–1852

7. Ardehali, H., Printz, R. L., Whitesell, R. R., May, J. M., and Granner, D. K.
(1999) Functional interaction between the N- and C-terminal halves of
human hexokinase II. J. Biol. Chem. 274, 15986–15989

8. Wilson, J. E. (2003) Isozymes of mammalian hexokinase: structure, sub-
cellular localization and metabolic function. J. Exp. Biol. 206, 2049–2057

9. Hayes, M. G., Urbanek, M., Hivert, M. F., Armstrong, L. L., Morrison, J.,
Guo, C., Lowe, L. P., Scheftner, D. A., Pluzhnikov, A., Levine, D. M.,
McHugh, C. P., Ackerman, C. M., Bouchard, L., Brisson, D., Layden, B. T.,
et al. (2013) Identification of HKDC1 and BACE2 as genes influencing
glycemic traits during pregnancy through genome-wide association
studies. Diabetes 62, 3282–3291
16 J. Biol. Chem. (2021) 296 100071
10. Aleshin, A. E., Zeng, C., Bartunik, H. D., Fromm, H. J., and Honzatko, R.
B. (1998) Regulation of hexokinase I: crystal structure of recombinant
human brain hexokinase complexed with glucose and phosphate. J. Mol.
Biol. 282, 345–357

11. Mulichak, A. M., Wilson, J. E., Padmanabhan, K., and Garavito, R. M.
(1998) The structure of mammalian hexokinase-1. Nat. Struct. Biol. 5,
555–560

12. Nawaz, M. H., Ferreira, J. C., Nedyalkova, L., Zhu, H., Carrasco-Lopez, C.,
Kirmizialtin, S., and Rabeh, W. M. (2018) The catalytic inactivation of the
N-half of human hexokinase 2 and structural and biochemical charac-
terization of its mitochondrial conformation. Biosci. Rep. 38,
BSR20171666

13. Aleshin, A. E., Zeng, C. B., Bourenkov, G. P., Bartunik, H. D., Fromm, H.
J., and Honzatko, R. B. (1998) The mechanism of regulation of hexoki-
nase: new insights from the crystal structure of recombinant human brain
hexokinase complexed with glucose and glucose-6-phosphate. Structure
6, 39–50

14. Ahn, K. J., Kim, J., Yun, M., Park, J. H., and Lee, J. D. (2009) Enzymatic
properties of the N- and C-terminal halves of human hexokinase II. BMB
Rep. 42, 350–355

15. Gatenby, R. A., and Gillies, R. J. (2004) Why do cancers have high aerobic
glycolysis? Nat. Rev. Cancer 4, 891–899

16. Mathupala, S. P., Ko, Y. H., and Pedersen, P. L. (2009) Hexokinase-2
bound to mitochondria: cancer’s stygian link to the "Warburg Effect" and
a pivotal target for effective therapy. Semin. Cancer Biol. 19, 17–24

17. Patra, K. C., Wang, Q., Bhaskar, P. T., Miller, L., Wang, Z., Wheaton, W.,
Chandel, N., Laakso, M., Muller, W. J., Allen, E. L., Jha, A. K., Smolen, G.
A., Clasquin, M. F., Robey, R. B., and Hay, N. (2013) Hexokinase 2 is
required for tumor initiation and maintenance and its systemic deletion is
therapeutic in mouse models of cancer. Cancer Cell 24, 213–228

18. Anderson, M., Marayati, R., Moffitt, R., and Yeh, J. J. (2017) Hexokinase 2
promotes tumor growth and metastasis by regulating lactate production
in pancreatic cancer. Oncotarget 8, 56081–56094

19. Pastorino, J. G., and Hoek, J. B. (2003) Hexokinase II: the integration of
energy metabolism and control of apoptosis. Curr. Med. Chem. 10, 1535–
1551

20. Pastorino, J. G., Shulga, N., and Hoek, J. B. (2002) Mitochondrial binding
of hexokinase II inhibits Bax-induced cytochrome c release and apoptosis.
J. Biol. Chem. 277, 7610–7618

21. Shulga, N., and Pastorino, J. G. (2014) Hexokinase II binding to mito-
chondria is necessary for Kupffer cell activation and is potentiated by
ethanol exposure. J. Biol. Chem. 289, 26213–26225

22. Pedersen, P. L., Mathupala, S., Rempel, A., Geschwind, J. F., and Ko, Y. H.
(2002) Mitochondrial bound type II hexokinase: a key player in the
growth and survival of many cancers and an ideal prospect for thera-
peutic intervention. Biochim. Biophys. Acta 1555, 14–20

23. Cheong, H., Lu, C., Lindsten, T., and Thompson, C. B. (2012) Therapeutic
targets in cancer cell metabolism and autophagy. Nat. Biotechnol. 30,
671–678

24. Jang, M., Kim, S. S., and Lee, J. (2013) Cancer cell metabolism: implica-
tions for therapeutic targets. Exp. Mol. Med. 45, e45

25. Suh, D. H., Kim, M. A., Kim, H., Kim, M. K., Kim, H. S., Chung, H. H.,
Kim, Y. B., and Song, Y. S. (2014) Association of overexpression of
hexokinase II with chemoresistance in epithelial ovarian cancer. Clin.
Exp. Med. 14, 345–353

26. Li, X. B., Gu, J. D., and Zhou, Q. H. (2015) Review of aerobic glycolysis
and its key enzymes - new targets for lung cancer therapy. Thorac. Cancer
6, 17–24

27. Garcia, S. N., Guedes, R. C., and Marques, M. M. (2019) Unlocking the
potential of HK2 in cancer metabolism and therapeutics. Curr. Med.
Chem. 26, 7285–7322

28. Wang, H., Wang, L., Zhang, Y., Wang, J., Deng, Y., and Lin, D. (2016)
Inhibition of glycolytic enzyme hexokinase II (HK2) suppresses lung tu-
mor growth. Cancer Cell Int 16, 9

29. Kamata, K., Mitsuya, M., Nishimura, T., Eiki, J., and Nagata, Y. (2004)
Structural basis for allosteric regulation of the monomeric allosteric
enzyme human glucokinase. Structure 12, 429–438

http://refhub.elsevier.com/S0021-9258(20)00059-9/sref1
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref1
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref1
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref2
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref3
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref3
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref3
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref3
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref4
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref4
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref5
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref5
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref5
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref5
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref5
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref6
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref6
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref6
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref6
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref7
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref7
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref7
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref8
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref8
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref9
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref9
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref9
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref9
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref9
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref9
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref10
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref10
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref10
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref10
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref11
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref11
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref11
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref12
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref12
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref12
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref12
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref12
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref13
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref13
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref13
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref13
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref13
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref14
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref14
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref14
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref15
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref15
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref16
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref16
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref16
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref17
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref17
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref17
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref17
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref17
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref18
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref18
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref18
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref19
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref19
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref19
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref20
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref20
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref20
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref21
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref21
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref21
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref22
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref22
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref22
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref22
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref23
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref23
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref23
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref24
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref24
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref25
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref25
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref25
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref25
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref26
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref26
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref26
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref27
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref27
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref27
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref28
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref28
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref28
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref29
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref29
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref29


Catalytic inactivation of human hexokinase 2
30. Kawai, S., Mukai, T., Mori, S., Mikami, B., and Murata, K. (2005) Hy-
pothesis: structures, evolution, and ancestor of glucose kinases in the
hexokinase family. J. Biosci. Bioeng. 99, 320–330

31. Kuettner, E. B., Kettner, K., Keim, A., Svergun, D. I., Volke, D., Singer, D.,
Hoffmann, R., Muller, E. C., Otto, A., Kriegel, T. M., and Strater, N. (2010)
Crystal structure of hexokinase KlHxk1 of Kluyveromyces lactis: a molecular
basis for understanding the control of yeast hexokinase functions via covalent
modification and oligomerization. J. Biol. Chem. 285, 41019–41033

32. Kuser, P. R., Krauchenco, S., Antunes, O. A., and Polikarpov, I. (2000)
The high resolution crystal structure of yeast hexokinase PII with the
correct primary sequence provides new insights into its mechanism of
action. J. Biol. Chem. 275, 20814–20821

33. Lin, H., Zeng, J., Xie, R., Schulz, M. J., Tedesco, R., Qu, J., Erhard, K. F.,
Mack, J. F., Raha, K., Rendina, A. R., Szewczuk, L. M., Kratz, P. M.,
Jurewicz, A. J., Cecconie, T., Martens, S., et al. (2016) Discovery of a novel
2,6-disubstituted glucosamine series of potent and selective hexokinase 2
inhibitors. ACS Med. Chem. Lett. 7, 217–222

34. Kumar, S., and Nussinov, R. (2002) Close-range electrostatic interactions
in proteins. Chembiochem 3, 604–617

35. Shi, S., Semple, A., Cheung, J., and Shameem, M. (2013) DSF method
optimization and its application in predicting protein thermal aggregation
kinetics. J. Pharm. Sci. 102, 2471–2483

36. Chen, J., Zhang, S., Li, Y., Tang, Z., and Kong, W. (2014) Hexokinase 2
overexpression promotes the proliferation and survival of laryngeal
squamous cell carcinoma. Tumour Biol. 35, 3743–3753

37. Fromm, H. J., and Zewe, V. (1962) Kinetic studies of the brain hexokinase
reaction. J. Biol. Chem. 237, 1661–1667

38. Senisterra, G. A., and Finerty, P. J. (2009) High throughput methods of
assessing protein stability and aggregation. Mol. Biosyst. 5, 217–223

39. Zhu, K., Day, T., Warshaviak, D., Murrett, C., Friesner, R., and Pearlman,
D. (2014) Antibody structure determination using a combination of
homology modeling, energy-based refinement, and loop prediction. Pro-
teins 82, 1646–1655

40. Sastry, G. M., Adzhigirey, M., Day, T., Annabhimoju, R., and Sherman,
W. (2013) Protein and ligand preparation: parameters, protocols, and
influence on virtual screening enrichments. J. Comput. Aid Mol. Des. 27,
221–234

41. Sondergaard, C. R., Olsson, M. H. M., Rostkowski, M., and Jensen, J. H.
(2011) Improved treatment of ligands and coupling effects in empirical
calculation and rationalization of pK(a) values. J. Chem. Theor. Comput 7,
2284–2295

42. Jo, S., Kim, T., Iyer, V. G., and Im, W. (2008) CHARMM-GUI: a web-
based graphical user interface for CHARMM. J. Comput. Chem. 29,
1859–1865

43. Huang, J., and MacKerell, A. D., Jr. (2013) CHARMM36 all-atom additive
protein force field: validation based on comparison to NMR data. J.
Comput. Chem. 34, 2135–2145

44. Kiss, P. T., and Baranyai, A. (2013) A systematic development of a
polarizable potential of water. J. Chem. Phys. 138, 204507

45. Berendsen, H. J. C., Vanderspoel, D., and Vandrunen, R. (1995) Gromacs
- a message-passing parallel molecular-dynamics implementation. Com-
put. Phys. Commun. 91, 43–56

46. Parrinello, M., and Rahman, A. (1981) Polymorphic transitions in single-
crystals - a new molecular-dynamics method. J. Appl. Phys. 52, 7182–
7190

47. Nose, S., and Klein, M. L. (1983) Constant pressure molecular-dynamics
for molecular-systems. Mol. Phys. 50, 1055–1076

48. Evans, D. J., and Holian, B. L. (1985) The nose-hoover thermostat. J.
Chem. Phys. 83, 4069–4074

49. Essmann, U., Perera, L., Berkowitz, M. L., Darden, T., Lee, H., and Ped-
ersen, L. G. (1995) A smooth particle mesh Ewald method. J. Chem. Phys.
103, 8577–8593
J. Biol. Chem. (2021) 296 100071 17

http://refhub.elsevier.com/S0021-9258(20)00059-9/sref30
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref30
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref30
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref31
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref31
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref31
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref31
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref31
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref32
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref32
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref32
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref32
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref33
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref33
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref33
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref33
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref33
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref34
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref34
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref35
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref35
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref35
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref36
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref36
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref36
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref37
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref37
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref38
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref38
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref39
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref39
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref39
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref39
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref40
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref40
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref40
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref40
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref41
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref41
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref41
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref41
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref42
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref42
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref42
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref43
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref43
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref43
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref44
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref44
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref45
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref45
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref45
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref46
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref46
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref46
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref47
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref47
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref48
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref48
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref49
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref49
http://refhub.elsevier.com/S0021-9258(20)00059-9/sref49

	Linker residues regulate the activity and stability of hexokinase 2, a promising anticancer target
	Results and discussion
	The catalytic characterization of residues of the linker helix-α13 for the identification of a regulatory site in the NTD o ...
	Catalytic rate and initial velocity studies of HK2 mutants
	Thermodynamic stabilities and half-life characterization of residues in the NTD regulatory site of HK2
	Hydrogen/deuterium exchange mass spectrometry (HDX-MS) to determine the conformational dynamics of mutants eliminated the c ...
	The catalytic activity of the CTD mutants of HK1 and HK2 for cancer drug specificity
	Molecular dynamics (MD) simulations and comparison of structural stability of the NTD of HK2 for WT and D447A mutant

	Conclusion
	Materials and methods
	Expression and purification of recombinant mutants human HK2
	Enzyme assay and initial velocity studies
	Thermal inactivation of HK2 enzyme
	Differential scanning calorimetry and differential scanning fluorimetry
	Hydrogen/deuterium exchange mass spectrometry
	LC-MS and MS/MS analysis
	3D structure preparation for molecular dynamics simulations
	The MD simulation setup
	Analysis of the MD simulation trajectories

	Data availability
	Author contributions
	Funding and additional information
	References


