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Pyruvate kinase muscle isoform 2 (PKM2) is a key glycolytic
enzyme involved in ATP generation and critical for cancer
metabolism. PKM2 is expressed in many human cancers and is
regulated by complex mechanisms that promote tumor growth
and proliferation. Therefore, it is considered an attractive ther-
apeutic target for modulating tumor metabolism. Various stim-
uli allosterically regulate PKM2 by cycling it between highly
active and less active states. Several small molecules activate
PKM2 by binding to its intersubunit interface. Serine and cys-
teine serve as an activator and inhibitor of PKM2, respectively,
by binding to its amino acid (AA)-binding pocket, which there-
fore represents a potential druggable site. Despite binding sim-
ilarly to PKM2, how cysteine and serine differentially regulate
this enzyme remains elusive. Using kinetic analyses, fluores-
cence binding, X-ray crystallography, and gel filtration experi-
ments with asparagine, aspartate, and valine as PKM2 ligands,
we examined whether the differences in the side-chain polarity
of these AAs trigger distinct allosteric responses in PKM2. We
found that Asn (polar) and Asp (charged) activate PKM2 and
that Val (hydrophobic) inhibits it. The results also indicate that
both Asn and Asp can restore the activity of Val-inhibited
PKM2. AA-bound crystal structures of PKM2 displayed distinc-
tive interactions within the binding pocket, causing unique
allosteric effects in the enzyme. These structure-function anal-
yses of AA-mediated PKM2 regulation shed light on the chem-
ical requirements in the development of mechanism-based
small-molecule modulators targeting the AA-binding pocket of
PKM2 and provide broader insights into the regulatory mecha-
nisms of complex allosteric enzymes.

Glycolysis is an important metabolic pathway utilized by
cancer cells for tumor growth and proliferation (1). Pyruvate
kinase muscle isoform 2 (PKM2)® is an essential enzyme
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involved in regulating glycolysis in cancer cells. It catalyzes the
terminal step of glycolysis, by transferring a phosphoryl group
from phosphoenolpyruvate (PEP) to ADP, generating pyruvate
and ATP (2, 3). PKM2 is mainly expressed in embryonic cells,
normal proliferating cells, and cancer cells (4). In contrast to the
other PKM isoform, PKM1, which is expressed in skeletal mus-
cle, heart, and brain and exists in a constitutively active tetra-
meric state, PKM2 can exist in different oligomeric states: an
active tetramer and a less active dimer/monomer.

The activity and oligomeric state of PKM2 are regulated by
various synthetic small molecules (such as TEPP-46, DASA-58
(1), 1-(sulfonyl)-5-(arylsulfonyl)indoline (5), and shikonin (1,
6)), metabolites (such as fructose 1,6-bisphosphate (FBP) (7),
succinyl-5-aminoimidazole-4-carboxamide-1-ribose 5’-phos-
phate (SAICAR) (8-10)), and amino acids (AAs) (serine (11),
cysteine (12, 13), alanine (14 -16), phenylalanine (17), and tryp-
tophan (16)). Depending upon tumors’ requirement for energy
or metabolic intermediates, the activity of PKM2 is either up- or
down-regulated by cycling between the two oligomeric states
(3). Due to the unique ability of cancer cells to perform aerobic
glycolysis (18) and the preferential expression of PKM2 in
tumors (4), the enzyme has been an attractive therapeutic tar-
get for regulating tumor metabolism (19).

Previous studies with small molecules have shown that
proper regulation of glycolytic flux is vital for cell proliferation
and tumor growth (1, 5, 20, 21). In particular, PKM2 inhibitors,
such as peptide aptamers, bind to tetrameric PKM2 and perma-
nently fixate it to the dimeric form, resulting in reduced glycol-
ysis and decelerated cellular proliferation (20, 21). Although
dimeric PKM2 is required for the accumulation of glycolytic
intermediates used in the synthesis of cellular building blocks
(3), a lack of ATP due to PKM2 inhibition can lead to low cell
division rates (20). Conversely, several PKM2 activators, such
as TEPP-46, DASA-58, and 1-(sulfonyl)-5-(arylsulfonyl)indo-
line derivative bind dimeric PKM2 at the dimer-dimer interface
and convert it to the active tetrameric form (1, 5). It has been
demonstrated that activation of PKM2 down-regulates cell
proliferation by generating more ATP and fewer metabolic
intermediates (1, 5). Likewise, AAs such as Ser (11) and Cys (13)
activate or inhibit PKM2 by binding to the AA-binding pocket
of the enzyme and stabilize or destabilize the tetrameric state,
respectively. Although several PKM2 activators have been
designed to bind to the dimer-dimer interface of PKM2, the
AA-binding pocket is an attractive site that can be targeted for
developing mechanism-based activators or inhibitors for regu-
lating tumor metabolism.
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An open question, which is mainly due to the lack of detailed
structure-function studies with small molecule probes contain-
ing varying functional groups, is how the AA-binding site of
PKM2 communicates with the active site, making Cys an inhib-
itor and Ser an activator. On the basis of ligand binding and
kinetic studies of PKM1 with various AAs, it has been proposed
that the main-chain carboxylate and amine functionalities of
the AAs are primarily responsible for binding to PKM1, and
groups beyond the B-carbon are responsible for eliciting the
allosteric signal (22). From the crystal structures of PKM2-Ser
and PKM2-Cys, the differential regulatory roles can be posited
for the distinct chemical properties of the side chains. In the
present study, we hypothesized that the polarity of AA side
chains is likely responsible for altering the dynamics of the
largely polar and hydrophilic binding pocket (13), consequently
resulting in a distinct long-range allosteric effect. Because of the
importance of PKM2 in cancer metabolism, understanding
how the difference in functional groups of amino acids regulate
PKM?2 activity and oligomeric state will aid in our understand-
ing of desired parameters required for developing small-mole-
cule chemical probes for modulating PKM2 function.

To gain insight into how side-chain polarity of AAs influence
PKM2, Asn, Asp, and Val were examined. Whereas the polar
Asn and the charged Asp activate PKM2, hydrophobic Val is an
inhibitor. We observe that Asp and Asn stabilize PKM2 in a
tetrameric state, whereas Val inhibits PKM2 by shifting the
tetramer to a mixture of tetramer and dimer/monomer equilib-
rium. Notably, both Asn and Asp restore Val-mediated inhibi-
tion. Competition assays show that Val can displace Ser from
PKM2, leading to reduced catalytic activity. On the basis of the
current findings, including the crystal structures of PKM2 in
complex with AAs (PKM2-Asn, PKM2-Asp, and PKM2-Val), it
can be inferred that the mechanism of PKM2 activation by AAs
is mediated via their side chains, whereas the main chains of Val
as well as Cys are responsible for inhibiting PKM2.

Results

Asn and Asp allosterically activate PKM2 and Val is an
inhibitor

To examine whether polar, charged AA ligands activate
PKM2 and a hydrophobic AA, such as Val, acts as an inhibitor,
activity studies were performed using 20 nm PKM2. The con-
centrations of corresponding AA and PEP were varied in the
presence of a fixed concentration of ADP (0.8 mm). The extent
by which PKM2 activity is altered depends on the AA concen-
trations used (Fig. S1, A-C). Both Asn and Asp increased the
catalytic efficiency of PKM2 by ~3-fold (8.2 = 0.8 X 10> mm !
min~ " without Asn versus 22 = 3.1 X 10> mM ™" min~"' with
450 uM Asn and 10.5 = 2.4 X 10° mm ™! min~ ' without Asp
versus 24.6 = 1.6 X 10> mm ™~ ' min~ " with 450 um Asp) (Fig. 14,
Fig. S1 (A and B) and Table S1). The increase in catalytic effi-
ciencies of PKM2 in the presence of Asn and Asp led to a con-
comitant decrease in the K, for PEP (Table S1) At 1.4 mwm PEP,
Asn and Asp activated PKM2 with a half-maximal effective
concentration (EC,,) of 38.2 * 1.3 and 112 * 33 um, respec-
tively, suggesting that Asn might be a slightly better activator
(Fig. S24).
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Activity assays with increasing concentrations of Val de-
creased the catalytic efficiency of PKM2 by ~5-fold (8.6 =
1.4 X 10° mm~ ' min~" without Val versus 1.8 = 0.2 X 10°
mm ' min~! with 4 mm Val) (Fig. 14 and Fig. S1C), with a
simultaneous increase in the K, for PEP (Table S1). Val inhib-
ited PKM2 with an IC, of 671 * 12 um at 4 mm PEP (Fig. S24,
inset).

Elimination of Val-mediated PKM2 inhibition by different
allosteric effectors and displacement of bound Ser by Val

The intracellular concentration of amino acids is known to
significantly increase in tumors compared with normal cells
(23, 24). To understand whether physiological concentrations
of AA activators (Asn, Asp, or Ser) can eliminate Val-mediated
PKM?2 inhibition, activity assays were conducted with increas-
ing concentrations of the activators at a fixed concentration of
Val (1 mm). As the cellular concentrations of Asn, Asp, Ser, and
Val are ~0.5-2 mM (23, 25), the concentrations of these AAs
were varied within this range in the activity assays. The catalytic
efficiency of Val inhibited PKM2 (4.9 = 0.7 X 10°mM ™~ " min ')
increased in the presence of 1 mm Asn (12.3 = 1.4 X 10> mm !
min~ '), Asp (11.3 = 1.4 X 10> mM ™~ " min '), and Ser (50.5 *
8.1 X 10°* mm ' min~"'), indicating that these activators can
stimulate PKM2 (Fig. 1 (B-D), Fig. S1 (D-F), and Table S2).
These results demonstrate for the first time that PKM2 inhibi-
tion by Val can be reversed in the presence of physiological
concentrations of Asn, Asp, and Ser.

FBP, a known allosteric activator of PKM2 (7), eliminates the
inhibitory effects of Cys (13) and Phe (26). To validate whether
FBP can stimulate PKM2 in the presence of Val, activity assays
were conducted using varying concentrations of FBP, in the
presence of excess Val (5 mMm). Indeed, within cellular concen-
trations (~20-40 um (26)) used in the assays, FBP increased
the catalytic efficiency of Val inhibited PKM2 (0.9 = 0.05 X 10?
mm ™~ ' min~ !, with 5 mm Val and without FBP) in a concentra-
tion-dependent manner, with 0.4 uMm FBP causing a complete
reactivation of PKM2 (17.2 = 2.9 X 10° mM ™! min ™! with 0.4
uM FBP and 5 mm Val versus 10.7 = 1.5 X 10° mm ' min~*
without FBP/Val) with a concomitant decrease in the K, for
PEP (Fig. 1E, Fig. S1G, and Table S2).

As Ser is one of the AA activators that has been studied in
greater detail, to examine whether an inhibitor such as Val can
displace Ser from the PKM2-Ser complex, competitive assays
were performed by first activating PKM2 with Ser (1 mm). Sub-
sequently, Ser was displaced with increasing concentration of
Val, in the range of 0.5-2 mm (physiological concentration of
Val in malignant cells is 0.9 = 0.5 mm (23)). 2 mm Val decreased
the catalytic efficiency of Ser-activated PKM2 by ~2.5-fold
(110 = 17 X 10®> mm~ ! min~ ! (no Val) and 44 *+ 4.6 X 103
mm ™! min~! (with 2 mm Val)), indicating that Val is able to
influence PKM2 activity by displacing Ser (Fig. 1F, Fig. S1H, and
Table S3).

Asn, Asp, and Val allosterically regulate PKM2 activity by
influencing PEP binding

Allosteric regulators of PKM2 have been shown to influence
the activity by altering its binding affinity for substrate PEP (1,
11, 13,17, 27). To understand how the presence of Asn, Asp, or
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Figure 1. Effect of Asn, Asp, and Val on PKM2 activity and activation of Val inhibited PKM2 by various effector molecules. The activity assays with Asn,
Asp, and Val were performed with 20 nm PKM2 with the PEP concentration varying between 0.1 and 12 mwm. For the reactivation assays, the enzyme concen-
tration was 12.5 nm, and the PEP concentration range was 0.1-20 mm. The ADP concentration was kept fixed at 0.8 mm for all experiments. A, varying
concentrations of AAs were incubated with PKM2, and kinetic data at 450 um (Asp and Asn) and 4 mm (Val) concentration were chosen to calculate the catalytic
efficiency. The k,/K,,, increases from 8.2 = 0.8 X 10°t022 + 3.1 X 10 mm ™" min~ " in the presence of Asn and from 10.5 = 2.4 X 10°t024.6 = 1.6 X 10*mm "
min~" with Asp. Val decreases the catalytic efficiency from 8.6 = 1.4 X 10°to 1.8 = 0.2 X 10* mm~ " min~ . B-E, PKM2 was inhibited with Val (1 or 5 mm), and
the activity was resuscitated by adding an increasing amount of Asn, Asp, Ser, and FBP. Kinetic parameters are listed in Table S2. F, displacement of Ser activated
PKM2 with increasing concentrations of Val. The catalytic efficiency decreases from 110 = 17 X 10 mm~ " min~ " in the presence of 1 mm Serto 44 + 4.6 X 10°
mm~ " min~ " in the presence of T mm Ser and 2 mm Val. Kinetic parameters are listed in Table S3.

Val alters substrate-binding affinity of PKM2, ligand-binding
studies were carried out by monitoring changes in the intrinsic
tryptophan fluorescence (Fig. 2 and Table 1). None of the AAs
influence the ADP-binding affinity of PKM2 (K, 0f 0.2— 0.3 mwm,
with and without AAs) (Fig. 24). However, the presence of 1
mM Asn or Asp increases the PEP-binding affinity of PKM2 by
~30-fold, with K, decreasing from 10 = 2 um (absence of AA)
to ~0.3 uM (Fig. 2B, inset). In contrast, the presence of 1 mm Val
reduces the PEP-binding affinity of PKM2 (K, of 81 * 21 um)
(Fig. 2B). These results indicate that Asn and Asp increase
PKM2 activity by enhancing the binary complex formation
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with substrate PEP, whereas Val-mediated inhibition occurs
by reducing PEP binding. These results are consistent with
previous observations where various small molecules, such
as TEPP-46 (1), DASA-58 (1), and AAs (Cys (13), Ser (11),
and Phe, Ala, and Trp (16)) modulate PKM2 activity by alter-
ing its affinity for PEP without perturbing the ADP-binding
affinity.

To gain insight into the binding affinities of PKM2 for the
AA ligands, the K, values of PKM2 for Asn, Asp, and Val were
determined to be 11 * 2,35 = 7, and ~0.7 = 0.1 mMm, respec-
tively (Fig. 3 and Table 1).

SASBMB


https://www.jbc.org/cgi/content/full/RA120.013030/DC1
https://www.jbc.org/cgi/content/full/RA120.013030/DC1

Fractional Saturation J>

0 500 1000 1500

[ADP] uM

Regulation of PKM2 allostery by amino acids

< 1.0 ¢

K]

=

s

2

» 0.54 2

= H

c 9 o,

.9 g

° E

o £

T 0.0+ —T—
[PEPILM

0 100 200 300 400
[PEP] uM

Figure 2. The presence of Asn, Asp, and Val alters the binding of PKM2 for substrate PEP, but not ADP. A, binding of ADP in the absence (black) and
presence of 1 mm Asn (magenta), Asp (salmon), and Val (green), showing that the AAs do not influence the ADP-binding affinity of PKM2. B, PEP-binding affinity
of PKM2 in the absence (black) and presence of 1 mm Asn (magenta), Asp (salmon), or Val (green). K, values were as follows: 10 = 2 um (no AAligand), 0.27 = 0.0

M (Asn), 0.29 = 0.01 um (Asp), and 81 = 21 um (Val). Error bars, S.E.

Table 1

AAs alter the PEP binding affinity of PKM2 and vice versa

The concentration of PKM2 was kept constant at 1.6 uM for all of the studies. In the
top two rows, the binding affinities of PKM2 for PEP and ADP were calculated in the
absence and presence of AAs with 5 mm MgCl, in the buffer. In the bottom three
rows, binding affinities of PKM2 for the AAs in the absence and presence of PEP (2
mm) + MgCl, (1 mm) and MgCl, (1 mm) are shown (related to Figs. 2 and 3).

Titrant Ligand (concentration in mm) K,
M
PEP 10 £2
Asn (1) 0.27 = 0.0
Asp (1) 0.29 = 0.01
Val (1) 81 =21
Val (10) 505 + 26
ADP 237 * 54
Asn (1) 345 * 33
Asp (1) 585 + 188
Val (1) 363 = 57
Asn 11x2
PEP (2) + MgCl, (1) 2+0
MgCl, (1) 27 *5
Asp 35+7
PEP (2) + MgCl, (1) 8§+1
MgCl, (1) 95 *+ 16
Val 757 =120
PEP (2) + MgCl, (1) 4296 = 604
MgCl, (1) 2170 + 317

Functionally relevant bidirectional allosteric coupling in the
presence of Asn, Asp, and Val

As described in the previous section, Asn/Asp and Val used
as ligands increased and decreased the PEP-binding affinity of
PKM?2, respectively (Table 1 and Fig. 2B). To investigate
whether the presence of PEP as a ligand influences the binding
affinities of PKM2 for Asn, Asp, or Val, binding studies were
conducted using AAs as titrants (Fig. 3 and Table 1). The affin-
ity of PKM2 for Asn and Asp increased in the presence of PEP +
MgCl, (K, values of 2 and 8 um for Asn and Asp, respectively)
(Fig. 3 (A and B) and Table 1). In contrast, the affinity of PKM2
for Val decreased by ~6-fold in the presence of PEP (K, of ~0.7
mM without PEP + MgCl, versus ~4 mm with PEP + MgCl,)
(Fig. 3C and Table 1). These results are consistent with the
occurrence of a functionally relevant bidirectional coupling
between the AA-binding site and the active site of PKM2, also
observed before with Cys/Ser (13).

In a previous study, it was demonstrated that phosphoglyco-
late, a PEP analog, activated yeast pyruvate kinase by promoting
tetrameric conformation (28). Thus, based on the binding stud-
ies, one can speculate that the presence of PEP reinforces the
tetrameric state of PKM2, which facilitates Asn/Asp binding,

SASBMB

whereas PEP has the reverse effect on Val binding to PKM2.
The binding studies also show that the presence of MgCl,
decreased the affinities of PKM2 for AAs by ~3-fold (Asn: K, of
11 um without MgCl, versus 27 um with MgCl,; Asp: K, of 35
M without MgCl, versus 95 um with MgCl,; Val: K, of ~0.7
mMm without MgCl, versus ~2.2 mm with MgCl,) (Fig. 3 and
Table 1). These results indicate that the magnesium ion and
active-site residues involved in magnesium binding are likely
responsible for allosteric communication between the active
site and the AA-binding site.

Asn, Asp, and Val modulate PKM2 activity by influencing the
oligomeric state

To understand how the oligomeric state of PKM2 is influ-
enced by the AAs, gel filtration studies were carried out by
incubating PKM2 (0.5 mg/ml or 8.3 um) with an excess of
each AA. Indeed, the presence of Val converted the native
tetrameric state of PKM2 (208 kDa) to a mixture of tetramer
(215 kDa) and dimer/monomer equilibrium (99 kDa), similar to
that observed previously with Cys (13) (Fig. 4 (A and D) and Table
2). As the protein that elutes at ~13.7 ml corresponds to a calcu-
lated molecular weight (MW) of 99 kDa, which is between a
complete dimer (120 kDa) and a monomer (60 kDa), that frac-
tion exists in a dimer/monomer equilibrium. It is known that
the oligomeric state of PKM2 is concentration-dependent, with
higher concentrations favoring more tetramer (29, 30). To
examine how Asn, Asp, and Val influence PKM2 at lower con-
centrations, gel filtration studies were carried out with 0.1
mg/ml (1.7 um) and 0.3 mg/ml (5 um) PKM2 (Fig. 4D and Fig.
S3). As expected, a dimer/monomer equilibrium is evident in
the absence of any AA at 0.1 mg/ml PKM2 as well as in the
presence of Asn or Asp (Fig. 4D and Table S4). With Val, the
dimer/monomer peak is much more prominent at 0.1 (Fig. 4D)
and 0.3 mg/ml (Fig. S3 and Table S4) compared with that with
0.5 mg/ml PKM2 (Fig. 4, A~C).

As described in the previous section, the presence of MgCl,
and/or PEP reduced the Val-binding affinity of PKM2. To
understand how the substrate and/or Mg®" ion influence the
oligomeric state of PKM2 in the presence of Val, gel filtration
studies were performed with PKM2 + MgCl, and PKM2 +
PEP + MgCl, with Val present. With either MgCl, or PEP
and MgCl,, Val-inhibited PKM2 shifts to a tetrameric con-
formation (229/233 kDa) from a mixture of tetramer and
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equilibrium.

dimer/monomer equilibrium (Fig. 4B and Table 2). Likewise,
the addition of FBP to PKM2-Val-inhibited complex, leads
to a change in the oligomeric state to the native tetrameric
form (229 kDa) (Fig. 4B and Table 2). As expected, incuba-
tion of PKM2 with Asp or Asn did not alter the tetramer (Fig.
4 (A and D) and Table 2).

To understand whether the activation of Val-inhibited
PKM2 by Asn/Asp/Ser occurs through oligomeric state changes,
size-exclusion chromatography was redone by incubating

5394 J Biol. Chem. (2020) 295(16) 5390-5403

PKM2 with Val and each of the activator AAs. Asn, Asp, and
Ser altered the oligomeric state of Val-inhibited PKM2 from
a mixture of tetramer and dimer/monomer equilibrium to
nearly a tetramer (Fig. 4C and Table 2). Thus, the size-ex-
clusion chromatography results indicate that Val inhibits
PKM2 by shifting the tetrameric form to a mixture of
tetramer and dimer/monomer equilibrium states, whereas
Asp and Asn activate PKM2 by reinforcing the tetrameric
conformation in a manner similar to Ser.
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Table 2

Regulation of PKM2 allostery by amino acids

Gel filtration elution volumes, experimental, and theoretical MW for PKM2 in the presence and absence of Asn, Asp, Val, Val + MgCl,, Val +

MgCl, + PEP, Val + FBP, Asn + Val, Asp + Val, and Ser + Val

All AA concentration was kept fixed at 10 mm. Concentrations of FBP, PEP, and MgCl, were 1, 5, and 10 mM, respectively.

Theoretical MW Elution volume Experimental MW*
Allosteric regulator Tetramer Dimer Monomer Tetramer Dimer/monomer Tetramer dimer/monomer
kDa ml kDa

240 12.28 208
Asn 240 12.26 211
Asp 240 12.16 223
Val 240 120 60 12.22 13.61 215 99
Val + MgCl, 240 12.11 229
Val + MgCl, + PEP 240 12.08 233
Val + FBP 240 12.11 229
Val + Asn 240 120 60 12.41 13.81 224 100
Val + Asp 240 120 60 12.4 13.84 225 98
Val + Ser 240 12.47 216

“ Experimental MWs were calculated from elution volumes using gel filtration calibration curves.

Crystal structures of PKM2-Asn, PKM2-Asp, and PKM2-Val
complexes

Overall structures of PKM2-Asn, PKM2-Asp, and PKM2-Val—
To gain insight into the structural basis of allosteric activation and
inhibition mechanism by the AAs, crystal structures of PKM2-Asn
(PDB: 6V74), PKM2-Asp (PDB: 6V75), and PKM2-Val (PDB:
6V76) were determined in the P12, 1 space group at 2.32, 2.85, and
2.75 A, respectively. The structures of all three AA-bound com-
plexes of PKM2 contain four molecules in the asymmetric unit. An
alignment of all three structures of the complexes with PKM2-FBP
(PDB: 1T5A) showed that the overall structures are similar, and
the tetramers exist in the relaxed state (R-state), with little to no
difference in the relative orientation of the subunits (Figs. S44 and
S5A). For all three structures, each monomer typically consists of
one molecule of FBP, oxalate, and Mg2+ ion and the correspond-
ing AA ligand (Fig. S4B).

Each PKM2 monomer has four domains, namely, the N-
(AAs 1-44), A- (AAs 44-116 and 219-389), B- (AAs 117—
218), and C- (AAs 390-531) domains (7). Structural alignment
of a monomer (excluding the B-domain) of PKM2-Asn, PKM2-
Asp, or PKM2-Val over 361-398 C_, atoms with the monomer
of PKM2-FBP (PDB: 1T5A) resulted in root mean square devi-
ation (RMSD) values of 0.37, 0.59, and 0.40 A, respectively,
indicating that the monomeric structures are fairly similar (Fig.
S4B). The B-domain in all three complexes was highly mobile
as observed previously for other PKM2 structures (7, 31).
Although FBP was not added during the crystallization process,
it is known to co-purify with PKM2 (9) and consequently was
observed in each of the chains in all three structures of the
AA-bound complexes (Fig. S4B). In the active sites of all chains
in PKM2-Asn and PKM2-Asp, Mg®>" was present, but in
PKM2-Val, it was only found in chains B and C. Likewise, oxa-
late was found in all chains of PKM2-Asn. In contrast, oxalate
was only bound to the active sites of chains B and C of PKM2-
Val and in chain C of PKM2-Asp (Fig. S4B). The overall archi-
tecture of the active site remains unchanged in all the three
AA-bound complexes of PKM2.

Amino acid-binding pocket of PKM2-Asn, PKM2-Asp, and
PKM?2-Val complexes—In all three complexes of PKM2 with
bound Asn, Asp, and Val, the corresponding ligands were
located in the known AA-binding pocket of PKM2 (Figs. 5 and
6 and Fig. S6). The AA ligands were positioned in the respective
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Figure 5. Crystal structures of the AA-binding pocket of PKM2 with bound
Asn (violet) in chain C (A), Asp (light orange) in chain B (B), and Val (green) in
chain C (C). PKM2-AA complex superimposed on PKM2-FBP (cyan, PDB: 1T5A).
Dashed lines represent hydrogen bond interactions between the AA and residues
involved in binding. Composite omit 2F, — F_maps (blue mesh) were generated
for Arg-106 and all of the ligands and are contoured at 1o. For all of the structures,
the F, — F. omit maps (green mesh) for the AA ligands are contoured at 3¢. Red,
oxygen; blue, nitrogen; protein backbone color, carbon.

electron density following an occupancy test as detailed under
“Experimental procedures.” The AA ligands are held to the
binding pocket through various hydrogen bond interactions. In
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Figure 6. Superimposition of the AA-binding site of PKM2 with activators
and inhibitors bound. A, PKM2-Asn (PDB: 6V74, chain C, violet), PKM2-Asp
(PDB: 6V75, chain B, light orange), and PKM2-Ser (PDB: 4B2D, chain A, pale
green). B, PKM2-Val (PDB: 6V76, chain C, green), PKM2-Ala (PDB: 6GG3, chain A,
gray), and PKM2-Cys (PDB:6NU1, chain C, light blue). Spheres, water molecules
present in PKM2-Ser and PKM2-Cys. Dashed lines, H-bonds. The side chains of
Asn, Asp, and Ser can form H-bonds with neighboring residues in the binding
pocket, whereas these interactions are absent in Val, Cys, and Ala. Red, oxy-
gen; blue, nitrogen; protein backbone color, carbon.

particular, the main-chain amino groups form hydrogen bonds
with the imidazole of His-464. Also, the amino group of Val
interacts with the backbone carbonyl of Ile-469, similar to that
observed previously for other AA-bound structures (11, 13, 16).
One of the oxygen atoms in the main-chain carboxylate group
of the bound AAs interacts with the side chain of Arg-106,
which is located in the AA-binding pocket. As seen in PKM2-
Cys (PDB: 6NU1) (13) and other AA-bound structures (11, 17),
the side chain of Arg-106 flips inward to interact with the car-
boxylate group of the bound AA. However, in the absence of
any AA, such as PKM2-FBP (PDB: 1T5A) the side chain of
Arg-106 is flipped outward away from the AA-binding site (7)
(Fig. 5 and Fig. S6). The second oxygen atom in the carboxylate
group of bound AAs forms an H-bond with the amine group of
Asn-70 in PKM2-Asn, PKM2-Asp, and PKM2-Val complexes
(Fig. 5 and Fig. S6).

In PKM2-Asn and PKM2-Asp, the AA side chains form var-
ious H-bond interactions with the residues in the binding
pocket, similar to that observed in PKM2-Ser (Figs. 5 (A and B)
and 6A and Fig. S6 (A and B)). Whereas Ser forms water-medi-
ated contacts (PDB: 4B2D), the binding pocket in the presence
of Asn or Asp lacks water molecules, and thus the AAs form
direct contacts with the binding pocket residues. In particular,
the amine group in the side chain of Asn in PKM2-Asn forms
two H-bond interactions with the backbone carbonyl atoms of
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Tyr-466 (2.26 A) and Ile-469 (3.07 A) (Fig. 54 and Fig. S6A).
Also, the side-chain carbonyl (C=0) of Asn forms an H-bond
to the -NH group of Gly-46 (2.70 A) (Fig. 54 and Fig. S6A). In
PKM2-Asp, the side-chain carboxylate groups of Asp form
H-bond interactions with the backbone amides of Ile-469 (2.58
A) and Gly-46 (3.11 A) (Fig. 5B and Fig. S6B). The involvement
of Gly-46 has not been observed in other AA-bound structures
of PKM2. As expected, the methyl groups in the side chain of
Val in the PKM2-Val complex do not interact with residues in
the binding pocket (Fig. 5C and Fig. S6C). The crystal structures
display that the AA activators form additional interactions via
their side chains, whereas such interactions are not possible
with the side chain of inhibitory AAs.

Discussion

PKM2 is an attractive therapeutic target for regulating glyco-
Iytic flux in cancer cells, with drugs like TLN-232 currently in
phase II clinical trials (32). Although several small molecule
activators of PKM2, such as TEPP-46, DASA-58, and others,
have been shown to bind to the dimer-dimer interface of
PKM2, to our knowledge, currently no small-molecule drugs
are available targeting the AA-binding pocket. Interestingly,
several AAs, such as Cys (13), Ser (11), Phe (16), Ala (16), and
Trp (16), have been observed to allosterically regulate PKM2
activity by binding to the AA-binding pocket. However, due to
lack of sufficient structure-function studies, we do not have a
clear understanding of the functional group requirements and
chemical nature of small molecules important for regulating
PKM2. In particular, it is puzzling why Cys acts as an inhibitor
of PKM2, whereas Ser is an activator despite both being similar
in size and binding in a similar orientation within the enzyme.

We hypothesized that the difference in polarity between the
side chains of Ser and Cys is responsible for their differential
regulatory effect. In the present study, we investigated the
mechanism by which polar, charged, and hydrophobic AAs,
such as Asn, Asp, and Val, modulate PKM2 activity. The activ-
ity assays clearly illustrate that polar (Asn) and charged (Asp)
AAs activate PKM2, whereas the hydrophobic Val inhibits
PKM2 in a concentration-dependent manner. These results
agree with the fact that the relatively polar Ser serves as an
activator and Cys is an inhibitor of PKM2. The catalytic effi-
ciencies of PKM2, in the presence of Asn (62 = 5 X 10° mm !
min '), Asp (46 = 5 X 10>mm~ ' min~'), and Ser (70 = 1 X 10?
mm ! min~?) are quite similar, indicating that at saturating
concentrations (3 mm), comparable levels of PKM2 activation
are achieved with all three activators (Fig. S2B and Table S5).

Our competition assays demonstrate that Val-inhibited
PKM2 can be reactivated by Asn/Asp at physiological concen-
trations of the AAs (Fig. 1 (Band C) and Table S2). On the basis
of these findings, one can speculate how cancer cells might be
modulating PKM2 activity in the glycolytic pathway using Asn,
Asp, and Val. It is known that a high rate of glycolysis in cancer
cells results in the accumulation of pyruvate (3), which in turn
produces Val. An increase in Val levels in cancer cells (34) can
inhibit PKM2, and the activity can be restored by physiologi-
cally available concentrations of Asn and Asp (~1 mm (23, 25)).
Inhibition of PKM2 leads to a buildup of glycolytic intermedi-
ates necessary for the biosynthesis of nucleotides, amino acids
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(such as Ser (11)), and lipids (3), thus providing nutrients
required for cell division.

It is also known that Val gets catabolized to fuel the tricar-
boxylic acid cycle (35). Therefore, one can speculate that while
the Val pool decreases, there is an increase in the levels of Asp
and Asn, which are produced from the tricarboxylic acid cycle
(36, 37). 1t is possible that both Asn and Asp, along with Ser, can
activate PKM2 in the presence of Val in cells and can contribute
toward cell proliferation. Indeed, previous studies have shown
that Asn (38), Asp (39), and Ser (40) are critical for tumor
growth. Competition assays also show that Val can displace Ser
from PKM2 and cause a decrease in the catalytic activity of
PKM2 (Fig. 1F and Table S3). We can speculate that when
PKM?2 is activated by Ser, there is a lack of glycolytic interme-
diates, but Val synthesized from excess pyruvate can replace Ser
and decrease PKM2 activity. This decrease in glycolytic flux
initiates the process of accumulating metabolic intermediates,
and the cycle starts anew.

The EC,,0f Asn (38.2 = 1.3 um) was calculated to be ~3-fold
lower than that of Asp (112 * 1.3 um). This difference is in
agreement with their relative binding affinities for PKM2, as
Asn binds more tightly compared with Asp (K, of 11 = 2 um
(Asn) versus 35 £ 7 um (Asp)) (Fig. S2A and Table 1). The EC,,
and binding affinity values are within the physiological limit of
the AAs found in normal and tumor cells, indicating that they
can activate PKM2 intracellularly (23, 25). The crystal struc-
tures of PKM2-Asn and PKM2-Asp provide a structural basis
for the lower binding affinity of Asp compared with that of Asn
(Figs. 5 (A and B) and 6A and Fig. S6 (A and B)). Asn forms six
interactions with surrounding residues in the binding pocket,
whereas Asp can form only five H-bonds. The carboxylate in
the side chain of Asp does not interact with the carbonyl of
Tyr-466 in the binding pocket, unlike Asn, where the amide
nitrogen group in the side chain is involved in an additional
interaction with Tyr-466. Thus, the enhanced interaction of
Asn within the binding pocket via H-bonds compared with that
of Asp is responsible for the increased affinity of Asn for PKM2.
The crystal structures of PKM2-Asn and PKM2-Asp complexes
show that these two AAs stabilize PKM2 in a tetrameric R-state,
as seen previously with PKM2-Ser structure (16) (Fig. S5A).
Thus, based on activity assays, crystal structures, and gel filtra-
tion studies, it can be inferred that the increase in activity of
PKM2 in the presence of Asn or Asp is due to the stabilization in
an active, tetrameric R-state (Fig. S5A4).

In contrast to the activators, Val binds poorly to PKM2 (K, of
~0.8 mm) compared with Cys (5.5 um) (13, 23), although the K,
and IC, values (~0.7 mm) are close to the physiological con-
centrations of these AAs found in normal and cancer cells (23,
25). A close comparison of the crystal structures of PKM2-Val
and PKM2-Cys provides a rationale for the difference in their
binding affinities. In PKM2-Val structure, Val forms direct
H-bonds with Arg-106, Asn-70, Ile-469, and His-464, which is
similar to other inhibitory AA-bound PKM2 structures (13, 16).
However, Val is tethered to the AA-binding pocket through
four H-bond interactions with the neighboring residues,
whereas Cys, being weakly polar, forms two additional water-
mediated H-bonds with residues in the binding pocket (Fig.
6B). The nonpolar nature of Val excludes water molecules from
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the binding pocket, and the additional H-bonds might be
responsible for the better binding affinity of Cys compared with
Val. The exclusion of water molecules from the binding pocket
in the presence of Val is similar to the crystal structures of
PKM2 with nonpolar and/or bulky AAs, such as Ala (PDB:
6GG3), Phe (PDB: 6GG4), and Trp (PDB: 6GG5), where there is
a dearth of water molecules in the AA-binding pocket (16).

In the presence of Val, PKM2 exists as a mixture of tetramer
and dimer/monomer equilibrium in solution (Fig. 4 and Table
2). It is the dimer/monomer fraction that contributes toward
the reduced activity of PKM2. Thus, the mechanism of inhibi-
tion of PKM2 by either Val (or Cys) is different from the inhi-
bition mechanism by Phe, Ala, or Trp (16), where the enzyme
exists in a tense state (T-state) while remaining as a tetramer
(Fig. S5B). We believe that the dimer/monomer fraction of
PKM2 observed with Val bound to the AA-binding pocket is
responsible for the reduction of PEP binding in the active site of
PKM2. The presence of Val reduced the binding affinity of
PKM?2 for PEP by ~8-fold (K, = 10 uMm without Val versus 81
uM with Val) (Table 1). Indeed, previous studies have shown
that dimeric PKM2 exhibits reduced PEP-binding affinity (41).
In contrast, the presence of Asn or Asp increased the PEP-
binding affinity of PKM2 (Table 1). These results illustrate
the existence of allosteric signal communication from the AA-
binding site to the active site of PKM2. On the basis of ligand-
binding studies, one can speculate that PEP and magnesium ion
along with active-site residues (Glu-272 and Asp-296) associ-
ated with magnesium binding are potentially involved in allos-
teric communication with the AA-binding site. The presence
of PEP and/or Mg>™" has been shown to significantly influence
the binding affinities of Asn, Asp, and Val for PKM2. In partic-
ular, Val binds weakly to PKM2 (K, ~0.8 mmM), and intro-
ducing Mg®" to the Val-bound complex of PKM2 further
decreased the affinity for Val (K, ~2 mm), consequently revert-
ing to its native tetrameric state from a mixture of tetramer and
dimer/monomer equilibrium (Fig. 4B and Tables 1 and 2). Fur-
thermore, PKM2 remains in the tetrameric state when PEP and
Mg?>" are added to the Val bound complex, and this is because
PEP further lowers the binding affinity of Val for PKM2 (~4
mwm) (Fig. 4B and Tables 1 and 2). Taken together, our findings
show the occurrence of functionally relevant bidirectional
communication between the active site and AA-binding site of
PKM?2 in the presence of Asn, Asp, and Val.

The Val-bound complex of PKM2 is tetrameric in crystallo,
which is due to the high concentration of enzyme employed for
crystallization conditions (10 mg/ml), as discussed in our pre-
vious reports (13, 30). The PKM2-Val complex exists in the
R-state similar to PKM2-Cys structure, whereas other inhibi-
tor-bound structures of PKM2, such as PKM2-Phe, PKM2-Ala,
and PKM2-Trp, existed in the T-state (Fig. S5B) (16). We
believe that the presence of FBP predisposes PKM2-Val and
PKM2-Cys to a R-state, whereas FBP is absent in the structures
of PKM2 in complex with Phe, Trp, and Ala. Furthermore, FBP
was able to activate PKM2 in the presence of Val (Figs. 1E and
4B). Although FBP copurifies with PKM2 (9), we believe that a
major fraction of the total enzyme lacks FBP. Consequently, the
addition of FBP activates Val-inhibited PKM2. Taken together,
the structures of PKM2 with inhibitory AAs (Val, Cys (13), Ala,
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Phe, and Trp (16)) along with the gel filtration data with Val
confirm that FBP overrides the inhibitory effect by driving the
enzyme from a mixture of tetramer and dimer/monomer equi-
librium to a tetrameric R-state.

A close comparison of the AA-binding pockets of PKM2-
Asn/Asp/Ser (activators) and PKM2-Val/Cys/Phe/Trp/Ala
(inhibitors) (13, 16) displayed some striking features for PKM2-
Asn and PKM2-Asp complexes, distinct from other reported
AA-bound structures. First, the backbone -NH, group of either
Asp or Asn does not interact with the backbone carbonyl oxy-
gen of [le-469 (Fig. 6A). The lack of this H-bond interaction can
be attributed to the difference in the relative orientation of Asp/
Asn in the binding pocket of PKM2 compared with other AAs.
Second, in PKM2-Asn or PKM2-Asp, the relatively long polar
side chains point toward Gly-46, Tyr-466, and Ile-469 and are
anchored to the AA-binding pocket via direct H-bond interac-
tions. In contrast, these contacts are unattainable with the rel-
atively short side chain of Ser (11) or less polar Cys (13) and/or
bulky hydrophobic AAs (16), when occupied in the same AA-
binding pocket. Instead, the side chain of Ser is involved in
water (W3)-mediated interactions with the backbone carbonyl
of Gly-468 and Asn-44 (Fig. 6A) (PDB: 4B2D). Although water
molecules were found in the binding pocket of PKM2-Cys, the
weakly polar side chain prevents any interactions that are
formed by the polar and charged AAs (Fig. 6, A and B). Third, in
contrast to PKM2-Ser/Cys, no water molecules were found in
the AA-binding pocket of Asp- or Asn-bound complexes. The
larger space occupied by Asp/Asn relative to Ser/Cys excludes
any water molecules from the binding pocket. A previous all-
atom molecular dynamics simulation demonstrated that Ile-
469, Asn-44, and Gly-468 are part of a community network and
are involved in the allosteric signal communication of PKM2 by
Ser (42). Interestingly, in Asn/Asp bound structures of PKM2,
Ile-469, Gly-46, and Asn-44, along with Asn-70, form a network
and interact with the bound AA ligand, and one can posit that
these residues are potentially involved in allosteric signal trans-
mission. As noted previously, Asn-70 resides at one end of a
B-strand that connects the AA-binding site to the active site
(Fig. 5A of Ref. 13). Thus, based on the PKM2-Asn and PKM2-
Asp structures in the current study along with PKM2-Cys and
PKM2-Ser, one can envision potential residues involved in
long-range allosteric regulation of PKM2 by AAs.

Conclusions

The results described here demonstrate that Asn and Asp
activate PKM2, whereas Val is an inhibitor. From the present
findings, it can be inferred that small molecules with polar func-
tional groups that bind in an orientation similar to that of Ser/
Asn/Asp will activate PKM2. In contrast, chemical probes with
predominantly nonpolar functional groups will inhibit PKM2.
We present here a mechanistic proposal as to how Val, Asn, and
Asp can work in tandem to assist in cancer cell proliferation by
regulating PKM2. This work will add to our understanding of
the dynamic regulation mechanism of PKM2. Future studies
can be directed toward developing polar/nonpolar small mole-
cules to target the AA-binding pocket of PKM2 and modulate
its function. In addition, cell-based assays with PKM2 can val-
idate the findings with Asn, Asp, and Val. Finally, further
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research with PKM2 variants might provide insight into resi-
dues potentially involved in allosteric signal communication
between the active site and the AA-binding site of PKM2.

Experimental procedures
Expression and purification of human PKM2

The human PKM2 gene in the pET28a vector was a generous
gift from M. G. Vander Heiden. The plasmid was transformed
into Escherichia coli BL21(DE3)pLysS cells (Life Technologies,
Inc.). Single colonies were used to initiate starter cultures in
Luria—Bertani medium. The overnight-grown starter culture
was used to inoculate 2 liters of Terrific Broth medium. Follow-
ing inoculation, the cells were grown at a temperature of 37 °C/
180 rpm until the optical density at 600 nm reached 2.0. The
cells were induced with 0.2 mm isopropyl B-p-1-thiogalactopy-
ranoside and were grown further for 22 h at 22 °C. Cells were
harvested at 4000 rpm at 4 °C for 30 min. 50 — 60 g of cell pellet
was resuspended in 60 — 80 ml of 20 mm HEPES, pH 7.5, 150 mMm
NaCl, 5 mm imidazole, and 5% glycerol (buffer A). The cell
suspension was lysed by sonication (8 s on, 20 s off, 14-min total
time), and the cell lysate was centrifuged for 30 min at 30,000
rpm. The supernatant containing His,-PKM2 was purified
using an immobilized nickel-affinity resin pre-equilibrated
with buffer A. The column loaded with the protein was washed
with buffer A followed by buffer A containing 50 mm imidazole.
The protein was eluted with buffer A containing 450 and 1000
mwMm imidazole, and the eluted fractions were analyzed by SDS-
PAGE for purity. Pure fractions were dialyzed overnight in 50
mwm Tris-HCl, pH 7.5, 150 mm KCI, 0.5 mM tris(3-hydroxypro-
pyl) phosphine, 5% glycerol, and 0.5 mm EDTA (storage buffer).
For separating any aggregated protein molecules, the dialyzed
protein was passed through a HiLoad Superdex 200 16/600 (GE
Healthcare) gel filtration column pre-equilibrated with storage
buffer. Protein concentrations were measured using a Nano-
Drop 2000c spectrophotometer (Thermo Scientific, Waltham,
MA) at 280 nm, using the MW of 59.96 kDa (corresponding to
PKM2 monomer) and molar extinction coefficient (€,g9 ) Of
29.91 M~ ' mm™'. The readout was in absorbance and protein
concentration in mg/ml. The path length of the cuvette was set
at 1 mm. Typically, 100-ul aliquots of 31 mg/ml protein con-
centration were made and stored at —80 °C until use. The pro-
tein concentrations used in all experiments described here refer
to the monomer.

Pyruvate kinase activity assays

PKM2 activity was measured by the PKM2-lactate dehydro-
genase (LDH) coupled assay in the presence and absence of
different AAs using an Epoch microplate spectrophotometer
(BioTek, Winooski, VT), as described previously (13). Briefly,
20 nM PKM2 was dissolved in 20 mm Tris-HCI, pH 7.5, 150 mm
KCl, 5 mm MgCl,, 4 units/ml LDH, and 0.5 mm NADH. Varying
concentrations (0—8 mm) of Val/Asn/Asp were added to the
enzyme solution and incubated on ice for 15 min while keeping
the ADP concentration fixed at 0.8 mm. Reactions (100 ul) were
initiated by increasing the PEP concentration from 0.1 to 12
mM. The initial velocities were calculated in GraphPad Prism
and plotted against PEP concentration. The resulting curves
were fit using the Michaelis—Menten equation (Equation 1),
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Vinax X X

=% 1x (Eq. 1)

where Yis the initial velocity, V,, ., is the maximum velocity, X
is the substrate (PEP) concentration, and K, is the Michaelis-
Menten constant for PEP. For reactivation assays with different
AAs and FBP, 12.5 nm PKM2 in the activity assay buffer was
incubated on ice for 15 min along with 0.5 mm NADH, 4
units/ml LDH, 1 mm Val (with Asn/Asp/Ser), or 5 mm Val (with
FBP). Varying concentrations of FBP (0—0.4 um) or activator
AAs (0—-2 mm) were used, and the reactions were initiated with
increasing concentrations of the PEP followed by the measure-
ment of initial velocity as described above. For the displacement
assay of PKM2 with Val in the presence of Ser, the enzyme was
incubated with 1 mwm Ser followed by inhibition with 0—-2 mm
Val with other experimental conditions being the same as
described above. The PEP concentration range used for this
experiment was 0.1-2.0 mM. All experiments of PKM2 with
Asp were conducted at pH 7.5 or higher and consequently the
AA is in the deprotonated state.

To compare kinetic parameters with Ser-stimulated turn-
over, the catalytic efficiency in the presence of 3 mm Ser was
determined to be 70 = 1 X 10> mm~* min~ ' (Table S5). This
value is in close agreement with the calculated catalytic efficien-
cies of ~32 + 0.9 X 10° mm ™~ min~ ! with ~3 mm Ser (16) and
~88 + 20 X 10> mM ™! min~! with 200 mm Ser (26). Further-
more, to validate quality of the protein to that of previous stud-
ies, the catalytic efficiency of PKM2 was determined to be ~8 =
0.8 X 10° mm ' min~' to ~17 * 24 X 10° mm ™' min~!
(Tables S1 and S2). The values agree well with calculated cata-
lytic efficiency of PKM2 from two previous studies, which were
~14 *+0.7 X 10 mM "min~ ' (16) and ~17 + 2 X 10° mm !
min ! (26).

Ligand-binding assays

All binding studies were performed with 1.6 um PKM2 in 20
mMm Tris-HCI (pH 7.5) and 150 mm KCl using a Cary Eclipse
fluorescence spectrophotometer (Agilent Technologies, Santa
Clara, CA). The binding of ADP and PEP in the presence and
absence of Val, Asn, or Asp was assessed by quenching of the
intrinsic Trp fluorescence of PKM2. Briefly, PKM2 was dis-
solved in the buffer containing 5 mm MgCl, and incubated for
15 min in the absence and presence of either 1 mm Asn/Asp or
1 and 10 mm Val. Titration experiments were performed with
varying concentrations of PEP or ADP while measuring the
decrease in Trp fluorescence.

To determine how PEP and Mg>" influence the binding
affinity of the AAs with PKM2, fluorescence data were collected
by varying the concentration of the AAs in the absence and
presence of MgCl, and PEP + MgCl,, respectively. The wave-
lengths used for excitation and emission of PKM2 were 295 and
340 nm with slit widths of 5 and 10 nm, respectively. The fluo-
rescence intensity was converted into fractional saturation and
fitted to the one-site specific binding equation (Equation 2) or
the Hill equation (Equation 3) using GraphPad Prism (San
Diego, CA),
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B X X
T K X (Ea.2)

Boax X X
(Eq.3)

Y=k XhiX

where B, is the maximum binding, X is titrant concentration,
Y is fractional saturation, K, is the equilibrium constant at
which the titrant occupies half of the binding sites, K, is the
dissociation constant, and / is the Hill coefficient. As the initial
K, was lower than the PKM2 concentration used, data for PEP-
binding experiments in the presence of Asn and Asp were fitted
using a ligand-binding model (Equation 4) as reported previ-
ously (43, 44) with Sigma Plot 12.5 (Systat Software Inc., Point
Richmond, CA),

(nP + x + Kz) — 3/(nP + x + Kz)* — 4nPx
f=f+ (f,—f) NP

(Eq.4)

where f is fluorescence signal resulting from PEP binding to
PKM2, f,, is the maximum fluorescence intensity, f,, is the signal
from PKM2 in buffer solution, P and x are total protein and
added PEP concentration, respectively, K, is the dissociation
constant, and # is the number of binding sites.

Gel filtration analysis

Solutions of PKM2 (0.1, 0.3, and 0.5 mg/ml) in storage buffer
containing 10 mM tris(3-hydroxypropyl) phosphine (to control
the redox state of the enzyme) in the absence and presence of
Asn, Asp, and Val were injected separately onto a Superdex 200
10/300 GL gel filtration column (24 ml; GE Healthcare) via a
0.2-ml loop at a rate of 0.5 ml/min using an AKTA Pure FPLC
system (GE Healthcare). The concentrations of all the AAs used
in gel filtration chromatographic experiments were kept con-
stant at 10 mMm. To understand the effect of different PKM2
regulators on Val bound PKM2, in independent experiments,
PKM2 was incubated for 15 min with Val and MgCl,/MgCl, +
PEP/FBP/Asn/Asp/Ser, and 0.2 ml of each solution was injected
into the column. MgCl,, PEP, and FBP concentrations were
kept constant at 10, 5, and 1 mm, respectively. The column was
calibrated using gel filtration MW standards (Bio-Rad) contain-
ing vitamin B, (1.35 kDa), horse myoglobin (17 kDa), chicken
ovalbumin (44 kDa), bovine y-globulin (158 kDa), and bovine
thyroglobulin (670 kDa). The eluted protein was detected by
monitoring UV absorbance at 280 nm. The intensity data were
normalized by setting the highest intensity value to 100%, and
the normalized values were plotted against elution volume in
GraphPad Prism.

Crystallization of PKM2 with amino acids

To crystallize PKM2 with the AAs under investigation, 10
mg/ml PKM2 in storage buffer was mixed with 2 mwm oxalate, 5
mM MgCl,, and 20 mM Asn/100 mm Asp/280 mm Val, and the
solution was incubated for 30 min at 4°C. 1 ul each of the
protein and precipitant solutions were set up for crystallization
by the sitting-drop vapor diffusion method at room tempera-
ture. Crystals of PKM2 with Asn (PKM2-Asn) and Asp (PKM2-
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Table 3

X-ray data collection and refinement statistics

Values in parentheses are for the highest-resolution shell. R
S {|F| = |EJ}/2,E,|, where F, and F, are the observed and calculated structure factor amplitudes, respectively. R

ALy = UMD, R e = 2N/ (1] (1 = 1)) T |1, — I/ X3 1, multiplicity-weighted R, ..,

of reflections excluded from the modeling and refinement process. asu, asymmetric unit.

free

ge* Rorc =

was calculated as R but for an independent 5% test set

Values
Parameters PKM2-Asn PKM2-Asp PKM2-Val
PDB code 6V74 6V75 6V76
Data collection
Space group P12;1 P12;1 P12;1
Unit cell dimensions
a,b,c (A) 80.99, 154.58, 92.15 82.52, 157.96, 93.03 81.04, 154.98, 91.96
a, B, 7y (degrees) 90, 102.54, 90 90, 101.08, 90 90, 102.36, 90
Beamline ALS 4.2.2 ALS 4.2.2 ALS 4.2.2
Wavelength (A) 1.000030 1.000030 1.000030
Oscillation range (degrees) 180 180 180
Resolution range (A) 77.75-2.32 (2.45-2.32) 72.07-2.85 (3.00—2.85) 77.72-2.75 (2.90-2.75)
Observation reflections 632,664 (72,775) 197,364 (26,617) 416,317 (59,761)
Unique reflections 92,793 (12,554) 54,344 (7939) 57,593 (8407)
Redundancy 6.8 (5.8) 3.6 (3.4) 7.2(7.1)
CCy, 0.999 (0.847) 0.998 (0.716) 0.998 (0.878)
Completeness (%) 97.2 (90.2) 99.6 (99.9) 100.0 (100.0)
Ia(l) 19.9 (2.4) 14.8 (1.7) 173 (3.2)
Riperge (%) 5.7 (58.4) 6.0 (59.6) 8.3 (56.4)
R.... (%) ) 6.7 (70.3) 8.3 (82) 9.8 (66.4)
Wilson B-factor (A?) 44.3 69.0 52.2
Refinement
Ry (%) 23.3 (32.8) 24.6 (36.6) 22.3 (28.6)
R,,.. (%) ) 27.5 (38.6) 28.4 (42.3) 26.5 (36.4)
Resolution range (A) 58.6-2.32 55.5-2.85 61.4-2.75
No. of reflections 92675 54194 57548
No. of molecules/asu 4 4 4
No. of atoms
Protein 14046 13426 13828
Oxalate 24 6 12
Magnesium 4 4 2
Polyethylene glycol - 21 -
Fructose 1,6-biphosphate 80 80 80
Chlorine 2 1 2
Glycerol 102 71 72
Potassium 4 6 1
Tris-hydroxymethyl-methyl-ammonium 8
Asn 9
Asp 18
Val 16
Water . 156 58 64
Average B-factor (A%)
Protein 49.9 67.3 54.1
Oxalate 50.1 60.9 50.9
Magnesium 53.2 58.9 49.8
Polyethylene glycol 73.4
Fructose 1,6-bisphosphate 47.5 69.0 54.5
Chlorine 47.3 47.8 46.7
Glycreol 55.9 71.2 63.3
Potassium 63.3 77.4 50.5
Tris-hydroxymethyl-methyl-ammonium 62.5
Asn 52.6
Asp 61.9
Val 49.4
Water 46.5 60.5 48.4
RMSD bond lengths (A) 0.006 0.006 0.003
RMSD bond angles (degrees) 0.66 0.76 0.60
Ramachandran favored (%) 96.1 92.6 94.8
Ramachandran allowed (%) 3.25 6.85 4.5
Ramachandran outliers (%) 0.62 0.56 0.66

Asp) were obtained in the precipitant solution containing 0.2 Mm
NaBr, 0.1 M Bistris propane, pH 8.5. The PEG 3350 concentra-
tion in the precipitant solution was 20% and 18% for Asn- and
Asp-bound crystals, respectively. Crystals of PKM2 with Val

(PKM2-Val) were obtained in a precipitant solution consisting

of 0.2 M NaBr, 0.1 M Bistris propane, pH 8.5, and 24% PEG 3350.

Diamond-shaped crystals were obtained in a week for PKM2-

Val and PKM2-Asp, whereas the crystals were rod-shaped for
PKM2-Asn. The crystals were looped and washed in a precipi-
tant solution containing mother liquor and 25% (v/v) glycerol.
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Crystals of PKM2-Val and PKM2-Asp were additionally soaked
in mother liquor containing 40 and 20 mMm concentrations of
the respective AAs. All crystals were cryocooled by flash-freez-
ing in liquid nitrogen.

Data collection and structure determination

X-ray diffraction data for all of the PKM2-AA crystals were
collected at 100 K at beamline 4.2.2 at the Advanced Light
Source (Berkeley, CA) using an RDI CMOS_8 M detector. For
the PKM2-Asn crystal, the detector distance was kept at 350
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mm with a 0.5-s exposure time and 0.1° oscillation. The data for
PKM2-Val were collected using a 1-s exposure time, an oscilla-
tion of 0.1°, and a 350-mm detector distance, whereas for the
PKM2-Asp crystal, the exposure time and oscillation were kept
unchanged, but the detector was moved to 340 mm. The images
were processed using the XDS package (45) and SCALA (CCP4)
(46). Molecular replacement for all of the structures was per-
formed with PHASER using chain C of PKM2-Cys structure
(PDB: 6NU1) as the search model. Iterative rounds of refine-
ment and model building were carried out using PHENIX (47)
and COOT (48), respectively.

For all three AA-bound structures of PKM2, the His tag at
the N terminus and the first 13 residues are disordered in all
the chains and were not modeled. In PKM2-Asn, the B-do-
main was poorly modeled in all chains except chain B. In
particular, residues 126 -131 in chain A, residues 125-130
and 183-197 in chain C, and 121-203 in chain D of PKM2-
Asn were untraced due to the absence of electron density in
that region. In PKM2-Asp and PKM2-Val, the B-domain
could only be modeled in chain A and it was either partially
modeled or left unmodeled in chains B, C, and D. Specifi-
cally, in chain D of the PKM2-Asp structure, the B-domain
comprising residues 121-214 was left unmodeled due to
poor electron density along with residues 126 —129 and 191-
192 of chain B. For PKM2-Val structure, B-domain residues
125-129 and 150-151 of chain B, and 121-206 of chain D
were missing due to poor quality of electron density.

Refinement strategies that were employed in the initial
rounds of refinement for all three AA-bound PKM2 structures
include rigid body (excluding PKM2-Asn), restrained coordi-
nate refinement, individual isotropic ADP, simulated annealing
(SA), occupancy, and target weights. SA was turned off in the
later stages of refinement, and water molecules were added into
clear densities. Likewise, at later stages, after Ramachandran
outliers were fixed, only individual isotropic ADP refinement
was used.

Ligands were added into distinct positive electron density. In
PKM2-Asn structure, one molecule of Asn was added only to
chain C. Due to weak density, Asn was not modeled in the
AA-binding pocket of chains A, B, and D. Likewise, a molecule
of Asp was added to chains B and C of PKM2-Asp. The AA-
binding pocket in chain A was occupied by two water mole-
cules, and no ligand was modeled in the binding pocket of chain
D due to lack of electron density. In PKM2-Val, two molecules
of Val were added in the AA-binding pocket of chains B and C,
whereas it was left empty in chains A and D due to poor electron
density. The AA ligands were positioned by generating omit
maps, wherein either the ligand (for the SA omit map) or the
ligand and surrounding bulk solvent within a 5-A radius (for the
polder omit map) was omitted (49). To confirm the position of
ligands, occupancy of each of the AAs was set at 0.6, and six
rounds of refinement were done. Post-refinement, the resulting
occupancy of the AAs was observed to be ~0.8-0.9. The SA
omit map for the AAs of the new model (with occupancy at 0.8)
did not show any significant difference from that of the models
where the occupancy was set to 1. Therefore, the structures
with ligand occupancy at 1 were retained as the final model. To
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ensure that the electron density of the ligands does not belong
to glycerol (present in the cryoprotectant solutions), it was
placed in the SA omit map density of the ligands in Asn/Asp/
Val bound to PKM2 (PKM2-Asn/Asp/Val). For PKM2-Asp/
Asn, the density is significantly elongated to be a good fit for
glycerol. For PKM2-Val, glycerol was observed to fit in the den-
sity of the ligand. To ensure that the SA omit map density is
not of glycerol, we compared PKM2-Val with a previously
reported structure of PKM2 (PDB: 3SRD), containing glyc-
erol in the AA-binding pocket. In the reported structure
(PDB: 3SRD), Arg-106, which binds to the AA ligand, is
flipped outward from the binding pocket. However, in all
three structures (PKM2-Asn/Asp/Val), Arg-106 flips toward
the binding pocket and anchors one of the carboxylate oxy-
gens. Thus, we can conclude that the SA omit map density
for Asp/Asn/Val belongs to the AAs and not glycerol. (Fig.
5). In PKM2-Asn and PKM2-Asp structures, a glycerol mol-
ecule islocated near the AA-binding pocket, and this site was
shown to be occupied by water molecules in both PKM2-Ser
(PDB: 4B2D) and PKM2-Cys (PDB: 6NU1). The PKM2-Val
structure does not contain either water or glycerol molecule
at that site.

The final models were verified by generating composite omit
maps. The structures were validated with the wwPDB valida-
tion server (50). All figures were prepared using PyMOL (33).
Coordinates for all three structures were deposited in the Pro-
tein Data Bank (PDB entries 6V74, 6V75, and 6V76). Detailed
information about data processing, refinement, and structure
validation is provided in Table 3.

Data availability

Atomic coordinates and structure factors have been depos-
ited in the Protein Data Bank as entries 6V74, 6V75, and 6V76.
All other data are contained within the paper. The amino acid
sequence of this protein can be accessed through the UniProt
KB Protein Database under UniProt no. P14618.
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