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1 | INTRODUCTION

Glycolysis is the central pathway for the utilization of
glucose in most organisms. In this oxygen-independent
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2,6-disphosphate; G6P, Glucose 6-phosphate; HK, Hexokinase; LA, Lactic
acid; PEP, Phosphoenolpyruvate; PFK, Phosphofructokinase; PyK,

Pyruvate kinase; PYR, Pyruvic acid.
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Abstract

In the last step of glycolysis Pyruvate kinase catalyzes the irreversible conversion
of ADP and phosphoenolpyruvate to ATP and pyruvic acid, both crucial for cellu-
lar metabolism. Thus pyruvate kinase plays a key role in controlling the metabolic
flux and ATP production. The hallmark of the activity of different pyruvate kinases
is their tight modulation by a variety of mechanisms including the use of a large
number of physiological allosteric effectors in addition to their homotropic regula-
tion by phosphoenolpyruvate. Binding of effectors signals precise and orchestrated
movements in selected areas of the protein structure that alter the catalytic action
of these evolutionarily conserved enzymes with remarkably conserved architecture
and sequences. While the diverse nature of the allosteric effectors has been dis-
cussed in the literature, the structural basis of their regulatory effects is still not well
understood because of the lack of data representing conformations in various acti-
vation states. Results of recent studies on pyruvate kinases of different families
suggest that members of evolutionarily related families follow somewhat conserved
allosteric strategies but evolutionarily distant members adopt different strategies.
Here we review the structure and allosteric properties of pyruvate kinases of differ-

ent families for which structural data are available.
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pathway, glucose is metabolized into the highly versatile
metabolite, pyruvic acid (PYR), while producing ATP
and NADH (Figure 1).1’2 Under aerobic conditions, PYR
is decarboxylated to acetyl-CoA, which can be utilized
for energy production by cellular respiration in mitochon-
dria® or for fatty acid biosynthesis."* In oxygen-limited
environments, PYR can be anaerobically oxidized to lac-
tic acid (LA). Moreover, PYR can be converted to glu-
cose (via gluconeogenesis), alanine (by
transaminase), or oxaloacetate (by pyruvate carboxylase).
To meet cellular needs, the rate of conversion of glucose
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FIGURE 1

structures of the substrates, products and cofactors including metal ions at each step. Enzymes responsible for catalyzing the irreversible regulatory

Flowchart showing different reactions in the glycolytic pathway. Reactions in the glycolytic pathway are shown with chemical

steps are indicated in red. *GAP and **DHAP are abbreviations for glyceraldehyde 3-phosphate and dihydroxyacetone phosphate, respectively. In
some hyperthermophilic archaea, GAP is irreversibly oxidized to 3-phosphoglycerate (3PG) by glyceraldehyde 3-phosphate ferrodoxin
oxidoreductase or nonphosphorylating GAP dehydrogenase. Nevertheless, in the last reaction in the modified glycolytic pathway of these organisms
PyK catalyzes the conversion of PEP to PYR. PyKs of the Thermoproteales archaea are activated by 3PG

into PYR is tightly

enzymes, hexokinase (HK), phosphofructokinase (PFK),

regulated by three glycolytic
and pyruvate kinase (PyK).?

In the last step of glycolysis, PyK (EC 2.7.1.40) catalyzes
the irreversible transfer of phosphate from phosphoenolpyr-
uvate (PEP) to ADP resulting in the production of PYR and
ATP. PyK is a major regulator for controlling the metabolic
flux and ATP production in glycolysis and is considered a
potential drug target.>”” However, because of the conserved
architecture of the PyK active site and the central role of gly-
colysis in all organisms, developing selective inhibitors
targeting the active site is challenging. On the other hand,
almost all PyKs are allosterically regulated by various physi-
ological effectors.'%'® Therefore, the differences in the allo-
steric mechanisms of PyKs can be exploited for developing
species- or cell-type-selective drugs.”®!"'® Moreover, inhi-
bition of PyK activity can be an effective therapeutic strat-
egy against organisms that are dependent on glycolysis for
energy production. One example is the globally important
pathogen Cryptosporidium parvum, which because of the
minimal metabolic capacity of its primitive mitochondria,

relies exclusively on glycolysis for ATP production.'®>3

Thus C. parvum PyK (CpPyK) may be an attractive thera-
peutic target for treatment of C. parvum infection. Recently,
due to the discovery of the abundance of vertebrate PyK-M2
isozyme in cancer cells this isoform has been the focus of
considerable research.’**® The strong interest in human
PyK-M2 isozyme is evident from the fact that one third of
all PyK crystal structures deposited in the Protein Data Bank
(PDB) describe human PyK-M2 and
(Table S1).

Analyses of PyKs of various organisms highlight the
similarity of their overall structure and active site architec-
ture as well as the remarkable versatility in regulation.''**-3

its complexes

However, our understanding of the regulatory mechanisms,
especially the structural basis for transition among different
activation states, is still evolving. The main bottleneck in
characterizing the mechanisms of allosteric regulation is the
lack of structural data for many PyKs in the ligand-free state
and in complex with various ligands. Of the 97 crystal struc-
tures of PyKs deposited in the PDB, structures representing
all four states of the protein (apo, substrate-complex,
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effector-complex, and substrate-effector complex) are avail-
able only for PyKs of Leishmania mexicana (LmPyK),
Mycobacterium tuberculosis (MtbPyK),” and human PyK-
M23! (Table S1).
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Here we provide an overview of the current state of
knowledge derived from structural and functional studies of
PyKs. For general discussions and illustrations, we have
mainly used LmPyK, which is one of the well-studied
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members. We also discuss previously unpublished structural
data on the CpPyK in the ADP-bound state.

2 | EVOLUTIONARY
RELATIONSHIPS IN THE
ALLOSTERIC REGULATION
OF PYKS

A hallmark of PyK functions is the tight regulation of their
activity by a variety of mechanisms including the use of
many physiological allosteric modulators. To allow regula-
tion of glycolytic flux in response to elevated PEP levels
almost all tetrameric PyKs are homotropically activated by
the substrate PEP.'' Moreover, PyKs are also regulated by
heterotropic effectors with fructose 1,6-bisphosphate (FBP)
being the most widely known allosteric activator of bacte-
rial, yeast, and mammalian enzymes.''>>* On the other
hand, trypanosomatid PyKs are modulated by fructose
2,6-diphosphate (FDP).'® Other effectors alone or in combi-
nation modulate different PyKs based on the metabolic
needs of the cells. A growing body of evidence suggests that
evolution of PyKs is intimately connected with their alloste-
ric properties.

PyKs exhibit an unusual phylogenetic tree structure that
does not coincide with the universal tree topology of the
three domains of life: Bacteria, Archaea, and Eukarya.35’36
Phylogenetic analysis revealed clustering of PyKs in two
groups. PyKs in cluster I, contain a Glu at position 117 (rab-
bit muscle PyK numbering, LmPyK residue 88) and those in
cluster II contain a Lys at the corresponding position
(Figure 2).>” PyKs in the two clusters differ in their depen-
dence on monovalent cations.”” While PyKs containing
Glull7 (cluster I) show an absolute requirement for K*
(or other monovalent cations), enzymes in cluster II are
monovalent cation-independent. The importance of the elec-
trostatic charge of the residue at position 117 is underscored
by the observation that K* dependence can be removed by

single amino acid substitution of Glul17Lys.*® Most PyKs
with Lys117 also contain Leul13/GIn114 and a Val, Ile, or
Leu residue at position 120, while in the majority of Glu117
PyKs, Thr, Lys, and Thr residues are present in positions
113, 114, and 120, respectively. It was proposed that K*-
dependent PyKs emerged from K*-independent enzymes

through single nucleotide substitutions.*”
Interestingly, enzymes of these two families use different

allosteric activators. Cluster I PyKs are regulated by
FBP''?? or FDP'**? while AMP or sugar monophosphates
modulate the enzymes in cluster IL*>*' PyKs belonging to
both clusters are expressed in gamma-proteobacteria,** and
in apicomplexan parasites in which cluster I and cluster II
PyKs are found in cytosolic and apicoplast compartments,
respectively.**** Organisms carrying both families of PyKs
include a number of clinically significant pathogens such as
coli,>**°  Vibrio  cholera,”  Salmonella

Toxoplasma gondii,**® and Plasmodium

Escherichia
typhimurium,*
falciparum.**

PyKs of hyperthermophilic archaea Thermoproteales (but
not thermophilic bacteria) are activated by 3-phosphoglycerate
(3PG) and not by FBP, FDP, or AMP.****® In the glycolytic
pathway of these archaea, glyceraldehyde 3-phosphate is irre-
versibly oxidized to 3PG.*”° A putative 3PG binding motif
was identified in the sequence of PyKs of Thermoproteales,
and based on phylogenetic and biochemical analyses it
was concluded that these PyKs form an independent lineage.*®
Their sequence contains a Ser residue in the position
corresponding to Glull7 in rabbit muscle PyK and these
enzymes are K*-independent.*>*!

Thus members of different PyK families use different
effectors, and the sequence and architecture of the effector
binding sites and their allosteric strategies are linked with
their evolution.®”! Nevertheless the amino acid sequence of
different PyKs and the active site residues are very similar as
expected for an evolutionarily conserved protein. The over-
all sequence identity between PyKs from evolutionarily dis-
tant organisms can be up to ~40% (Table S2).

FIGURE 2 Structure-based sequence alignment of representative PyKs from various organisms. PROMALS3D (http://prodata.swmed.edu/

promals3d/info/promals3d_help.html) was used for structure-based alignment of amino acid sequences of PyKs of different organisms. Secondary

structure assignment is based on consensus. Helices and strands are identified by domains A, B, and C. Each sequence is labeled with the PDBID

for the PyK structure and the name of the organism it belongs to. Functionally important regions are labeled. Interacting residues identified in crystal

structures are highlighted on the respective sequence. These residues were identified using PDBsum (http://www.ebi.ac.uk/pdbsum/). See also
Table S4.%: K*-binding residues [Note: Asn also interacts with ADP in CpPyK (6P0Y)]; #: Residues that interact with divalent cation; Yellow
highlight: PEP-binding residues; Light pink highlight: Residues that interact with ADP (CpPyK: 6P0Y) and ATP (LmPyK: 3HQP); Phosphate:
Phosphate-binding loop (6'-phosphate of FBP and FDP and the phosphate of AMP interact with residues in this loop). Mobile: Mobile loop
(in some PyK structure this loop is stabilized in effector-bound form); Effector: Effector-loop (usually stabilized in the presence of effectors);

Orange highlight: Residues that interact with FDP in LmPyK complex (3HQP); Cyan highlight: Residues that interact with G6P (MtbPyK: 5SWSB);
Hinge: Bending residues that act as hinge for movement of the B-domain upon substrate binding. The lengths of the hinge regions differ in different
PyKs. Shown in italics are residues in these regions identified by DynDom using the crystal structures 3HQO (Apo) and 3HON (substrate complex)
of LmPyK (http://dyndom.cmp.uea.ac.uk/dyndom/)
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3 | ARCHITECTURE OF PYKS

3.1 | Domain structure

Cytosolic PyKs are composed of 480-530 amino acids while
the plastid and apicoplast-specific PyKs carry an additional
N-terminal signal sequence.**** The Plasmodium and Toxo-
plasma genome encodes two distinct proteins, the cytoplas-
mic form PyKI and the apicoplast form PyKII. Low
sequence identity (~20%) between these forms suggests their
distinct lineage. PyKII sequences include an N-terminal
apicoplast-targeting signal of 130 residues and multiple
insertions.”* PyKII of T. gondii is also localized in the mito-
chondria in addition to the apicoplast. PKI is similar to the
glycolytic form of PyKs whereas PyKII is implicated in fatty
acid biosynthesis.** Notably, PyKII sequences possess a Lys
residue in the position corresponding to Glull7 in rabbit
muscle PyK, and therefore group with monovalent cation-
independent enzymes.

The majority of PyKs are homotetrameric proteins; how-
ever, other oligomeric forms have also been reported.’>>°
PyK monomers fold into three domains designated A, B,
and C. In some eukaryotes an additional N-terminal
a-helical domain of ~17 residues known as the N-domain is
present (Figure 3). Moreover, there is an extra C-terminal
domain in PyKs of some bacteria such as Bacillus,57’58
Staphylococcus,® and Cyanobacteria®' species. Generally,

(a) (b)

B-domain

Active site

178-190

K+

A-domain
18-88 + 187-356

Effector loop

B oosn-WiLey L=

sequence identity among PyKs is highest in the A-domains,
followed by the B- and C-domains (Table S2).

The A-domain is the largest of the three domains and is
composed of two segments spanning residues 18-88 and
187-356 (LmPyK numbering).10 It consists of a (p/a)g barrel
structure characterized by three helices located on top of the
loops connecting the C-terminal strands of the f-sheet
(Figures 3 and S1). These helices play a major role in cataly-
sis and allosteric regulation. The PyK catalytic site is located
on top of the barrel in a cleft between the A- and B-domains
(Figure 3a).

The B-domain (residues 89-186) has a mixed p-barrel
topology and contains only one (or two) short a-helix. The
B-domain is also known as the “lid domain” since upon bind-
ing the substrate it undergoes a bending motion which results
in closing of the active site. The hinge residues for the bend-
ing are located at the intersections of A- and B-domains, resi-
dues 86-88 and 178-190 (Figure 2). The bending angle is
usually ~20°; however, comparison of the apo-(3HQO) and
substrate-bound (3HQON) structures of LmPyK by using
DynDom reveals a 40° rotation (Videos S1 and S2).59

Hinge residues 86—88 and several residues on both sides
of the hinge play an important functional role in PyKs. As
discussed above, the presence of Glu88 (equivalent to rabbit
muscle PyK residue 117) determines the monovalent cation
requirement of PyKs.*”*® In LmPyK Asp83 and Thr84 are

(©)

Small

Large interface

FIGURE 3 Domain organization and assembly of PyK. (a) Cartoon drawing of LmPyK monomer with domains colored as N (residues 1-17;
gray), A (18-88 and 187-356; yellow), B (89—186; magenta), C (358—496; light cyan). Ligands ATP and oxalic acid (OXL) are shown as stick
models. Metal ions (Mg** and K*) shown as green and purple spheres in the active site are indicated with an arrow. Hinges (86-88 and 178-190) are
shown in marine blue. Effector loop (481-487) is shown in dark purple; FDP bound in the effector site is shown as stick model. The LmPyK structure
(3HQP) containing ATP, OXL, FDP, Mg?*, and K™ was used in preparing this cartoon. (b) Cartoon drawing showing the LmPyK dimer and the C—C
interface also known as the “‘small interface.” Domains in both subunits are colored similar to those in Figure 2a. Effector loops from each monomer
are at the dimer interface. Dimer axis is designated g. (¢) Cartoon drawing showing assembly of the LmPyK tetramer in 3HQP. The small and large
interfaces are indicated. The large interface is formed by interactions of residues in the A-domains of neighboring subunits across r axis
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involved in coordination of the K* ion. The sequence of res-
idues, Asp83-Thr-Lys-Gly-Pro-Glu-Ile-Arg-Thr-Gly92 (Lm
PyK numbering), at the intersection of the A- and B-domain
is generally conserved in FBP- or FDP-activated PyKs of
eukaryotes. Bacterial PyKs (such as E. coli PyK1 and Staph-
vlococcus aureus PyK) that are activated by FBP, also have
identical sequence in this region except at the C-terminal
position (Table S3). On the other hand, the sequence of this
region differs in the AMP- and phosphosugar-activated
enzymes, such as E. coli PyK2 and MtbPyK, where Glu88 is
replaced by Lys, both Thr residues are replaced by Leu or
Val, and Lys85 is substituted by Gln. The hinge area is far
from the effector binding sites, which are located within the
C-domain or between the A- and C-domains (for G6P, dis-
cussed later). The C-domain (residues 358-498) consists of
five a-helices and a five-stranded mixed f-sheet (Figures 3
and S2). The C-domain of each PyK monomer is involved
in interactions with the A-domain of the same monomer.
Moreover, residues in the C-domains related by a two-fold
axis (referred to as the g-axis) form the C—C dimer interface
or small interface in the PyK tetramers (Figure S3). Interac-
tions between residues in the A-domains of neighboring sub-
units related by a two-fold axis designated as the r-axis form
the large or A—A interface. The intermolecular contacts
along the r-interface are mostly contributed by residues
belonging to helices Aa6, Aa7, and Aag.%° Moreover, the
N-domain when present interacts with the A-domain
(Figure S4).

() (b)

Arg120

3.2 | Active site

Amino acids from both A- and B-domains contribute to the
formation of the active site consisting of highly conserved
residues that bind to the substrates and metal ions, which
also interact with the substrates. The PyK active site includes
three positively charged residues, two Arg and a Lys; and
four negatively charged residues, two Asp and two Glu resi-
dues. In addition to a monovalent cation, most PyKs require
a divalent (Mg**or Mn?*) cation, which has been implicated
in enzyme activation and in the formation of the substrate-
complex with ADP.®! Cations have also been suggested to
induce domain movement.®” Amino acids responsible for
binding to the divalent cation are within the A-domain.®*~%°
In LmPyK'® the Mg®* ion (or Mn*") interacts with the car-
boxylate side chains of Glu241 and Asp265. Additionally,
the divalent cation also coordinates to the oxygen atoms of
PYR or other ligands.®® A second divalent cation forms
coordination with ADP or ATP in the holo-enzyme struc-
tures (3HQP, 6P0Y) but does not directly bind to the protein.
The K* ion coordinates to Asn51, Ser53, Asp83, and Thr84
in the A-domain (Table S4).

PEP and ADP interact mainly with residues located in
the A-domain. Moreover, an Arg from the B-domain also
binds to ADP. Currently, crystal structures of PyK in the
ADP-bound state have been reported for human PyK-M2
(3GR4) and CpPyK (6P0Y) only. In 3GR4, PyK-M2 is also
bound to FBP and tartaric acid but lacks any metal ion in the

()

FIGURE 4 ADP binding site in PyK. Interactions between PyK residues and ADP are shown in stick model. Residues from both the A- and
B-domains are involved in binding to the substrate. (a) Cartoon drawing showing human PyK-M2 (3GR4) active site. The A- and B-domains are
shown in light yellow and light magenta color. The C-atoms of the residues in the A- and B-domains, which interact with ADP, are shown in
magenta and yellow, respectively. No metal ion was present in the PyK-M2 complex. (b) Cartoon drawing showing holo-CpPyK (6P0Y) active site.
The A- and B-domains are shown in light yellow and light magenta color. The C atoms of the residues in the A- and B-domains, which interact with
ADP, are shown in magenta and yellow, respectively. K+ and Mg>* ions are shown as purple and pink spheres. (c) Cartoon drawing showing
LmPyK (3HQP) active site with ATP bound. The A- and B-domains are shown in light yellow and light magenta color. The C-atoms of the residues
in the A- and B-domains, which interact with ADP, are shown in magenta and yellow, respectively. K™ and Mg>* ions are shown as purple and pink
spheres
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active site, while the structure of holo-CpPyK contains
ADP, Mg>*, and K™. In both structures two conserved Arg
residues and a conserved Asn residue form hydrogen bonds
with ADP (Figure 4). Additionally, in holo-CpPyK, a con-
served His79 (55) is also involved in hydrogen bonding to
ADP. In the LmPyK/ATP complex, the phosphate oxygen
atoms of the y-phosphate group of ATP form additional
interactions with side chains of Asn51 and Lys 238. More-
over, Mg”" and K" ions also coordinate to the terminal
phosphate (Figure S5).

So far, a structure of PyK in complex with PEP has been
reported only for the Trypanosoma brucei enzyme (TbPyK;
4HYV). In this complex, PEP engages in coordination with
the bound Mg®* and K* ions in the active site.°® Five con-
served residues participate in hydrogen bonding with PEP:
side chain atoms of Arg50, Lys239, and Thr297, and the
backbone nitrogen atoms of Gly264 and Asp265
(Figure 5a). Structures of PYR complexes have been deter-
mined for 7hPyK and mammalian M1 and M2 isozymes
(Table S1). In these complexes PYR is involved in coordina-
tion with the Mg”>" and forms hydrogen bonds with all resi-
dues as observed in the PEP complex except Arg50 (which
is hydrogen bonded to the phosphate moiety of PEP in
4HYV). In the ThPyK PYR complex (4KCT), the Lys239
sidechain moves closer to the product and forms a hydrogen
bond with O3 atom of PYR [Figure 5b].

3.3 | Effector binding site

The canonical allosteric effector binding sites in PyKs are
located within the C-domain.>* This site, first identified in

(a)

Arg50
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the crystal structure of yeast PyKl bound with FBP, is
approximately 40 A away from the catalytic site (IA3W).*
More recently, FDP has been found to bind in the same site
in LmPyK (BHQP, 3HQ0)" and Trypanosoma cruzi PyK
(TcPyK, 4KS0).!

The effector binding site is lined by three loops: a “phos-
phate-binding loop” (LmPyK residues 400-404), a “mobile
loop” (448-453), and an “effector loop” (481-487). The
effector remains buried in a pocket formed by the
phosphate-binding loop (connecting the Cp1 strand and Ca3
helix) and the first two turns of the Ca5 helix (Figure S2).
The 6'-phosphate group of FBP and FDP occupies over-
lapping positions in their complexes and engages in interac-
tions with the residues in the ‘“phosphate-binding loop”
(Figure 6).'°3% Additionally, Arg and a Ser immediately C-
terminal to this loop also form hydrogen bonds with the 6'-
phosphate. The sequence of the phosphate-binding loop usu-
ally contains multiple threonine and serine residues.

In yeast PyKl the 1’-phosphate of FBP forms a salt
bridge with the side chain of Arg459 located on the CaS
helix** (Figure 6a,b). This Arg residue is present in PyKs of
yeast, vertebrates and trypanosomatids. In PyK-FDP com-
plexes, the 2'-phosphate of FDP is hydrogen-bonded to the
Arg residue in the corresponding position on the CaS helix
(Argd56 and Argd57 in LmPyK and TcPyK, respectively)
and the side chain of a Lys residue (Lys453 and Lys454 in
LmPyK and TcPyK, respectively) that is conserved in
trypanosomatids (Figure 6c).

The furanose ring of FBP is involved in hydrophobic
interactions with the aromatic side chain of Trp452 located
at the C-terminal end of a flexible loop linking Cf3 strand to
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FIGURE 5 PEP and PYR binding sites in PyK. Interactions of PyK residues and metal ions with PEP and PYR in 7bPyK. (a) Cartoon
drawing of ThPyK structure (4KCT) showing PYR in stick model (C: green) and residues (C: white) forming interactions with PEP. K™ and Mg**
and ions are shown as purple and pink spheres. Two water molecules in close proximity are shown as red spheres. (b) Cartoon drawing of ThbPyK

structure (4HYV) showing PEP in stick model (C: green) and residues (C: white) forming interactions with PEP. Mg2+ and K™ ions are shown in

rose and purple spheres
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Phosphate binding loop

Mobile loop

Effector loop

FIGURE 6 FBP and FDP binding sites in PyKs. (a) Superposition of yeast PyK1 without (1A3X; yellow) and with (IA3W; cyan) bound FBP
molecule. Residues in the phosphate- binding loop (magenta) are involved in binding to the 6’-phosphate group. Effector loop (slate) remains
disordered in FBP-free state. The mobile loop (purple) is also disordered in the absence of FBP. Arg459 (stick model, C: cyan) on the CaS5 helix
engages in binding to the 1’-phosphate and Trp452 (stick model, C: dark purple) forms hydrophobic interaction with the sugar moiety. (b) Close-up
view showing interactions in the FBP binding site of yeast PyK. (c) Superposition of the C-domains of yeast PyK1 (/A3W) in cyan and LmPyK
(3HQP) light orange shows the overlapping of the FBP (shown in line) and FDP (shown in stick) binding sites. The 2’-phosphate of FDP interacts
with side chains of Arg456 and Lys453 (immediately before the Ca5 helix) and the hydroxyl oxygen of the sugar forms a hydrogen bond with the
backbone nitrogen atom of Gly487 on the LmPyK effector loop. Residues in the phosphate binding loop (residues 401-406; shown as line; C: deep

orange) interact with the 6'-phosphate. Backbone nitrogen atoms of Asn401, Ser402, Thr403, and Arg404 form hydrogen bonds with the 6'-
phosphate. Moreover, LmPyK Asn401 and Arg404 sidechains interact with the 2'-phosphate and 6'-phosphate, respectively

CaS5 helix. This Trp residue is conserved in PyKs of yeast
and vertebrate PyKs but not in other species. In some PyK
structures this “mobile loop” is disordered in the absence of
a bound activator (yeast PyK, /A3X). The length and the
amino acid sequence of the mobile loop vary in PyKs of dif-
ferent organisms.®’

In general, the effector loop, which joins Cp4 and Cp5,
remains disordered in the absence of a bound effector and
becomes ordered upon binding the effector in the pocket. In
yeast PyK, the loop is stabilized upon FBP-binding via for-
mation of a hydrogen bond between the 3'-hydroxyl oxygen
of the sugar moiety and the backbone nitrogen atom of
Gly484. Three additional residues, Gly490, His491, and
Ser492, from this loop are also involved in nonbonded inter-
actions with FBP. In TcPyK the effector loop transitions
from disordered to an ordered state (4KRZ vs. 4KS0) upon
binding FDP. However, in the structure of TcPyK with
Ponceau-S dye bound at the ADP binding site (3QV9) the
effector loop is ordered even in the absence of a bound
effector (Figure S6a).® A similar ordering of the effector has
been noticed in the structure of CpPyK bound to ADP
(6P0Y) (Figure S6b,c). The sequence and the length of the
effector loop show some similarities in PyKs of evolution-
should be noted that
trypanosomatid PyKs can also bind FBP; however, as com-
pared to FDP at least a 1,000-fold higher concentration of
FBP is required to produce a weaker allosteric effect.”!

AMP binds in the same pocket as FBP and FDP. In the
MtbPyK AMP complex (SWS9), the AMP phosphate group

arily related organisms. It

forms hydrogen bonds with Thr374(402), GIn375(403),
Ser376(404), and Thr379(407) in the phosphate-binding
loop, and with a conserved Gly457(497) in the effector loop
(Figure 7). The adenine ring is in a hydrophobic area and
forms stacking interactions with Phe373, Trp398, and
Met425. While Phe373 and Met425 are present in some
AMP-activated PyKs, Trp398 is unique in MtbPyK. Interac-
tion of Trp398 with AMP requires flipping of the side chain.
In the absence of the effector, this effector loop is highly
flexible (5WS9).

3.4 | Noncanonical binding site for G6P

Recently, a binding site for G6P was identified in the crystal
structures of MtbeK.7 This site, located at the interface of
the A- and C-domains near the canonical effector binding
pocket, is formed by three helices Aa6, Cal, Ca2, and the
G6P-loop at the N-terminal end of Cal. Arg382 and Arg385
located on Coa2, and His345, Arg348, and Thr349 on the
G6-loop are involved in binding G6P. Asn268's main chain
nitrogen atom also forms a hydrogen bond with the sugar.
Sequence of the G6P loop varies in PyKs of different organ-
isms but is identical in different species of Mycobacterium.”
Remarkably, G6P and AMP exhibit synergistic allosteric
activity.” In the crystal structure of MtbPyK complexed with
both AMP and G6P (5WSB), the Cal helix acts as a bridge
between the two allosteric sites; Arg351 in Cal interacts
with AMP and Thr349 is hydrogen bonded to G6P, thus for-
ming a hydrogen-bonded network (Figure 7).
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FIGURE 7 Interactions between the allosteric effector sites in
MtbPyK. Cartoon drawing of MtbPyK (5WSB) showing stick models
of AMP (C: orange) and G6P (C: green) in MtbPyK. AMP is bound in
the canonical effector binding site in the C-domain (cyan) and G6P is
bound at a site between the C- and the A-domain (yellow). The AMP
phosphate group is hydrogen bonded to several residues in the
phosphate-binding loop (light magenta). The effector loop (residues
451-458; purple blue) wraps around AMP. The adenine ring of AMP
is in a hydrophobic environment contributed by Phe373, Trp398, and
Met425. The AMP phosphate group also interacts with Arg351 (stick,
C: orange) on the Cal helix (orange), which acts as a link between the
site for binding of AMP and G6P, and is connected to the G6P loop
(residues 338-349). Phosphate group of G6P forms hydrogen bonds
with His345, Arg348, and Thr349, which is at the N-terminal end of
the Cal helix. The backbone nitrogen atom of Lys270 from the A-
domain forms a hydrogen bond with the sugar moiety of G6P.
Moreover, the main chain of Asn268 forms a hydrogen bond to the
sugar, thus stabilizing the interactions between the A- and C-domain

4 | MECHANISMS OF ALLOSTERIC
REGULATION

According to the classical Monod-Wyman-Changeux model
of allostery, oligomeric enzymes undergo symmetrical tran-
sitions between the ligand-free T- and ligand-bound R-
states. The enzyme structure is stabilized in the R-state by
ligand binding.®*"' However, structural details in all states
are rarely known. For example, although allosteric activation
of E. coli PyK1 (EcPyK1) by FBP has been long known, the
crystal structure in the R-state remains elusive. From com-
parison of the T-state structure of EcPyK1 with that of mam-
malian PyK-M1 R-state (FBP-bound) structure, a concerted
rotation of all three domains of each PyK monomer during
allosteric transition was identified. Specifically, these struc-
tures revealed a combination of two types of rigid body
movements, which included a rotation of the B- and
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C-domains of each subunit and a rotation of every subunit in
the tetramer.'* The overall structure of individual domains
does not change but the domains connected by flexible
hinges undergo rigid body motion across the pivot. Cur-
rently, five mechanistic variations for allosteric regulations
of PyKs are proposed. These mechanisms describe how the
binding of effector(s) at the allosteric site activates the
enzyme by promoting conformational changes within each
subunit and by influencing interactions between neighboring
subunits. In most of these cases the allosteric effect enhances
the stability and rigidity of the tetramer in an active R-state.
These effects are induced mainly via alterations of the inter-
subunit interactions at the A—A and C—C interfaces in the
tetramer. These five mechanisms are as follows:

A “rock and lock” model has been proposed for alloste-
ric activation of LmPyK wherein transition between the
inactive T-state and active R-state is accompanied by a
symmetrical rigid body rocking motion of the A- and C-
domains of each monomer in the tetramer. The R-state is
stabilized by eight salt bridges between the monomers in
each dimer across the C—C interface which lock the tetra-
mer in a rigid state. The increased rigidity of the tetramer
upon ligand binding results in a seven-fold higher reac-
tion rate.'® Structures of TcPyK with and without bound
FDP (4KSO and 4KRZ) demonstrated that this enzyme
also follows the “rock and lock™ model and adheres to a
similar transition between the T- and R-state, which
involves a rigid body rocking motion of the A- and C-
domain cores.”® Although a true T-state crystal structure
for TbPyK has not been determined, comparison with
the corresponding LmPyK structure revealed a similar
rigid body rotation of the A- and C-domain cores. The
R-state for TcPyK and ThPyK is stabilized via a con-
served salt-bridge between Asp483 (LmPyK residue
482) and Argd94(493) across the C-C interface
(Figure S7).°° Asp483 is located within the effector loop,
and thus the conformation of this loop is critical to the
allosteric control of these enzymes.”'*® In the effector-
free state this loop is usually flexible.

Human PyK-M2 uses a novel mechanism based on tran-
sition between different oligomeric states during alloste-
ric activation.®’ This isozyme transitions between an
inactive monomer and an active tetrameric form when
bound to the activator.”>”® In the absence of FBP, salt
bridges and hydrogen bonds between residues across the
C—C interface result in a stable inactive T-state tetramer.
Moreover, stacking interactions between two Trp resi-
dues across the interface further stabilize the T-state.
Upon binding of FBP, the monomer undergoes a rigid
body rotation.’’ The effector loop wraps around
FBP forcing the side chains of TrpS515 and Arg516 to
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orient inward. As a result the hydrogen bonding network
that stabilizes the T-state is broken (Figure S8a). The
stacking interactions are also disrupted since the Trp482
sidechain forms a hydrogen bond with the 1’-phosphate
group of FBP. Finally, the R-state is stabilized by inser-
tion of a disordered residue Lys421 into the hole formed
by residues 390-420 (Figure S8b). A somewhat similar
but much tighter “peg in hole” arrangement is observed
in the constitutively active PyK-M1 tetramer. The con-
certed rocking motions of the monomers appropriately
position Arg342 near the active site for stabilization of
the short glycine-rich Aa6’ helix of an adjacent mono-
mer (Figure S8c). On the other hand, the allosteric inhib-
itor Phe binds in a pocket located between active site
and effector site near the pivot point for rigid body rota-
tion. In the Phe complex of PyK-M2, a rigid body rota-
tion of the A- and C-domains forces Lys421 out of the
binding pocket that is responsible for the stabilization of
the active R-state tetramer.

AMP and G6P were found to synergistically activate
MtbPyK. A “rock-shape-lock” mechanism based on a
concerted rocking motion has been proposed to explain
the activation mechanism.” In MbPyK AMP-binding is
accompanied by an interplay of two loops: the canonical
effector loop (AMP-loop) spanning residues 451-458,
which remains flexible in the effector-free state, and a C-
terminal tail loop comprising residues 467-472. During
the allosteric transition, the A- and C-domains of each
monomer simultaneously undergo a rigid body rotation
disrupting the C-C interface interactions between the
AMP loop and the tail loop, as well as a hydrogen bond
between two adjacent C-domains. The relocation of the
AMP loop and reorganization of the tail loop disrupt
interface hydrogen bonds and form new interactions
within each monomer enhancing interactions between
allosteric ligands and each monomer. Thermal stability
analysis and enzyme kinetic data suggest enhanced rigid-
ity of the R-state MrbPyK in the presence of AMP and
G6P.”

Simultaneously during T- to R-state conversion, the
Aa6’-Aab helix bundle located at the A-A interface also
undergoes a rotation around the hinge (Asn268); the
concerted rocking motions form the R-state structure and
the active architecture of the catalytic site. Moreover,
movement of the Aa7-Aa7 helix pair generates new
hydrogen bonds across the A—A interface with A6’
A6 through reorientation of the sidechain of Arg290.
Transition from T- to fully ligated R-state (both AMP
and G6P bound) is accompanied by rotation and shift of
both Cal and Coad4-helices that bind G6P and AMP,
respectively. Binding of one activator induces a similar
rotation of its binding helix and a similar, though

smaller, movement of the other helix. Displacement of
these helices gives rise to the synergistic allosteric effect
where reshaping of the allosteric sites by binding of
either activator favors the binding of the other
(Figure 7).” In the presence of both AMP and G6P, a
network of hydrogen bonds links the Cal helix with
AMP and G6P.

4. The crystal structure of EcPyKl in the activator-bound
state has not been reported. Two early models were pro-
posed for allosteric activation of EcPyK1 by FBP. The
“domain rotation” model proposed reorientation of indi-
vidual domains within each monomer as well as reor-
ientation of each monomer within the tetramer. On the
other hand, according to the “rigid body reorientation”
model only monomers within the tetramer reorient with
respect to each other and this increases the rigidity of the
active site. A combination of time-resolved electrospray
ionization mass spectrometry coupled to hydrogen-
deuterium exchange studies and mutagenesis were
employed to study the mechanism of allosteric activation
by FBP on EcPyK1.* These studies demonstrated
enhanced conformational flexibility upon FBP binding
at the allosteric site. Specifically, FBP binding causes
destabilization of an a-helix bridging the allosteric site
and the active site in the same monomer. This results in
a loss of stability in the assembly of the (p/o)g-barrel
domain and the active site loops.>*

5. Finally, activation of PyK of Geobacillus ste-
arothermophilus and several other bacteria (such as
S. aureus) is thought to involve an additional C-terminal
domain (C’) found in these proteins. In these PyKs the
effector loop is located within this domain.”* Presence of
the allosteric activator ribose-5-phosphate (R5P)
enhances thermal stability of the G. stearothermophilus
PyK tetramer.”” The C’-domains of these bacterial PyKs
are predicted to be involved in interactions with adjacent
monomers across the C—C interface resulting in the sta-
bilization of the tetramer.”" Currently, no structural data
is available for the activator-bound state of any PyK of
this category.

S | STRUCTURALLY AND
FUNCTIONALLY DISTINCT PYKS

5.1 | Vertebrate PyK isozymes

Vertebrates demonstrate exquisite regulation of PyK activi-
ties by a combination of strategies including an elaborate
distribution of four isozymes (L, R, M1, and M2) in different
tissues. The L and R isozymes are dominant in the liver and
erythrocytes respectively, and both forms are allosterically
regulated by FBP. Recently, in human liver PyK switching
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of the allosteric loop from an open to closed conformation in
the presence of FBP has been attributed to the change in
interactions at the C—C interface which leads to the altered
substrate affinity of the enzyme.”® Muscle specific isoforms,
PyK-M1 and PyK-M2, are expressed from the same gene
but differ in 22 residues located within a 56 residue region
situated at the C—C interface close to the allosteric effector-
binding site. PyK-M1 is a highly active nonallosteric form
found in tissues, such as heart, brain, and skeletal muscle
that need to rapidly generate large amounts of ATP. How-
ever, in muscle and brain, M1 is allosterically inhibited by
phenylalanine.”’~”® On the other hand, PyK-M2 is expressed
in all proliferative cells, leukocytes, lung, spleen, kidney,
and adipose tissue, and is the dominant isoform in fetuses.
The activity of the M2 isozyme is modulated by FBP and
amino acids. In the absence of FBP, PyK-M2 exists as a
mixture of monomer (80%), dimer (10%), and tetramer
(10%). Binding of allosteric activators to PyK-M2 induces
active tetramer formation while inhibitors, oncoproteins and
post-transcriptional modifications promote the
monomer/dimer state. Transition of PyK-M2 between these
on and off modes provides the cells with nutrient sensing
and growth signaling mechanisms.>'*® Elevated levels of
PyK-M2 (compared to other isoforms) in nearly all cancer
cells suggest its potential association with cancer. Recently,
an observed correlation between high PyK-M2 and low sur-
vival rate has been reported in patients with hepatocellular
carcinoma.®’ Additional mechanisms for regulation of PyK-
M2, such as the nitrosylation of specific Cys residues have
also been proposed.go However, PyK-M2 is also present in
normal cells,””"®* and currently there is no evidence of a met-
abolic shift to this isozyme during tumorigenesis.*® There-
fore, additional studies are needed to establish how
regulation of PyK-M2 might support the altered glucose
metabolism in cancer cells and the metabolic re-routing of
glucose from cellular respiration to its increased utilization

in the biosynthesis of macromolecules in proliferating
cells 26:31:84.85

inactive

5.2 | C. parvum PyK (CpPyK)

The unusual and extremely reduced mitochondria of Crypto-
sporidium lack the classical respiratory chain'®*® and there-
fore, cannot carry out most of the biochemical functions
usually performed by this organelle. As an intestinal patho-
gen, C. parvum has adapted to the microaerophilic environ-
ment and relies exclusively on glycolysis for ATP
production.®® The C. parvum genome contains a single pyk
gene encoding the glycolytic form of the enzyme, which
demonstrates distinct functional and structural properties as
compared to other PyKs.®”-*® Crystal structures of CpPyK in
the apo-form (4DRS)88 and in the holo-form in complex with
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ADP, Mg®*, and K* have been determined (6P0Y) (-
Table S5). Notably, in these structures, a unique covalently
cross-linked dimer is observed wherein Cys26 of each
monomer forms a disulfide bridge with Cys312 of the other
at the A—A interface.®® Notably, both Cys26 and Cys312 are
unique in the CpPyK sequence, and no other disulfide-linked
PyK dimer has been reported. These disulfide bonds may
contribute to the increased structural stability of CpPyK
dimers as suggested from the calculated AGy;s values for
the dimers in apo- and holo-CpPyK crystal structures
(Table S6). However, additional studies are needed to inves-
tigate the role of these intramolecular crosslinks. The ADP,
Mg**, and K* binding sites in CpPyK overlap with positions
occupied by substrate and metal ions in other PyKs
(Figure S5). The holo-CpPyK structure also exhibits domain
closure as seen in other PyKs (Video S2). A Cl™ ion was
modeled in the same position between the A- and C-domain
where a sulfate ion was found in the apo-enzyme structure.
However, the functional significance of this anion-binding is
not known.

In a previous study the enzymatic activity of CpPyK was
shown to be not affected by known allosteric effectors of
other PyKs including FBP, FDP, F6P, G6P, AMP, ATP, and
R5P.%7 Residues 508517 corresponding to the canonical
“effector loop” were missing from the apo-CpPyK crystal
structure (4DRS) but interestingly the loop becomes ordered
in the holo-enzyme structure despite the absence of any
effector (Figure S9). The “effector loop” in each monomer
swings out and interacts with the Ca5 helix of the subunit at
the C—C interface. The Pro514 from the loop inserts into a
hydrophobic pocket bordered by the C-terminal residues
Val523 and Pro526, and Glu481, Ile484, and Leu488 on
CaS5 helix of the monomer across the interface (Figure S10).
Moreover, in two of the four monomers Lys510 (which was
disordered in the apo-enzyme structure) in this loop forms a
hydrogen bond with Glu433 of the same monomer thus
enhancing their stability (Figure S10). A unique characteris-
tic of this loop in the holo-CpPyK structure is the formation
of an intramolecular disulfide bond between Cys513 and
Cys517 (Figure S9). Both Cys513 and Cys517 are unique in
the CpPyK sequence, and this disulfide bonded effector loop
is a distinct feature of CpPyK. Notably, the CpPyK sequence
has an unusually high content of 21 Cys residues whereas
most PyKs contain only 10-15. CpPyK enzyme remains
active under reducing conditions.®® Additional structural and
functional studies are necessary to characterize this
distinct PyK.

6 | CONCLUSION

While the early studies on pyruvate kinase promoted a uni-
versal design to one of the highly conserved enzymes in
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nature, adaptation and evolution have still provided unique
avenues for differential regulation of PyKs in different
organisms and different tissues. These adaptations demon-
strate how microbes can compete for nutrients within their
host environment and how various tissues can modulate their
metabolic needs within a more complex body with compet-
ing demands. Altogether, this makes PyK a highly flexible
and adaptable enzyme while still adhering to a mostly uni-
versal architecture. Having a clear understanding of these
differences in regulations can eventually allow us to exploit
these differences for developing novel therapeutic targets for
a variety of diseases. However, to achieve this goal, there is
a great need to increase our current library of structures that
span multiple organismal isoforms in multiple states.
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