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Abstract

3-Phosphogycerate kinase (PGK) is a two domain enzyme, which transfers a phosphate group between its two substrates,
1,3-bisphosphoglycerate bound to the N-domain and ADP bound to the C-domain. Indispensable for the phosphoryl
transfer reaction is a large conformational change from an inactive open to an active closed conformation via a hinge
motion that should bring substrates into close proximity. The allosteric pathway resulting in the active closed conformation
has only been partially uncovered. Using Molecular Dynamics simulations combined with Force Distribution Analysis (FDA),
we describe an allosteric pathway, which connects the substrate binding sites to the interdomain hinge region. Glu192 of
alpha-helix 7 and Gly394 of loop L14 act as hinge points, at which these two secondary structure elements straighten,
thereby moving the substrate-binding domains towards each other. The long-range allosteric pathway regulating hPGK
catalytic activity, which is partially validated and can be further tested by mutagenesis, highlights the virtue of monitoring
internal forces to reveal signal propagation, even if only minor conformational distortions, such as helix bending, initiate the
large functional rearrangement of the macromolecule.
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Introduction

3-Phosphoglycerate kinase (PGK) is a key enzyme in glycolysis

that catalyzes phospho-transfer from 1,3-bisphosphoglycerate

(BPG) to ADP producing 3-phosphoglycerate (PG) and ATP [1].

It has been shown that human PGK (hPGK) also phosphorylates

L-nucleoside analogues, which are potential antiviral and

anticancer drugs [2–6]. PGK is a monomeric enzyme composed

of two domains of approximately equal size with the C-terminus of

the protein bending back to the N-terminal domain, constituting

an integral part of it. BPG binds to the N-terminal domain while

the ADP binding site is located on the C-terminal domain (for the

nomenclature of the secondary structure elements see Suppl.

Table S1.)

Crystal structures of PGK from numerous species have shown

the enzyme in two distinct conformations: the open conformation

[7–12], where the substrate binding sites are too far from each

other (12–15 Å) for the phosphoryl transfer reaction to occur

(Figure 1), and the closed conformation [13–15], where the

substrates are proximal enough to allow nucleophilic attack. Thus,

these end states are experimental evidence for a hinge bending

motion of the enzyme that brings the substrates of this bimolecular

reaction together. From combined crystallographic data and small

angle X-ray scattering, it has been hypothesized that a spring

loaded trap and release mechanism regulates the opening and

closing of the domains [12]. By normal mode analysis of the open

structure of PGK, Guilbert et al. [16] described three types of

interdomain motions: hinge bending, twisting and a shear motion.

Our previous Molecular Dynamics (MD) simulations showed that

both the apo and the complex enzyme exhibit a small amplitude

hinge bending type of motion on nanosecond scale, with the

substrate binding changing the character of the motion and

restraining the hinge bending [17]. These data put forward the

notion of PGK being able to exhibit fast small amplitude hinge

bending motions even in the apo state. However, full closure of the

enzyme upon substrate binding to adopt the active conformation

requires a large and directional hinge bending motion. This raises

the question of how the signal of substrate binding penetrates to

the interdomain region, where the conformational change

happens, leading to closing/opening of the enzyme. Szabo et al.

[18] in their combined mutational and kinetic experimental work

identified amino acids that play a role in the communication

between the substrate binding sites and the hinge region of the

enzyme, in particular reported Arg38, Lys219, Asn336 and

Glu343 as residues essential in domain closure.

A coherent signaling pathway from the binding sites to the

hinge region of hPGK has, however, remained elusive. Compu-

tational methods that have been developed to describe allosteric

communication are mostly based on coordinates, among others by

following the correlated motions as observed in Molecular
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Dynamics (MD) trajectories [19–22] or Elastic Network models

[23,24]. However, typical timescales of allosteric transitions are in

order of millisecond to seconds, while atomic simulations cover the

femtosecond to microsecond range. Also, these methods focus on

large-amplitude motions, while allosteric signal propagation is

likely to involve pathways through the rather stiff protein core.

Force Distribution Analysis (FDA) recently developed in our group

[25,26] is based on inter-atomic forces instead of coordinate

changes and has proven useful in revealing the intramolecular

communication pathways of the allosteric proteins MetJ [26] and

Hsp90 [27]. FDA monitors the change in pairwise atomic forces

within the protein structure upon ligand binding or other

perturbations. The advantage of this force-based method over

coordinate-based approaches such as Elastic Network Models [28–

30] or Principle Component Analysis of MD trajectories is three-

fold. First, forces within a protein upon perturbation equilibrate

relatively fast as compared to the conformational change they

trigger [31]. Secondly, pairwise forces are based on internal

coordinates and thus do not require any fitting as opposed to

coordinate-based observables such as atomic fluctuations. Thirdly,

secondary structure elements such as helices or beta-sheets in the

protein core are relatively rigid as compared to outer loops of a

domain. Consequently, they typically feature small fluctuations

hidden in an analysis of (correlated) motions or normal modes, and

yet can propagate large forces upon slight hinging or twisting

[26,27]. We here show a connected allosteric pathway of hPGK

originating from the two substrate binding sites and extending into

the interdomain region involved in hinge bending. Our force

distribution analysis identified two primary hinge points in a helix

and a loop of the interdomain, the straightening of which causes

closing and activation of hPGK. Residues previously identified to

be crucial for the regulation of hPGK [18] are part of our

computed force network, which also comprises other interesting

candidates for point mutations to test our allosteric mechanism.

Results/Discussion

Characterization of the binding pockets
To characterize the strength of substrate binding to the hPGK

complex, residue-wise forces, Fres
uv , between the substrates and all

protein amino acids were calculated by summing up forces Fij for

all pairs of atoms i and j in residues u and v, where atoms iMu, jMv.

The results presented in Figure 2 identify amino acids subjected to

high forces upon ADP or BPG binding, which are in a very good

agreement with the experimentally found binding residues

[9,12,32,33]. By comparing the absolute force magnitudes for

the substrates, we observe that BPG exerts stronger forces on its

binding residues. According to experimental binding measure-

ments, BPG also shows a higher binding affinity for hPGK as

compared to ADP [34]. Thus, here, the higher BPG-hPGK

interaction forces, which are mostly attractive and of electrostatic

nature, reflect steeper binding potentials, i.e. stronger binding.

Indeed, we obtained a potential energy between BPG and hPGK

of 283563 kJ/mol, as opposed to 2306650 kJ/mol between

MgADP and the protein from our MD simulations (Note that this

is an only qualitative comparison as solvent and entropic

contributions are missing in this rough estimation for a direct

comparison to experiment).

The difference in atomic pairwise forces, DFij between the apo

hPGK and the complex was calculated to analyze for the effect of

perturbation caused by substrate binding. Summing up pairwise

force changes sensed by an atom (DFi~
P

j

DFij

�
�

�
�), the obtained

atomic punctual stresses, DFi, were mapped on the three

dimensional structure of hPGK (Figure 3A), with blue showing

minimal and red maximal punctual stresses. By examining the

nature of these forces we found that electrostatic interactions are

playing the dominant role (see Suppl. Figure S1).

We observed an overall asymmetric pattern of stress in the two

domains of hPGK. The BPG binding site shows greater punctual

stresses than the ADP binding site, which can be interpreted as a

consequence of the tighter binding of BPG compared to that of

ADP (see above). Regions distant from the binding sites remain

unperturbated by substrate binding. An exception is the inter-

domain region – in particular Glu192 in helix 7, Ser398/Glu400

in helix 14, and Gly394 in loop L14 – which exhibits a high degree

of stress.

Identification of hinge bending residues
We initiated the simulations of both the apo and ligand-bound

state from the same experimental structure (complex, 2XE7), and

observed the spontaneous opening of the two domains in the apo

state, as expected, validating our MD setup. To study whether the

Figure 1. Structure of hPGK. (A) Cartoon representation of X-ray
structure of hPGK. N-domain, orange; C-domain, blue; interdomain
region, green; substrates (BPG and ADP), purple sticks; Mg ion, purple
sphere. (B) The hinge bending mechanism of hPGK. Coloring as in (A).
Substrate binding triggers a closure of the two domains, thereby
bringing the two reaction partners into close proximity.
doi:10.1371/journal.pcbi.1003444.g001

Author Summary

3-Phosphoglycerate kinase (PGK) is an essential enzyme for
living organisms. It catalyzes the phospho-transfer reaction
between two catabolites during carbohydrate metabolism.
In addition to this physiological role, human PGK has been
shown to phosphorylate L-nucleoside analogues, potential
drugs against viral infection and cancer. PGK is a two
domain enzyme, with the two substrates bound to the two
separate domains. In order to perform its function the
enzyme has to undergo a large conformational change
involving a hinge bending to bring the substrates into
close proximity. The allosteric pathway from the open non-
reactive state of PGK to the closed reactive state as
triggered by substrate binding has only been partially
uncovered by experimental studies. Here we describe a
complete allosteric pathway, which connects the substrate
binding sites to the interdomain hinge region using
Molecular Dynamics simulations combined with Force
Distribution Analysis (FDA). While previously identified key
residues involved in PGK domain closure are part of this
pathway, we here fill the numerous gaps in the pathway
by identifying newly uncovered residues and interesting
candidates for future mutational studies.

Allosteric Signaling Pathway in PGK
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environment of residues with high stress feature significant

conformational changes by acting as a hinge point, angles formed

by Ca atoms were calculated in the two interdomain regions (helix

7 and its adjacent loops F7 and 7G; helix 14 and its adjacent loops

L14 and 14–15) for the apo and the complex systems (see

Figure 3A right and bottom inserts). Table 1 shows the angle

values averaged for the 9 MD trajectories and their differences

between apo hPGK and complex. Upon substrate binding, loop

L14 and helix 7 exhibit significant changes in their bending angles,

namely 223 and 27.2 degrees, correspondingly, which indicates a

flattening of these secondary structural elements. The other

neighboring structural elements show only minor changes.

The superposition of the open structure to the known

catalytically active closed hPGK X-ray structures (PDB entry

2WZB [15] or 2WZC [15] or 2X13) corroborates our results: in all

cases, the experimental structures feature a similar flattening of

these secondary structural elements in the closed form with respect

to the open form. As an example, Figure 3B shows the

superposition of the open structure and 2WZB. This similarity

also verifies the capacity of our simulations to capture those

conformational rearrangements of the interdomain region, which

facilitate the domain closure.

It can be seen in Figure 3B that by the ‘‘inverse bending’’ of

helix 7, the C-domain moves towards the N-domain. Similarly,

flattening of loop L14 provides space for the C-domain to get

closer to the N-domain. According to Figure 3B, hinges of these

movements are located at about residues Glu192 and Gly394,

which are identical with the high-stress ‘‘hot spots’’ determined by

FDA. The results of our angle analysis point out that these high

stresses are accompanied by extensive conformational changes

even in rigid secondary elements such as helix 7. Based on the

available PGK sequences found in the ExPASy Molecular Biology

Server [35], both residues are highly conserved, which underlines

their likely role in domain allostery. In previous studies, Szabo et

al. [36] showed that the side-chain of Glu192 is involved in the

hinge motion, since its mutation led to substantial decrease of the

catalytic efficiency. Furthermore, their calorimetric and thiol-

reactivity studies showed that Glu192 is a key residue in

maintaining the structural stability of the whole PGK molecule.

Figure 2. Forces exerted by the ligands on the protein. Absolute
value of the averaged residue-wise forces between (A) BPG and hPGK
residues, (B) ADP and hPGK residues. Experimentally identified binding
residues are marked with vertical lines and labels for BPG (A) and ADP
(B), respectively.
doi:10.1371/journal.pcbi.1003444.g002

Figure 3. Bending residues of hPGK. (A) Color coded representa-
tion of atomic punctual stresses between apo and complex hPGK.
Colors range from blue (minimum value) to red (maximum value). BPG
and ADP are denoted by purple sticks, the Mg-ion by a purple sphere.
Right: enlarged view of the interdomain region formed by helix 14 and
loops L14, 14–15. Spheres show Ca atoms between which the bending
angles (denoted by red lines) were calculated (Table 1). Bottom:
enlarged view of interdomain region formed by helix 7 and loops F7,
7G. Spheres show Ca atoms between which the bending angles
(denoted by red lines) were calculated. (B) Open (cyan) and closed
(blue) X-ray structure of hPGK superimposed to the N-domain b-core
(yellow). ADP and BPG are marked by sticks, the Mg-ion by a sphere.
Enlarged views of the interdomain regions of loop L14 and helix 7.
Orange spheres indicate the hinge points.
doi:10.1371/journal.pcbi.1003444.g003

Allosteric Signaling Pathway in PGK
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Instead of Glu192, previous studies – based on visual

comparison of open and closed structures from different species

[13,37] or on MD simulations of these systems [17] – identified the

N- and C-terminal loop of helix 7 as hinge points. The other hinge

point, Gly394 loop L14, however, has been successfully identified

[37,38] by visual inspection of the two X-ray structures of different

species. Here FDA allowed to reveal the allosteric hot spot in the

middle of helix 7, which was overlooked in previous studies based

on conformational analyses of high amplitude motions.

The FDA results, however are coherent with the DynDom

comparisons [39] of hPGK crystallized in open and closed

conformations where the following hinge regions were suggested:

Tyr195-Leu200 (helix 7), Leu211-Asp228 (helix 8) and Ser392-

Gly394 (sheet bL-loopL14).

Based on crystal structures of the complex and solution small

angle x-ray scattering data Zerrad et al. [12] suggested a ‘‘spring

loaded mechanism’’ for the domain movement of hPGK that is

driven by the hydrophobic residues of the interdomain region.

The open conformation is stabilized and thus favored by the burial

of these hydrophobic residues, while a closing of the domains

entails their exposure, counteracted by a stabilization through

ionic interactions to allow catalysis. We can extend this scenario by

the additional role of the hydrogen bond network in the hinge

region. Figure 4 shows both the hydrophobic amino acids (in red)

of the interdomain region and the hydrogen bonds (enlisted also in

Suppl. Table S2) formed by the hinge points for apo and complex

forms of the enzyme. Upon complexation, the hydrogen bond

network weakens between Glu192 and adjacent residues (Ser392,

Thr393, Gly394 and Ser398) and is only partially substituted

(Ser392-Gly394 and Gly 394-Ser398), which we hypothesize to

cause the subsequent extensive flattening of helix 7. This suggests

the hydrophobic area exposure and the weakened H-bond

network of the interdomain residues to work in concert, i.e. the

burial of hydrophobic residues in the apo form and the stronger

hydrogen bonds jointly ‘‘pull’’ the hinge of helix 7 towards the

interdomain region and curve the helix. As our analysis cannot

identify causalities of the observed effects, similarly, the helix

hinging could reversely effect substrate binding sites and substrate

or product release.

Identification of the signaling pathway
The distance between the substrates and the identified hinges

poses the question of the pathway of the long-range communica-

tion between these two regions, i.e. the signaling pathways through

which stress propagates from binding residues towards the

functionally important interdomain region.

Figure 5 displays the largest connected network of pronounced

atomic pairwise force changes. Edges connect Ca atoms of two

residues with an inter-atomic force difference |DFij|.90 pN.

While all of the BPG binding residues are involved in the signal

transmission, only two of the ADP binding residues transmit the

perturbation. Since BPG exerts higher forces on its binding

residues, these residues are capable of propagating the perturba-

tion in different directions throughout the structure of the protein.

While the weaker binding of ADP to the protein results in a low

number of binding residues being involved in signal transmission.

Figure 5 indicates that the two hinge points, Glu192 and Gly394,

are included in the network, suggesting the remote binding of the

substrates to perturb the force distribution at the hinges, a clear

evidence of allostery. The hinges are perturbed via several force

distribution pathways stemming from binding residues of both

substrates, indicating that hinges detect the effects of both

substrates. Furthermore, the hinges act in concert, since they are

directly connected in the path. The indirect communication

Table 1. Angle values in interdomain region.

helix 7 (6) \188–

192–199

loop F7 (6) \185–

186–187

loop 7G (6) \201–

202–203

helix 14 (6) \395–

400–403

loop L14 (6) \393–

394–395

loop 14–15 (6) \403–

404–405

apo 153.661.9 127.660.2 113.460.9 140.060.6 97.462.8 101.760.6

complex 160.860.6 130.060.3 114.160.5 138.060.5 120.464.6 103.161.2

apo -complex 27.262.0 22.360.3 20.761.00 2.060.8 223.065.4 21.461.3

Values of the angles defined between Ca atoms of given residues in interdomain region for apo and complex hPGK (Figure 3A). The angles are averages over 9 MD
trajectories of each system.
doi:10.1371/journal.pcbi.1003444.t001

Figure 4. Hydrogen-bond network in hinge bending region of
apo (A) and complexed (B) hPGK. Hydrophobic amino acids are
shown in red, H-bonds are depicted with dashed lines.
doi:10.1371/journal.pcbi.1003444.g004

Allosteric Signaling Pathway in PGK
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between the two substrates of hPGK through this stress

transmission path, jointly with a direct electrostatic repulsion

between the substrates of 92638 pN (between MgADP and BPG,

obtained from FDA), can explain the cross-talk of the two

molecules in terms of their affinity for hPGK [6] and in terms of

their joint action to trigger the hPGK conformational change

[38,40].

Tracking down the transmission path of BPG, we can note that

the BPG binding residues form a tight interaction network around

the substrate and are further passing down the force signal to

Arg38 and Arg170. From Arg38, stress propagates through

Thr393 to both hinges, Glu192 and Gly394. Thus, the signaling

pathway of the BPG effect towards the hinges is: BPGRBPG

binding residues (Arg122, Arg65, Arg170, His62, Asp23, Asn25,

Arg38)RThr393Rhinge residues (Glu192, Gly394). Similarly, track-

ing down the stress propagation path due to ADP binding, we can

note that only two binding residues, Asn336 and Thr375 transmit

the effect of ADP. From Asn336 the stress propagates through

Gly371, Ser398 and Ser392 to reach the two hinges, Glu192 and

Gly394. The stress originating in Thr375 is transmitted by Gly372

(which in our previous study, based on conformational analysis,

was identified as a hinge point) and then follows the same path.

Thus, the signaling pathway of the ADP effect towards the hinges

is: ADPRADP binding residues (Asn336, Thr375)RGly371, Gly372R
Ser398, Ser392Rhinge residues (Glu192, Gly394).

Conclusion
Previous structural and dynamical analyses of PGK allostery

have allowed unprecedented insight into the large conformational

changes required for phosphoryl transfer catalysis. We here could

reconcile and complete the picture of a signal transduction

pathway from the ADP and BPG binding sites to the interdomain

hinges Glu192 and Gly394, using our novel force distribution

analysis. Our allosteric pathway overlaps with a previously

identified transmission path, which however was restricted to a

single hinge in sheet L [18]. While previously identified key

residues involved in PGK domain closure [1,18,34,36] are part of

this pathway, underlining their functional relevance, residues

Gly371, Gly372 and Gly394 are residues newly uncovered as

critical allosteric spots. We hypothesize that an addition of a

sidechain to these residues would abolish or measurably alter

hPGK allostery, and thus suggest them as interesting candidates

for future mutational studies.

Methods

Molecular Dynamics (MD) simulations
MD simulations were carried out on apo hPGK and on its

natural ternary complex: ADP*BPG*Mg*hPGK (complex). The

starting structures were derived from the crystal structure of hPGK

(PDB entry 2XE7) complexed with ADP and 3-phospho-glycerate

(PG). The apo structure was built by removing ADP and PG from

the 2XE7 structure. Starting all simulations from the 2XE7

structure instead of two different experimental structures for

complex and apo states allowed to validate our MD setup by

tracking the unbiased relaxation from the complex to the more

open apo state and to measure force differences (see below)

between the two states only due to this allosteric conformational

change and not due to any potential additional differences in

starting structures because of crystallization conditions or crystal

packing. For the ternary complex, an extra phosphate group and a

Mg-ion were placed into the 2XE7 structure based on the MgADP

bound structure (PDB entry 1PHP) [32] of B. Stearothermophilus

PGK using the Schrödinger-Maestro program [41]. The extra

phosphate group was covalently attached to the 1-carboxyl group

of PG and coordinated by Arg38 and a water molecule via non-

bonded interactions.

The initial three N-terminal residues missing in the crystal

structure were modeled using the Schrödinger-Maestro program.

Coordinates for the N-terminal loop and loops showing extraor-

dinarily high B-factors were optimized by the Modloop web

server, version r181M [42,43]. The water molecules present in the

crystal structure were retained around the binding sites.

MD simulations were performed with GROMACS 4.5.1 [44]

using the CHARMM all-atom parameter set 27 [45]. Both

systems, apo hPGK and the ternary complex, were immersed in a

rhombic dodecahedron box of TIP3P water [46] with vector

length 100 Å with a distance of 12 Å between the protein surface

and the box face. The boxes were replicated by periodic boundary

conditions. Sodium and chloride ions corresponding to a

physiological ion strength of 120 mM were added. Additional

chloride or sodium counterions were added to achieve a neutral

net charge of the apo and complex systems, respectively.

The real space summation of electrostatic interactions was

truncated at 12 Å, and the Particle Mesh Ewald (PME) [47]

method was used to calculate the electrostatic interactions beyond

12 Å with a maximum grid spacing of 1 Å and an order of 6. The

width of Gaussian distribution was set to 0.34 Å21. Van der Waals

interactions were calculated using a cut-off of 12 Å.

The solvated systems were energy minimized by the following

procedure: the steepest descent algorithm was used first with

harmonic constraints applied to heavy protein atoms to achieve

smooth minimization. The harmonic force constant was decreased

every 100 steps, adopting the values 40 000, 10 000, 1 000 and

100 kJmol21 nm22. Then unconstrained minimization was ap-

plied for 100 steps with steepest descent, followed by 1000 steps of

conjugate gradient algorithm.

The energy minimization was followed by a 5 ns MD

simulation with harmonic constraints on protein heavy atoms

with a force constant of 1000 kJmol21 nm22 to equilibrate water

and ions around the protein. An unconstrained MD simulation of

3 ns length was performed to equilibrate the whole system.

For each system, 9 independent 50 ns production MD

simulations were performed totaling 900 ns of simulation time.

Figure 5. Force distribution in hPGK. Network-like representation
of significant changes in inter-atomic forces. Red edges connect residue
pairs having inter-atomic forces with |DFij| .90 pN. Red spheres
indicate the substrate binding residues. BPG and ADP are denoted with
purple sticks while Mg-ion is marked as a purple sphere. The orange
spheres mark the two hinge points Glu192 and Gly394.
doi:10.1371/journal.pcbi.1003444.g005

Allosteric Signaling Pathway in PGK
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An integration time step of 2 fs was used. The coordinates of the

trajectories were saved every 50 ps. For each simulation new

random velocities were generated and different initial frames were

used to enhance conformational sampling. Starting frames were

chosen from the second half of the first MD simulation for

subsequent simulations. Simulations were carried out in the NPT

ensemble. The temperature was kept constant at 300 K using the

Nosé-Hoover thermostat [48] with a time constant of 0.4 ps. The

pressure was set to 1 bar using isotropic coupling to the Parrinello-

Rahman barostat [49] with a time constant of 1 ps and a

compressibility of 4.5*1025 bar21. All bonds were constrained

using the LINCS [50] algorithm. The stability of the simulation is

shown by Suppl. Figure S2.

Force distribution analysis
We used the FDA extension [51] for GROMACS 4.5.3 to write

out forces, Fij, between each atom pair i and j as calculated during

our MD simulations. Forces were computed between all atom

pairs within the cut off range for each frame of the MD simulation,

and included all interaction types (bonds, angles, dihedrals,

electrostatic and Lennard Jones interactions). Residue-wise forces,

Fres
uv ~

P

ij

Fij , were introduced by summing up forces Fij for all

pairs of residues u and v, where atoms iMu, jMv, which in our case

were used only for the characterization of the binding pocket.

Since pair-wise force vectors are affected by rotation and

translation of the system, for subsequent analysis, the norm of the

force was used, with opposite signs assigned to attractive and

repulsive forces [26]. Forces for each system were averaged over

all nine equilibrium trajectories, each 50 ns in length, to achieve

converged averages. Differences between averaged pairwise forces

(DFij) of the apo and complex form of hPGK were then calculated

to describe the perturbation of substrate binding. While we

observed positive and negative pair-wise forces to similar extent,

for both, Fij and DFij, implying a balance of repulsion and

attraction within the protein at equilibrium, we could not infer any

relevance of the sign of the forces for the allosteric mechanism, so

that we restricted the analysis presented in the Results section to

the absolute values only for the sake of clarity. Atomic punctual

stress was defined as the absolute sum of force differences sensed

by a single atom: DFi~
P

j

DFij

�
�

�
�. Here, absolute forces are

summed up, because the sum of positive and negative DFij values is

by definition zero over time, i.e. are balanced, resulting in the

absence of any net translation of the system during the MD

simulation time. The atomic punctual stress has been defined

previously [51] and here serves as an easily accessible measure of

the perturbation upon ligand binding. It is similar but not equal to

the virial stress and other more complex definitions of local

stresses. [52,53]. The convergence of force are shown on Suppl.

Figure S3. For the identification of pathways of stress propagation,

the largest network of connected atomic pairwise force differences

between apo and complex hPGK beyond a cut off value was

determined using a vertex count algorithm [26]. The cut off for

force differences was chosen such that a consecutive path

originating from the substrate binding sites was obtained [27]. A

larger cut off than 90 pN resulted in only small vertex counts, i.e. a

broken path, while a smaller cutoff resulted in additional networks

at distant unconnected sites, indicative of noise in the forces.

Supporting Information

Figure S1 Nature of the long-range forces. Absolute value

of atom-wise forces (A) Apo- (B) complexed form of hPGK. (C)

Difference of the forces between apo and complexed form of

hPGK. Black represents Coulomb, green van der Waals forces.

(TIF)

Figure S2 Overall behavior of hPGK under the simula-
tion. (A) Distance between the center of masses of the N- and C-

domains during the simulation for the apo (cyan) and complexed

(blue) form of hPGK. (B) Snapshot of one of the most open apo

structure (cyan) and the most closed complexed structure (blue)

observed in the simulations. The structures are superimposed to

the N-domain b-core (yellow). ADP and BPG are marked by

sticks, the Mg-ion by a sphere. Orange spheres indicate the hinge

points.

(TIF)

Figure S3 Convergence plot of forces. An example of the

convergence of pairwise forces between Met355:O and Val359:N

of the apo (solid line) and complex (dotted line) form of hPGK.

(TIF)

Table S1 Secondary structural elements of hPGK.
(DOCX)

Table S2 H-bonds and their distances in Å in the hinge
region of hPGK.
(DOCX)

Author Contributions

Conceived and designed the experiments: ZP CS FG EB. Performed the

experiments: ZP CS. Analyzed the data: ZP CS FG EB. Contributed

reagents/materials/analysis tools: ZP CS. Wrote the paper: ZP CS FG

EB.

References

1. Vas M, Varga A, Graczer E (2010) Insight into the mechanism of domain

movements and their role in enzyme function: example of 3-phosphoglycerate

kinase. Curr Protein Pept Sci 11: 118–147.

2. Krishnan P, Fu Q, Lam W, Liou JY, Dutschman G, et al. (2002)

Phosphorylation of pyrimidine deoxynucleoside analog diphosphates: selective

phosphorylation of L-nucleoside analog diphosphates by 3-phosphoglycerate

kinase. J Biol Chem 277: 5453–5459.

3. Krishnan P, Gullen EA, Lam W, Dutschman GE, Grill SP, et al. (2003) Novel

role of 3-phosphoglycerate kinase, a glycolytic enzyme, in the activation of L-

nucleoside analogs, a new class of anticancer and antiviral agents. J Biol Chem

278: 36726–36732.

4. Gallois-Montbrun S, Faraj A, Seclaman E, Sommadossi JP, Deville-Bonne D, et

al. (2004) Broad specificity of human phosphoglycerate kinase for antiviral

nucleoside analogs. Biochem Pharmacol 68: 1749–1756.

5. Varga A, Szabo J, Flachner B, Roy B, Konarev P, et al. (2008) Interaction of

human 3-phosphoglycerate kinase with L-ADP, the mirror image of D-ADP.

Biochem Biophys Res Commun 366: 994–1000.

6. Gondeau C, Chaloin L, Varga A, Roy B, Lallemand P, et al. (2008) Differences

in the transient kinetics of the binding of D-ADP and its mirror image L-ADP to

human 3-phosphoglycerate kinase revealed by the presence of 3-phosphoglyc-

erate. Biochemistry 47: 3462–3473.

7. Banks RD, Blake CC, Evans PR, Haser R, Rice DW, et al. (1979) Sequence,

structure and activity of phosphoglycerate kinase: a possible hinge-bending

enzyme. Nature 279: 773–777.

8. Watson HC, Walker NPC, Shaw Pj, Bryant TN, Wemdell PL, et al. (1982)

Sequence and structure of yeast phosphoglycerate kinase. The EMBO Journal 1:

1635–1640.

9. Harlos K, Vas M, Blake CF (1992) Crystal structure of the binary complex of pig muscle

phosphoglycerate kinase and its substrate 3-phospho-D-glycerate. Proteins 12: 133–144.

10. Davies GJ, Gamblin SJ, Littlechid JA, Dauter Z, Wilson KS, et al. (1994) The

structure of a thermally stable 2 3-phosphoglycerate kinase and a comparison

with its mesophilic equivalent. Acta Crystallogr D 50: 202–209.

11. Blake CC, Evans PR (1974) Structure of horse muscle phosphoglycerate kinase.

Some results on the chain conformation, substrate binding and evolution of the

molecule from a 3 angstrom Fourier map. J Mol Biol 84: 585–601.

12. Zerrad L, Merli A, Schroder GF, Varga A, Graczer E, et al. (2011) A spring-

loaded release mechanism regulates domain movement and catalysis in

phosphoglycerate kinase. J Biol Chem 286: 14040–14048.

Allosteric Signaling Pathway in PGK

PLOS Computational Biology | www.ploscompbiol.org 6 January 2014 | Volume 10 | Issue 1 | e1003444



13. Bernstein BE, Michels PA, Hol WG (1997) Synergistic effects of substrate-

induced conformational changes in phosphoglycerate kinase activation. Nature
385: 275–278.

14. Auerbach G, Huber R, Grattinger M, Zaiss K, Schurig H, et al. (1997) Closed

structure of phosphoglycerate kinase from Thermotoga maritima reveals the
catalytic mechanism and determinants of thermal stability. Structure 5: 1475–

1483.
15. Cliff MJ, Bowler MW, Varga A, Marston JP, Szabo J, et al. (2010) Transition

state analogue structures of human phosphoglycerate kinase establish the

importance of charge balance in catalysis. J Am Chem Soc 132: 6507–6516.
16. Guilbert C, Pecorari F, Perahia D, Mouawad L (1996) Low frequency motions

in phosphoglycerate kinase. A normal mode analysis. Chem Phys 204: 324–336.
17. Palmai Z, Chaloin L, Lionne C, Fidy J, Perahia D, et al. (2009) Substrate

binding modifies the hinge bending characteristics of human 3-phosphoglycerate
kinase: a molecular dynamics study. Proteins 77: 319–329.

18. Szabo J, Varga A, Flachner B, Konarev PV, Svergun DI, et al. (2008)

Communication between the nucleotide site and the main molecular hinge of 3-
phosphoglycerate kinase. Biochemistry 47: 6735–6744.

19. Weinkam P, Pons J, Sali A (2012) Structure-based model of allostery predicts
coupling between distant sites. Proc Natl Acad Sci U S A 109: 4875–4880.

20. Liu J, Nussinov R (2008) Allosteric effects in the marginally stable von Hippel-

Lindau tumor suppressor protein and allostery-based rescue mutant design. Proc
Natl Acad Sci U S A 105: 901–906.

21. Ivetac A, McCammon JA (2010) Mapping the druggable allosteric space of G-
protein coupled receptors: a fragment-based molecular dynamics approach.

Chem Biol Drug Des 76: 201–217.
22. Kidd BA, Baker D, Thomas WE (2009) Computation of Conformational

Coupling in Allosteric Proteins. PLoS Computational Biology 5: e1000484.

23. Miyashita O, Onuchic JN, Wolynes PG (2003) Nonlinear elasticity, protein-
quakes, and the energy landscapes of functional transitions in proteins. Proc Natl

Acad Sci U S A 100: 12570–12575.
24. Marcos E, Crehuet R, Bahar I (2010) On the Conservation of the Slow

Conformational Dynamics within the Amino Acid Kinase Family: NAGK the

Paradigm. PLoS Computational Biology 6: e1000738.
25. Stacklies W, Seifert C, Graeter F (2011) Implementation of force distribution

analysis for molecular dynamics simulations. BMC Bioinformatics 12: 101–105.
26. Stacklies W, Xia F, Grater F (2009) Dynamic allostery in the methionine

repressor revealed by force distribution analysis. PLoS Comput Biol 5:
e1000574.

27. Seifert C, Grater F (2012) Force Distribution Reveals Signal Transduction in E.

coli Hsp90. Biophys J 103: 2195–2202.
28. Chennubhotla C, Bahar I (2007) Signal propagation in proteins and relation to

equilibrium fluctuations. PLoS Computational Biology 3: 1716–1726.
29. Marcos E, Crehuet R, Bahar I (2011) Changes in Dynamics upon

Oligomerization Regulate Substrate Binding and Allostery in Amino Acid

Kinase Family Members. PLoS Computational Biology 7: e1002201.
30. Laine E, Auclair C, Tchertanov L (2012) Allosteric Communication across the

Native and Mutated KIT Receptor Tyrosine Kinase. PLoS Computational
Biology 8: e1002661.

31. Xu Z, Buehler MJ (2010) Mechanical energy transfer and dissipation in fibrous
b-sheet-rich proteins. Phys Rev E Stat Nonlin Soft Matter Phys 81: 061910–

061916.

32. Davies GJ, Gamblin SJ, Littlechild JA, Dauter Z, Wilson KS, et al. (1994)
Structure of the ADP complex of the 3-phosphoglycerate kinase from Bacillus

stearothermophilus at 1.65 A. Acta Crystallogr D Biol Crystallogr 50: 202–209.

33. Flachner B, Kovari Z, Varga A, Gugolya Z, Vonderviszt F, et al. (2004) Role of
phosphate chain mobility of MgATP in completing the 3-phosphoglycerate

kinase catalytic site: binding, kinetic, and crystallographic studies with ATP and
MgATP. Biochemistry 43: 3436–3449.
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Residue number Name   

17-22  A  

36-40 1a  

41-52 1b  

56-61 B  

77-89 2  

91-96 C  

101-109 3 N-domain 

114-119 D  

124-128 α extra  

129-134 m  

136-141 n  

144-155 4  

158-163 E  

165-169 5  

173-178 6  

182-187 F  

189-202 7  

207-212 G  

218-228 8  

231-236 H  

239-249 9  

261-264 10a  

266-275 10b  

277-282 l  

283-289 o C-domain 

296-301 p  

310-315 q  

317-330 11  

332-336 J  

348-365 12  

367-371 K  

373-380 13  

388-392 L  

396-404 14 N-domain 

408-414 15  

Table S1. Secondary structural elements of hPGK. 

 



 
apo GLU192/OE1 SER392/OG 2.59
 GLU192/OE1    THR393/N 3.48
 GLU192/OE2 THR393/N 2.76
 GLU192/OE1    GLY394/N 3.23
 GLU192/OE1    SER398/OG     2.61 
holo GLU192/OE1    THR393/N 2.76
 GLU192/OE1    THR393/OG1    2.84 
 SER392/OG GLY394/N 3.09
 GLY394/O SER398/N 2.97
 GLY394/O SER398/OG      2.88
Table S2. H-bonds in the hinge region of hPGK. 
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Figure S3. Convergence plot of forces. An example of the convergence of pairwise forces of 
Met355:O and Val359:N between the apo (solid line) and complex (dotted line) form of hPGK.  
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