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ABSTRACT A 3-ns molecular dynamics simulation in explicit solvent was performed to examine the inter- and intradomain
motions of the two-domain enzyme yeast phosphoglycerate kinase without the presence of substrates. To elucidate contri-
butions from individual domains, simulations were carried out on the complete enzyme as well as on each isolated domain. The
enzyme is known to undergo a hinge-bending type of motion as it cycles from an open to a closed conformation to allow the
phosphoryl transfer occur. Analysis of the correlation of atomic movements during the simulations confirms hinge bending in the
nanosecond timescale: the two domains of the complete enzyme exhibit rigid body motions anticorrelated with respect to each
other. The correlation of the intradomain motions of both domains converges, yielding a distinct correlation map in the enzyme.
In the isolated domain simulations—in which interdomain interactions cannot occur—the correlation of domain motions no longer
converges and shows a very small correlation during the same simulation time. This result points to the importance of interdomain
contacts in the overall dynamics of the protein. The secondary structure elements responsible for interdomain contacts are also
discussed.

INTRODUCTION

Phosphoglycerate kinase (PGK), a key enzyme in glycoly-

sis, catalyzes the transfer of a phosphoryl group from 1,3-

diphosphoglycerate (1,3-DPG) to adenosine diphosphate

(ADP) to form 3-phosphoglycerate (3-PGA), and adenosine

triphosphate (ATP). Crystallographic studies revealed that it

is a monomeric two-domain enzyme with a binding site for

3-PGA at the N-terminal domain and with an ATP binding

site at the C-terminal domain (1–4). The crystal structures

determined for horse (5), yeast (2), pig muscle (3), and

Bacillus stearothermophilus PGK (4) are very similar: they

reveal two approximately same-sized domains, separated by

a deep cleft, and linked by a-helix 5. Helices 13 and 14 of the
C-terminal loop back to the N-domain (Fig. 1). Table 1 lists

the amino acids of the different secondary structure elements

in the molecule, and Table 2 lists the residues of the binding

sites.

The two substrate-binding sites are rather far from each

other (12–15 Å) to allow the phosphoryl transfer to occur.

Thus it was suggested that upon binding of the two substrates

to the open form of the enzyme, a hinge-bending motion

converts the enzyme to a closed conformation to allow the

reaction to occur (1). The first crystal structure of the closed

conformation of PGK from Trypanosoma brucei in a ternary
complex with Mg-ADP and 3-PGA was determined in 1997

(6). This structure showed a 32� hinge bending relative to the
open conformation of unligated horse PGK (5). In this

conformation, the two substrates are close enough to each

other that in the absence of water, the phosphoryl transfer can

occur. In the same year, the closed conformation of PGK

from Thermotoga maritima was also reported (7). The struc-

tures determined by X-ray crystallography thus identified the

two end states of the hinge-bending motion for several

species but, to date, both open and closed conformations of

PGK from the same species still remain to be crystallized (8).

For yeast PGK, computational studies attempted to predict

the closed conformation starting from the available open

structure determined by X-ray crystallography. Vaidehi et al.,

using a coarse-grained molecular dynamics (MD) method—

treating the two domains as rigid bodies connected by a

flexible hinge region (9)—were able to describe a large-scale

domain motion that brings the substrates together. Using a

path exploration with distance constraints (PEDC) method,

which carries out MD simulations with root mean-square

(RMS) distance constraints with respect to a reference struc-

ture, Guilbert et al. (10) proposed a closed structure for PGK

in which the geometrical requirement for phosphoryl transfer

was fulfilled. The same group also reported a normal mode

analysis of the open structure of PGK, describing three types

of motions, namely a twist propeller motion, a scissors-type

hinge motion, and a shear motion between the domains (11).

Moreover, they showed that modes of frequencies below

5 cm�1 contribute the most to the hinge-bending motions of

the N- and C-terminal domains of the enzyme. As for ex-

perimental evidence, Haran et al. (12) reported time-resolved

fluorescence measurements in substrate-free PGK, indicative

of a large number of conformational substates in solution

with slow interconversion on the nanosecond scale. The in-

crease of the interdomain distance upon addition of substrate
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was interpreted as a hinge-bending signature. Direct physical

measurements of the characteristics of the PGK domain

motion are, however, still lacking.

Since PGK is a two-domain enzyme, the role of inter-

domain interactions in the stability of the native state (13–16)

and in protein folding (17–20) has been extensively studied

experimentally. It was shown that both isolated domains can

fold as independent units and that the interdomain contacts

in the protein contribute relatively little to the stability of

the folded ground state (15,21,22). However, interdomain

interactions have recently been proposed to play a significant

role in the kinetics of the PGK folding-unfolding pathways

(23,24).

In this work, we used all-atom MD simulations and cross

correlation analysis to describe the motions and the role of

interdomain contacts in yeast PGK without substrates and in

its isolated N- and C-domains. We selected this approach,

i.e., comparing the dynamics of the three separate systems, to

investigate the effect of interdomain interactions on the in-

ternal motions of the domains. Our results reveal that the

rigid body type of hinge-bending motion can be clearly iden-

tified on a 3-ns timescale in yeast PGK without substrate, and

the interdomain interactions significantly affect the intra-

domain motions of both domains. We also identified im-

portant details of the secondary structure elements that are

responsible for the interdomain contacts.

METHODS

MD simulations were carried out on yeast PGK and its isolated N- [1–186]

and C- [187–415] domains. The three systems were built from the crystal-

lographic coordinates obtained from the Protein Data Bank, entry 3PGK.pdb

(2). Since the crystal was not grown in the presence of the substrates but

soaked in a solution containing the dissolved substrates to determine their

binding sites, we considered the structure as that of substrate-free yeast PGK

(25) and removed the ligands. The simulations were performed using

CHARMM (26) version 31b2 with the all-atom-27 protein force field and

NAMD2 (27). Positions for hydrogen atoms were generated using the

HBUILD routine of CHARMM. The protein and its isolated domains were

energy minimized in vacuum to eliminate unfavorable crystal interactions.

Harmonic constraints were applied to heavy atoms to achieve smooth min-

imization. Using a steepest descent algorithm, the harmonic force constant

was decreased every 500 steps from 10, 1, and 0.1 kcal/mol/Å2, followed by

200 steps of a conjugate gradient algorithm with a 0.1 kcal/mol/Å2 force

constant. Unconstrained minimization was then applied for 100 steps with

steepest descent and for 200 steps with a conjugate gradient method.

Whereas PGK has a net charge of zero, the N- and C-domains have a12

and �2 charge, respectively. To achieve charge neutrality, two chloride

ions were added randomly to the N-domain and two sodium ions to the

C-domain. All three systems were immersed in a 300-K equilibrated TIP3

water box of 8-Å thickness in the x,y,z directions from the protein surface.

Those TIP3 molecules that overlapped with either protein or counterions at a

distance ,2.8 Å were deleted. The primary unit cell was replicated using

periodic boundary conditions. The solvated systems were energy minimized

with progressively decreasing harmonic constraints as described above,

followed by 2400 steps of unconstrained adopted basis Newton-Rapson

method.

FIGURE 1 X-ray structure of yeast PGK. Numbers 5, 13, and 14 denote

a-helices; EF denotes the loop.

TABLE 1 Secondary structure elements of yeast PGK.

Numbers denote a-helices, letters denote b-sheets.

Residue number Name

17–21 A

37–51 1

57–59 B

77–87 2

91–94 C N-domain

100–108 3

113–116 D

142–152 4

157–159 E

181–183 F

185–199 5

205–209 G

217–226 6

231–235 H

237–243 7

245–251 8

257–273 9

276–279 I

282–286 J C-domain

294–298 K

315–325 10

331–333 L

348–359 11

366–368 M

372–380 12

387–389 N

393–401 13

406–410 14

TABLE 2 Residues of the substrate binding sites

Mg-ADP 3-PGA

Gly-371 Arg-38

Asp-372 Thr-391

Glu-341 Gly-392

Gly-211 Gly-393

Leu-311 Gly-394

Trp-308

Asn-334

Lys-213

Lys-217
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MD simulations were carried out with an integration time step of 0.001 ps

and a dielectric constant set to 1. Electrostatic interactions were calculated

using the particle mesh Ewald (PME) method (28) with a grid spacing of 1 Å

or less and order of 4; the real space summation was truncated at 13.0 Å, and

the width of the Gaussian distribution was set to 0.34 Å�1 (29). Van der

Waals interactions were reduced to zero by ‘‘switch’’ truncation operating

from 10.0–12.0 Å. The energy-minimized structures were first heated to

300 K with a temperature increment of 10 K every 100 steps. The Hoover

method (30) was used to equilibrate the system at constant temperature for

50 ps. Subsequently, a constant pressure and temperature (NPT) equilibra-

tion was applied for 250 ps. The Langevin piston method (31) was used to

maintain the system at constant pressure with a piston temperature of 300 K,

a damping coefficient of 5 ps�1, a piston oscillation period of 200 fs, and a

piston oscillation decay time of 100 fs. After the equilibration period, a 4-ns

NPT production run was carried out and the coordinates of the trajectories

were saved every 0.5 ps.

Pair correlations

The first nanosecond of the production run of PGK and of its isolated N- and

C-domains was used to let the systems fully equilibrate. For cross correlation

analysis, the last 3 ns of the production run were selected. The cross cor-

relation matrix (Cij) of the atomic displacements of atoms i and j is defined

by Cij ¼ Æðri � �riÞðrj � �rjÞæ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Æðri � �riÞ2ðrj � �rjÞ3æ

p
, where ri and rj are the

positions and �ri and �rj are the mean positions of atoms i and j. The angular

brackets denote time averages (32).

Since PGK is a two-domain enzyme, the conventional method of re-

moving translations and rotations of the whole protein from the trajectories

is not adequate. Therefore, to separate the inter- and intradomain motions of

the two domains, the following approach was used: first each structure of the

trajectory was transformed such that the Ca coordinates of the N-domain

best fit the first trajectory frame of the N-domain. The cross correlation

matrix and root mean-square deviation (RMSD) of Ca atoms were calculated

after this transformation. This method yields the intradomain motion of the

N-domain and shows the motion of the C-domain relative to the N-domain.

A similar procedure was applied to the C-domain to see its intradomain

motions and the motion of the N-domain relative to the C. For the separated

N- and C-domains, the fitting was performed in the usual way, that is, onto

their first structure of the analyzed trajectory, after which Cij and RMSD

were calculated.

RESULTS AND DISCUSSION

Overall behavior

Fig. 2 shows the average RMSD of backbone atoms of

the structures along the MD trajectory using the energy-

minimized crystal structures as reference for all three sys-

tems. The plots show that the structures of the separated

N- and C-domains are stable during the studied timescale,

whereas the RMSD of the whole protein exhibits an in-

creasing tendency. To elucidate the reason for the increase

in RMSD of PGK during the run, we calculated the distance

between the center of mass of the two domains during the

simulation time, which is shown in Fig. 3. The two centers of

masses first depart from each other, and they start to get

closer again after 2 ns. A very similar feature is observed when

the radius of gyration (Rg) is plotted as a function of time.

The value of Rg at the beginning of our simulation oscillates

around 24.6 Å (data not shown), in good agreement with the

value of 24.0 Å obtained by small angle neutron scattering

(33). Following the same pattern as Fig. 3 when the domains

depart from each other, Rg also increased to 25.9 Å. After

this peak, the domains start to get closer again. In Fig. 4 we

show snapshots from the production run at the beginning of

the second, third, and fourth and at the end of the fourth

nanosecond. To see the structures more clearly they are

overlapped to the C-domain of the first structure. Both Fig. 3

and Fig. 4 indicate that the reason for the increase of protein

RMSD compared to the energy-minimized crystal structure

is the movement of the two domains relative to each other.

These figures also indicate that longer simulations are

needed to fully explore the rotation of the domains. This

finding is in agreement with the experimental results indicat-

ing that this motion is out of the nanosecond timescale (12).

In Fig. 5 a, the average RMS fluctuations of Ca atoms of

each residue during the analyzed 3-ns period are presented

for all three systems. A general characteristic is that all of the

systems exhibit the highest mobility in their loop regions.

These deviations are relatively large, suggesting large struc-

tural fluctuation. Fig. 5 b shows the RMS fluctuation for

FIGURE 2 RMSD of backbone atoms between the energy-minimized

crystal structure and trajectory snapshots during the last 3 ns of the pro-

duction run for PGK (black), isolated N-domain (light gray), and isolated

C-domain (gray).

FIGURE 3 Distance between the center of mass of the two domains of

PGK during the last 3 ns of the production run.
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Biophysical Journal 92(5) 1709–1716



residues after removing rigid body motions. For the whole

protein, the RMS fluctuations of the N-domain were calcu-

lated after superposition to the first structure in the analyzed

trajectory of the N-domain; the RMS fluctuations of the

C-domain were calculated after doing the superposition to

the first structure of the C-domain. As the figure shows, the

loop movements of PGK and its isolated domains show very

similar RMS fluctuations. By removing the rigid body mo-

tions it becomes even more pronounced that the loop regions

in both PGK and in its isolated domains represent high RMS

fluctuation values. We note displacements in the protein

fluctuations that are in agreement with the normal mode

studies of Guilbert et al. (11), namely for loops D4 and JK. It

is noteworthy that helix 5 [187–199] in the protein—the

region between the domains—also shows a fluctuation peak,

whereas in the isolated C-domain (which starts with helix 5)

this peak is not present. Fig. 6 shows the RMSD of helix

5 compared to helix 5 in the energy-minimized crystal struc-

ture. After ;1.8 ns, the RMSD of the helix in the protein

increases from 0.4 to 1.5 Å, reaching another equilibrium

state, whereas in the isolated C-domain, the RMSD is con-

stant, fluctuating around ;0.8 Å. The change in the RMSD

of the interdomain helix indicates that it changes its confor-

mation compared to the original C-domain structure. The

change in the conformation of the interdomain helix has also

been reported by X-ray studies of T. brucei PGK (6), the in-

terdomain helix acting as the hinge region.

Domain motions

One way of identifying domain motions in a protein is by

following the correlation of atomic motions (32,34,35). The

magnitude of the correlation can be quantified by calculating

the cross correlation coefficient between the atomic dis-

placements (see Methods), which extends from 11 (atoms

moving in the same direction) to �1 (atoms moving in the

opposite directions). When Cij is close to zero, the atomic

motions are uncorrelated, and their movements are random

compared to each other. The cross correlation matrix of the

Ca atoms of PGK during the last 3 ns of the production run is

presented in Fig. 7. In general, the data show that there is a

positive correlation of the atomic movements within the two

domains and anticorrelation in between the domain motions.

This indicates that a good part of the amino acids within one

FIGURE 4 Snapshots of PKG at the beginning of the second (red), third

(yellow), and fourth (green) and at the end of the fourth (blue) nanosecond

of the simulation. The structures are superimposed on the C domain of the

first structure.

FIGURE 5 Average RMS fluctuations of the Ca atoms of each residue

during the last 3 ns of the production run for PGK (black), isolated

N-domain (light gray), isolated C-domain (gray) (a) from the original

trajectory; (b) from the trajectory generated after removing the rigid-body

domain motion. Loop regions are marked.

FIGURE 6 RMSD of helix 5 between the energy-minimized crystal

structure and trajectory snapshots during the last 3 ns of the production run

for PGK (black), isolated C-domain (gray).
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domain move together but that the direction of the motion of

the two domains is in the opposite sense. This type of motion

is characteristic of ‘hinge bending’, as referred to in the PGK

literature (11,36,37).

Before analyzing in detail the motions of the different

structural elements, it is worth distinguishing between intra-

domain and interdomain motions present in Fig. 7. To do so,

the cross correlation matrix of the Ca atoms was calculated in

two ways. First, the PGK structure was superimposed on the

first analyzed production run structure of the N-domain;

second, the superposition was done on the first analyzed

production run structure of the C-domain (see Methods). Fig.

8, a and b, shows the result of the calculations in these two

cases. Above the diagonal, the cross correlation coefficients

of the PGK Ca displacements are shown and below the

diagonal the motions in the separated domains are repre-

sented. In Fig. 8 a, the right upper corner of the graph clearly
demonstrates that the whole C-domain moves as a rigid body

with very high correlation among its residues compared to

the N-domain. This shows the motion of the C-domain with

respect to the N, being an interdomain motion. The upper left

corner of the graph shows that the first part of the EF loop

[160–170] moves with a high positive correlation together

with the main part of the C-domain and that several loops—

namely, A1 [22–36], B2 [60–76], and D4 [133–148]—are

anticorrelated with it. The lower left corner of the graph

shows the intradomain motions within the N-domain. The

N-domain in the protein is seen above the diagonal and

the isolated N-domain below. In general, the N-domain in the

protein shows a more structured intradomain motion pattern

than the separated domain. To determine if the intradomain

motions have converged during the simulation time (38,39),

the cross correlation maps for different parts of the trajectory

(first 2-ns and the entire 3-ns runs) were calculated. They

show that the correlation coefficients of the N-domain in the

protein have converged, whereas different correlation maps

were obtained for the isolated N-domain, indicating that its

intradomain motions have not converged during the studied

timescale. Concerning the intradomain motions of the

N-domain in the protein, we note that a positive correlation

can be seen within the amino acids of the EF loop and that

this loop shows anticorrelation with a good part of the

N-domain. This suggests that it moves as a single dynamic

unit within the N-domain.

Fig. 8 b shows the result of the calculations with super-

position on the first analyzed production run structure of the

C-domain. The lower left corner of the graph shows the inter-

domain motions of the N-domain relative to the C-domain.

A similar type of interdomain motion can be observed as in

Fig. 8 a: a movement with high positive correlation that

extends to the entire N-domain. It is again a rigid-body-type

movement of the N-domain compared to the C-domain. The

upper left corner of the graph shows that the C-terminal of

the protein [404–415] exhibits a high positive correlation

with the N-domain. The existence of this movement is in

agreement with earlier structural findings indicating that the

C-terminal bends back to the N-domain (2,14,22). We note

that an important part of the C-domain, namely the region in

between the G and H sheets [205–235], JK loop [287–293],

and the region between the L sheet and helix 12 [331–372],

shows clear anticorrelated motion relative to the N-domain.

The upper right corner of the graph shows the intradomain

motions within the C-domain: the C-domain in the protein is

above the diagonal, and the isolated C-domain correlation

FIGURE 7 Cross correlation matrix of the atomic displacements of the

Ca atoms in PGK. Red regions indicate that the Ca atoms move in the

same direction (positive correlation), and blue regions indicate that they

move in opposite directions (negative correlation).

FIGURE 8 Cross correlation matrix of

the atomic displacements of Ca atoms.

PGK is represented above the diagonal, and

the isolated N- and C-domain are below.

Red regions indicate positive, blue regions

indicate negative correlation. (a) With the

rigid body motion of the N-domain re-

moved. (b) With the rigid body motion of

the C-domain removed.
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coefficients are shown below. In general, the intradomain

motion behavior of the C-domain is very similar compared to

the N-domain: the C-domain in the protein shows more

structured intradomain motion than its separated counterpart.

Examination of the correlation maps at different simulation

times shows that the correlation coefficients in the separated

domain do not converge in the studied period, whereas the

intradomain motions of the C-domain in the protein do con-

verge during this time. We note that in the protein, helix 8

[244–253] shows anticorrelation with the C-domain and

some positive correlation with the C-terminal of the protein

[380–415] and the N-domain.

By comparing the intradomain motions of the two do-

mains in the protein with the separated domains, we note that

the atomic motions within the domains in the protein con-

verge during the studied timescale and show a well-patterned

correlation map. In the absence of the interdomain interac-

tions, however, the intradomain motions do not converge

and show weak correlation during the same time period. To

locate which structural elements are close to each other (and

whose interactions may account for the domain movements),

we show in Fig. 9 the distance between the Ca atoms of each

residue at the beginning of the 3-ns run. Above the diagonal,

distances of Ca atoms in the protein are presented, and below

the diagonal the distances for the separate domains are

shown. Both the upper right and the lower left corner of the

graph are symmetrical to the diagonal, meaning that there is

no main structural difference between the protein and the

separated domains. This is in agreement with the results of

heteronuclear NMR spectroscopy, showing that the second-

ary structure of the isolated N-domain is identical with that of

the intact protein (15). The upper left corner of the graph

shows the distance between the atoms of the two domains of

the protein. It can be seen that the C-terminal [390–415]

bends back to the N-terminal [1–23]. The importance of this

interaction has also been noted in the experimental work

of Ritco-Vonsovici et al. (22), who studied the effect of

C-terminal helix deletion on the folding of yeast PGK. The

deletion increased the flexibility and decreased the stability

of the folded protein. Fig. 9 also shows that the EF loop

[156–180] of the N-domain is in close proximity to the

C-terminal. The effect of this interdomain interaction can also

be seen in the high correlation of the movement of the EF loop

and the C-domain (Fig. 8 a). There are some other weaker

contacts between sheet F, loop A1, helix 1, and loops B2

and D4 with the C-terminal, which may also play a role in

interdomain interactions.

In many enzymes, domain motions and interdomain inter-

actions are the object of increasing interest since domain

closure is believed to bring the substrate together while faci-

litating the enzyme reaction. Both crystallographers (37) and

theoreticians (40,41) have provided descriptions of inter-

domain motions and their structural basis. Among others, the

Nussinov group has investigated the types of interactions

present in available open and closed forms of hinge-bending

proteins (42), noting from a structural perspective how the

energetic penalty of opening the closed conformation is over-

come by the absence of strong electrostatic interactions and

salt bridges between domains. Hayward (41) also described

the structural principles governing hinge-bending motions,

proposing that a-helices store elastic energy to drive domain

closure and substrate capture. But we are not aware of any

experimental or theoretical work that discusses the effect of in-

terdomain interaction on internal motion of the domains—and

such is the contribution of our work.

CONCLUSIONS

The analysis of the MD simulations which we performed on

PGK and its isolated N- and C-domains allows us to dis-

tinguish between the interdomain and intradomain motions

of the enzyme and to describe interdomain contacts. Our

simulations confirm that the C-terminal bends back to the

N-domain and interacts with the N-terminal. Our results also

show that there is another secondary structure element that

also plays a role in interdomain interactions: the EF loop of

the N-domain. This loop is in proximity to helices 13 and 14

of the C-domain, and its motion is correlated with the motion

of the helices. Analysis of the intradomain motions of the

separated domains and of the intact protein shows that the

atomic motions within the domains converge in the protein

during the investigated timescale and show a well-defined

correlation pattern—unlike the correlated motions of the

separated domains, which do not converge and show a weak

correlation pattern during the same time period. This effect is

a clear signature of the presence or lack of interdomain in-

teractions. Previous experimental work from our laboratory

showed that the interdomain contacts in yeast PGK modify

both the folding and the misfolding kinetics of the domains

and that domain-domain interactions direct the folding of

both domains in an asymmetric way (23,24). In this work, we

gain insight in the direct role of the interdomain contacts in

the conformational dynamics of the protein.

FIGURE 9 Distance map of Ca atoms in PGK. Red regions indicate Ca

atoms that are closest to each other; blue indicate Ca atoms that are farthest

compared to each other.
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Our results also confirm the hinge-bending motion attri-

buted to PGK, showing that, even on the nanosecond scale,

the two domains of PGK move like rigid bodies in opposite

phase relative to each other. These results are in agreement

with earlier normal mode studies (11) demonstrating that the

hinge-bending motion exists even without the substrates.

Substrate binding is expected to affect this motion and mod-

ify the dynamics to reach a closed conformation. Further MD

simulation studies to unravel this effect are in progress.
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