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between the open and the closed crystallographic
structures was 0.49. A domain analysis of the
ex~dmenta1 transition was made and compared
with ~!he results of a domain analysis of the normal
modes of d~te synthase}O Similar domain
decomposition was reported. Finally, a study has
been made of the possible path taken between the
crystanographic open and closed structure. Two
methods were compared: the Elber-KarplUS11
method, which determines the path with the low-
est average potential energy, and the directed
dynamics method, which restarts a molecular
dynamics simulation in an iterative procedW'e,
each time with a new set of velodties that are in a
direction to bring it to the other Structure.12 The
work focussed on particular dihedral angles that
showed large variations along the path.

Here, we present a molecular dynamics study of
dtrate synthase. Three 2 ns simulations were per-
formed on dtrate synthase starting from the open
X-raf structure, and a further three 2 ns simu-
lations starting trom !he closed X-raf structure.
Using projection techniques, essential dynamics
analysis, and the domain and hinge-bending anal-
ysis implemented in the program, DynDom, new
insights into the functional domain movement in
dtrate synthase are presented.

Results and Discussion

Standard checks on the slmulations

As mentioned in the Introduction, three indepen-
dent 2 ns simulations were performed on the
dimer with both subunits starting trom the open
conformation, and a further three simulations,
again each of 2 ns on the dimer with each subunit
starting trom the closed conformation. In order to
check that the simulations did not contain obvious
artefacts, a series of standard analyses were per-
formed. Plots of the RMSD trom the starting struc-
tures and of the secondary structure as a function
of time indicated no significant changes in second-
ary structure or other unexpected behaviour.
Table 1 gives the average backbone RMSD of the
monomers in each simulation.

Rigid-body RMSD end projections

The domain decomposition used in this analysis
was taken trom an earlier DynDom analysis of the
open to closed experimental transition. which used
a window length of 11 residues.7 Domain I, the
large domain comprised residues 1-55, 67-278, and
378-437, and domain 2, the small domain, residues
56-66, 278-377. The results presented below are
insensitive to the inclusion or exclusion of small
numbers of residues into the large or small

domains.

ant differences between the closed and nearly
closed farms, in comparison to the open to dosed
domain movement there is verf little difference.
These structural studies, along with kinetics exper-
iments, indicate the following mechanism. The
binding of oxaloacetate causes the small domain to
close upon the large domain by about 18-20°, the
difference in hinge-bending angle between the
open structure and the dosed structures. A binding
site for acetyl-coenzyme A is subsequently formed
that spans bath domains. After the final stage of
the reaction is completed, coenzyme A leaves fust,
followed by citrate.

Lesk &; O\othia5 studied the mechanism of
domain closure in citrate synthase and conduded
that the domain motion occurred through the
accumulation of small shifts between packed seg-
ments at the domain interface. The motion was
classified as a shear motion by Gerstein et al.6
Nevertheless, it was deal from an early compari-
son of the two farms that a "hinge point" is
located at His274 and Gly275.1 This is significant,
as His274 binds to oxaloacetate and is one of the
proposed catalytic residues.3 A domain and hinge-
bending study of the open and dosed farms has
been made using the program DynDom,' which
determines regions that act as "mechanical
hinges".8 These are defined to be regions that are
bath bending, in that a rotational transition occurs
at these regions, and located in the vicinity of the
interdomain screw axis. The DynDom analysis of
citrate synthase revealed that the ~hairpin in this
largely helical protein acts as a mechanical hinge
by war of its two flexible temtini and attaching the
large domain to the small domain through a main-
chain hYdrogen bond and salt-bridges at its tip.
The a-helix formed from residues 375-383 is also a
mechanical hinge, and it therefore appears that
these two separated hinging regions are largely
responsibIe for the location and orientation of the
hinge axis. A study of 24 domain proteins, for
which two or ~ore X-raf conformers are known,
has sho:wn that many domain proteins have two or
more separated mechanical hinges creating a stabIe
hinge axis lor control of domain dosure.8 Citrate
synthase apparently conforms to this "door dosing
model" of domain dosure. This makes sense, as
the binding site of acetyl-coenzyme A spans both
domains in the closed conformation, implying that
dosure must be controlled precisely in order that
the groups that bind acetyl-coenzyme A from the
two domains are positioned correctly with respect
to each other. The region containing residues 274
and 275, however, is distant from the hinge axis
and it was suggested therefore that the term hinge
point was inappropriate.

Due to its large size, there have been relatively
few computational studies on citrate synthase that
address intemal motion. A normal mode analysis
that used a block Lanczos algorithm to calculate
the fust ten normal modes has been reported.9 The
inner product between the lowest-frequency mode
and the mode that reoresents the transition
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Six, 2 ns molecular dynamics simulations have been performed on the
homodimeric enzyme citrate synthase. In three, both monomers were
started Erom the open, unliganded X-raf conformation. In the remaining
three, both monomers started Erom a closed, liganded X-raf confor-
mation, with the ligands removed. Projecting the motion Erom the simu-
lations onto the experimental domain motion revealed that the {ree-
energy profile is rather flat around the open conformation, with steeF
sides. The most closed conformations correspond to hinge-bending angles
of 12-14° compared to the 20° that occurs upon the binding of oxaloace-
tate. It is also found that the open, unliganded X-raf conformation is
situated at the edge of the steep rise in tree energy, although confor-
mations that are about 5 ° more open were sampled. A rigid-body essen-
tial dynamics analysis of the combined open trajectories has shown that
domain motions in the direction of the closed X-raf conformation are
compatible with the natural domain motion of the unliganded protein,
which bas just two main degrees of freedom. The simulations starting
Erom the closed conformation suggest a &ee-energy profile with a smal1
barrier in going Erom the closed to open conformation. A combined
essential dynamics and hinge-bending analysis of a trajectory that spon-
taneously converts Erom the closed to open state shows an almost exact
correspondence to the experlmental transition that occurs upon ligand
binding. The simulations support the conclusion Erom an earlier analysis
of the experlmental transition that the P-hairpin acts as a mechanical
hinge by attaching the small domain to the large domain through a con-
served main-chain hYdrogen bond and salt-bridges, and allowing
rotation to occur via its two flexible termini. The results point to a mech-
anism of domain closure in citrate synthase that bas analogy to the pro-
cess of closing a door.
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of citrate synthase Erom pig heart and chicken
heart have been determined by X-raf crystal-
lography.2 The structures of the unliganded pro-
tem, as weIl as the protein bound to citrate and
coenzyme A were solved. The monomer is com-
prised of two domains, a large domain and a small
domain. The unliganded structure is called the
open farm. In the protein liganded to citrate and
coenzyme A, the small domain is closed upon the
large domain. This structure is called the closed
farm, a hydrolytic farm, induced upon formation
of citryl-coenzyme A Structures of the enzyme
liganded to its natura! substrate, óxa1oacetate, and
ÏnhIöitor anal<:>gues of aceteyl-coenzyme A have
been solved.3A These structures have been called
the nearly closed farm! Although there are import-

Introduction

Citrate synthase catalyses an important step in
the citric acid cycle, the Claisen condensation of
acetyl-coenzyme A with oxaloacetate, to farm
citrate and coenzyme A. 1 In animals, plants, fungi,
archaebacteria, and gram-positive bacteria it is
comprised of two id~tical subunits. The structures
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Table 1. Summary of average backbone RMSDs Erom 500-2(XX) ps

A
Open

B

A
~

B

Open simulations

Figure l(a) shows the rigid-body RMSDs for the
simulations started Erom the open confom\ation. It
is clear that on occasions the domain confom\ation
is closer to the closed confom\ation than the open.
Figure 2(a) shows the trajectories of the projections
l1°(t), flO(t). These confirm the assessment given on
the basis of the rigid-body RMSD. flO(t) is seen to
achieve values verf close to 1.0 over a significant
proportion of the total combined trajectory time
(treating two monomers within a single simulation
as independent trajectories), indicating that the
domain movement is directlyon the path between
the open and closed experimental confom\ations.
However, TlO(t) achieves a maximum value of 0.78,
indicating that the open confom\ation never
reaches the closed confom\ation.

The quantity TlO(t) can be used as a reaction
coordinate. Merging the six open trajectories (treat-
ing the two trajectories in the dimer as indepen-
dent), one can estimate the free-energy profile
along this reaction coordinate by calculating the
probability histogram determined from the distri-
bution of values lor l1°(t) Erom the six trajectories.
Figure 3(a) sh~s the resulting free-energy profile,
where _the reaction coordinate is in tact l1°(t) x 20.
The two vertical lines in this Figure show the
locations of the open and closed experimental con-
fom\ations. The tree energy has a rather flat profile
with sleep sides. Interestingly, the open, unli-
ganded experimental confom\ation, at 00 by defi-
nition, is located just before the steep rise, although
even more open confom\ations with rotation
angles of up to -50 were sampled. This result also
shows that there are a large number of other unli-
ganded confom\ations, a1l of which are as accessi-
bIe as the experimental one, some achieving
closure angles of 12-140 before the steep barrier is
reached. The closed, liganded confom\ation is
beyond this barrier, and it is likely that the binding
of oxaloacetate provides energy to achieve closure.

mation. It is clear that in aU but one case the
domains remain largely closed. The exception is in
simulation U, where monomer A shows a dramatic
movement towards the o~ conformation. Again
the projections 'lC(t), and tiC(t) in Figure 2(b) con-
fim\ this. In this "transitional trajectory," 'lC(t), and
tiC(t) both achieve values weU above 0.75 over a
large portion of the simulation, sometimes achiev-
ing values close to 1.0, simultaneously. This indi-
cates that the domain conformation (the relative
position of the two domains irrespective of the
intemal conformations) in this trajectory superim-
poses almost perfectly on the experimental open
domain conformation. The nature of the trajectory
indicates a relatively rapid transition away Erom
the closed conformation towards the open, fol-
lowed by a final period during which it remains
relatively near to the open conformation. The form
and location of the transitional trajectory seen in
Figure 2(b) is consistent with it descending the
steep free-energy gradient that forms the barrier
between the open and the closed conformations
seen in Figure 3(a). After the transition, there is no
discemible difference in its trajectory Erom those
that started Erom the open conformation. Although
the other subunit Erom this simulation remains
more closed than open, the direction of movement
is towards the open conformation. cx,viously,
more simulations would be necessary to confirm
intersubunit cooperativity, but the experimental
evidence is that there is none.IJ

In analogy to the analysis on the open simu-
lations, the continuous line in Figure 3(b) shows
the free-energy profile along the reaction coordi-
nare Erom the merged closed trajectories, excluding
the transitional trajectory. The broken line in
Figure 3(b) shows the result when the trajectories
of both monomers Erom simulation U are elimi-
nated. The X-raf conformation is not situated at
the minimum of the free energy, but slightly
towards the open conformation. A difference
would be expected, given that the X-raf confor-
mation is liganded to citrate and. co-enzyme A. It
shows that the more closed conformations, with
hinge-bending angles of up to 26-270 or more, are
thermaUy accessibie, although rare. Oearly, the
lack of statistics limits detailed analysis but the fact

Closed slmulations

Figure 1(b) shows the rigid-body RMSDs fot the
simulations that start trom the closed confor-
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(a)

Figure 1. (a) Rigid-body RMSD
plots for the open simuIations. A
column shows the result for each
monomer trom the same simu-
lation. The thick line shows the
rigid-body RMSD trajectory of the
small domain trom its position
in the open X-raf conformation,
the thin line trom its position in
the closed X-raf conformation.
(b) Equivalent analysis for closed
simuIations, where the thick line is
the rigid-body RMSD trom the
closed X-raf conformation, and
the thin line trom the open X-raf
conformation.

(b)

profile trom free simulations, a much greater
degree of sampling would be necessary in which
multiple crossings between these two levels are
observed. This is impractical and different tech-
niques such as constrained molecular dynamics, or
umbrella sampling are required. However, the pro-
file illustrated in Figure 4 is consistent with the
results from the simulations and' is biochemically
reasonabie. The observation that the infusion of
oxaloacetate into crystals of átrate synthase in the
open farm, causes the crystal to crackl suggests

that in five out of the six simulations the confor-
mations remain closer to the closed, suggests that
there is a free-energy barrier to be overcome in
going Erom the closed to the open conformation.

Figure 4 illustrates a free-energy profile that is
consistent with our results. The closed confor-
mations have a higher free energy than the open,
as the transition Erom the closed to open is appar-
ently a downhill process, occurring at values of the
reaction coordinate where the barrier determined
Erom the open simulations is located. To verify this
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Figure 2. (a) Trajectories of the
projections "O(t) and i)°(t) (see
equations (3) derived Erom the tra-
jectories of the simuJations that
start Erom the open conformations,
shown as thick lines and thin lines,
respectively. A column shows the
result for eam monomer Erom the
same simuJation. (b) Trajectories of
the projections "C(t) and i)C(t)
derived Erom the trajectories of the
simuJations that start Erom the
closed conformations, shown as
thick lines and thin lines, respect-
ively. A column shows the result
for eam monomer Erom the same
simuJation.

(b)

that oxaloacetate induces the confOrII\ational kan-
sition Erom the open to the closed fomt and there-
fore provides the energy to overcome the proposed
free-energy barrier.

rigid-body essential dynamics analysis of the com-
bined trajectories trom the simulations starting
trom the open conformation. The result is shown
in Figure 5.

Open simulations

In all there are six, 2 ns simulations of the mono-
mer starting Erom the open conformation. These
have been combined into a single trajectory and
the rigid-body essential dynamics analysis made.

Rigid-body essentlal dynamlcs analysls of
merged trajectorles

AII trajectories and the experimental confor-
mations have been projected onto the spare
defined by the fust two eigenvectors Erom the
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Figure 4. An illustration of the free-energy profile that
is consistent with our results, showing the closed confor-
mations at a higher free energy than the open confor-
mations. The main evidence tor this comes Erom the
transitional trajectory, which suggests that a barrier is
crossed, implying a lower tree energy in the open COn-
formation.
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Figure 3. (a) The free-energy profile estimated from
the open simulations, where the reaction coordinate is
T}°(t) x 20. Populations in bins of width 0.02 were calcu-
lated by creating histograms from the data presented in
Figure 2(a). Bins that contained less than ten points (out
of a total of 6000 created by dividing the combined tra-
jectories in 2 ps intervals) were not included in the tree-
energy calculation. The verticalline at 00 is the value of
the reaction coordinate at the open X-raf conformation,
the verticalline at 200 is the value of the reaction coor-
dinate at the closed X-raf conformation. (b) Free-energy
profile derived in identical manner trom data presented
in Figure 2(b). The continuous line represents the pre-
dicted free-energy profile within the closed weIl derived
from a1l the closed trajectories apart trom the transi-
tional one. The broken line represents the profile pre-
dicted when the trajectories of bath monomers from the
simulation in which the transition occurred are elimi-
nated. The histogram parameters to create these were
the same as tor the open case, but the tota! number of
points was 5000 and 4000, respectively. Note that we do
not know the relative positions of these two free-energy
profiles and their zero points are arbitrary.

."

tors, 87 % coming from the fust essential mode,
11 % from the second. This shows that domain
movements in the direction of the closed exper-
imental conformation are part of the natural
domain motion of the wiliganded protein (which
has just two degrees of freedom) when it starts
from open experimental conformation.

Closed simulations

A similar analysis bas been performed on the
trajectories starting from the closed conformation
but with the transitional trajectory eliminated. The
transitional trajectory is treated separately below.
Table 2 shows the contribution of each essential
mode to the total MSF, the inner product values
'Y~G/c, and to what degree the experimental tran-
sition is represented by the modes. The fitst essen-
tial mode contributes 47 % to the total MSF and the
second essential mode 30 %. The experimental tran-
sition is represented to 79 % by just the fitst two
eigenvectors, 77 % coming from the fitst essential
mode, and only 2 % from the second. This is a
lower figure than that found for the open simu-
lations. This seems reasonabIe, because the motion
of the two domains in the closed conformation will
be influenced by interdomain interactions. The
elliptical shape of the closed distribution seen in
Figure 5, with its main axis pointing in the direc-
tion towards the open conformation, indicates that
the predominant motion within the proposed
energy weIl of the closed conformation, is in a
direction that would bring it back to the open
structure.

Table 2 shows the contribution of each essential
mode to the total mean-sguare fluctuation (MSF),
the inner product values ~G/o, and to what degree
the experimental transition is represented by the
modes. The fust essential mode contnDutes 68 % to
the total MSF, the second, 21 %, and the remaining
four modes relatively little. The comparatively
large contribution of the fust essential mode is
partly due to the variant of the essential dynamics
analysis we have used, which builds a covariance
matrix of fluctuations Erom the starting confor-
mation rather than the average. The value of 68 %,
therefore, also reflects the fact that the average of
the distribution .does not coincide with the starting
conformation (see Figure 5). The experimental tran-
sition Erom the open to the closed conformation is
represented to 98 % by just the fust two eigenvec-
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Table 2. Results of rigid-body essential dynamics analysis on merged trajectories in comparison with experimental
transition

~ sim uia tions aosed simu1ati~

1
2
3
4
5
'6

68.1
21.4
5.7
1.9
1.5
1.3

87.2
97.7
99.5
99.5
99.8
99.9

41.2
30.0
11.9
7.3
2.1
1.5

77.5
79.3
81.9
96.7
98.8
98.8. The transitional trajectory is not Included in this aNlysis (- the text).

Essentlal dynamics analyses and DynDom
analysls of the transltional trajectory

The application of the rigid-body essential

dynamics technique is described above. In this sec-

tion, we report on the results of a conventional

essential dynamics analysis, i.e. one where intra-

domain fluctuations are not removed on a prior

assumption of the domain decomposition. Table 3

shows the contribution of the first ten modes to the

total MSF, their inner products r: with the exper-
imental vector, and the extent to which the exper-

imental transition can be represented by the

modes, Erom an essential dynamics analysis of the

combined trajectories from the open simulations.

Table 3 shows the results of an equivalent analysis

of the combined closed simulations, again omitting

the transitional trajectory. The values indicate a

reasonable correspondence in the first few modes

for the merged open trajectories, but a much

pooler correspondence for the merged closed tra-

jectories. Table 3 shows the result of an equivalent

analysis of the transitional trajectory alone. It

shows a relatively high value of 0.73 for the inner
.,;..

product of the fust mode with the experimental
vector. The fust mode dominates aU other modes,
with an 84 % contribution to the total MSF com-
pared with 3 % tor the second, and so on.

The maximum and minimum stroctures Erom
eigenvectors indicated in Table 3 were generated
as described in Methods, and used with the corre-
sponding experimental strocture as input tor the
program DynDom, in order to detem\ine dynamics
domains, hinge axes and hinge-bending regions.
The results of this analysis were compared to the
DynDom analysis of the X-ray conformers.

For the combined open analysis and the com-
bined dosed (exduding the transitional trajectory)
no reasonable domain decomposition was found
tor any of the movements implied by the eigen-
vectors. In creating a domain decomposition,
DynDom measures the ratio of interdomain displa-
cement to intradomain displacement as defined by
Hayward & Berendsen.7 For a domain decomp0-
sition to be accepted tor the hinge axis analysis,
this ratio must be larger than 1.0, i.e. there must be
more interdomain displacement than intradomain
displacement. The tact that we do not obtain a

Table 3. Results of conventional essential dynamics analysis on merged trajectories and transitiona1 trajectory in oom-
parison with experimental transition

Percentage
to which

fust n modes
represent

experimental
transition

Pen:entage
to which

fust n modes
represent

experimental
b'ansition

Contribution
to totai MSF

(%)

Percentage
to whid\

fust n modes
represett

experimental
transition

Mode
number 11 ot:-r: Y:

83.8
3.3
2.8
1.5
0.6
0.5
0.4
0.4
0.3
0.3

0.73

-0.01
-0.11
0.20
0.10

-0.16
-0.06
-0.20
0:18
0.11

53.2
53.2
56.1
60.0
61.0
63.6
63.8
67.8
71.2
72.3

46.6
9.0
7.8
5.5
4.4
3.8
2.1
1.6
1.4
1.0

0.50
-D.32
0.'1JJ
0.10

-0.38
0.16
D.O9
O~

-0.13
~

25.2

35.2

39.2

40.2

54.7

57.4

58.1

58.4

~.3

69.1

45.4

13.3

8.1

6.0

4.8

2.1

1.5

1.2

0.9

0.9

-o.m
-0.27
0.31

-0.27
0.22

-0.01
-oS»
0.19

~
0.11

0.0
7.5
17.0
24.2
29.0
29.0
29.0
32.S
41.4
42.6

2
3
4
5
6
7
8
9
10

-- -. The b'ansitional trajectory is not induded in this analysis (see dw text).

Conbibution
to tota! MSF

(%)

-

Contn"bution

to total MSF

(CYo)



1046 DomaJn MotIon kt Citrate Synthase by MD Simulstion

10.0

-
e
=

'-'

=

~
-

.c

~

'C

~

~

-;
.-

=

~
(/}
(/}

~

5.0
r;e

..., .
0.0 .

-.
\

Open
5.0 '.'0

. .

Closed

10.0
16.0 11.0 6.0 1.0 4.0

Essential variabie I (om)
Figure s. Projections of the trajectories onto the fust two eigenvectors of the rigid-body essential dynamics analysis

of the merged open trajectories. The faint grey dots represent points along the open trajectories, the darker grey dots,
points along the closed trajectories. The joined dots show the transitional trajectory. The X-raf open and closed con-
formations are indicated in this projection. The line (not shown) between the two X-raf conformations represents the
experimentally detennined domain movement, and is represented to 98 % by the two eigenvectors that define this
plane. The filled cirdes Indicate the experimental conformations.

shows the comparison graphically. The correspon-
dence between experiment and simulation is
remarkable. A very similar domain decomposition
is found, and a good correspondence in the hinge--
bending residues. The simulation results confirm
that the j3-hairpin acts as a mechanical hinge with
the hinge axis passing through its N terminus. The
bending regions are situated at the termini of the
j3-hairpin in bath cases, although the bending
region of the C terminus involves residues 69 and
70 in the simulation case, but residues 64-67 in the
experimental case. For the N-temtinal side, resi.
dues 56 and 57 are assigned as bending residues in
bath cases. Residues 274-285 are assigned as bend-
ing residues Erom the simulation, whereas residues

result with DynDom means that there is significant
intemal deformation within the domains selected.
However, for the fust eigenvector trom the essen-
tial dynamics analysis of the transitional trajectory,
DynDom makes a successful domain and hinge-
bending analysis, using default parameter settings.
The input into DynDom was the closed X-raf start-
ing conformation, and the maximum structure
trom the fust .eigenvector, calculated as described
in equations (la) and (lb). In order to make an
appropriate comparison to the experimental data,
the X-raf conformers were re-analysed, also using
default parameters. Table 4 compares the domain
decomposition and the hinge-bending residues
trom the simulation and experiment. Figure 6

Table 4. Comparison between experiment and simulation of domain decomposition and hinge-bending residues Erom
DynDom analysis using a window length of five residues

Fint essential mode of transitional
trajedoryExperiment

Large domain residues
Small domain residues
Bendingresidues

I-SS, 68-274, 384-437
58-63,286-329,347-372
S6-S7, M-67, 275-285, 330-346, 373-383

I-SS, 70-273, 380-437
58-68,285-294, 299-328, 331-343,352-377
56-57, 69-70, 274-284, 295-298, 329-330,
344-351, 378-379

-
-~m sometimes eliminates small regions (usually ;;;;- to three residues) Erom the analysis, but here these have been included
Into the domalns of the residues that they neighbour lor clarity. In those cases where the neighbour Is a bendIng region, they are
usi~ as bending regions. The resldues 275-278 lorm StKh a ~ lor die experimental case (.w die lext tor more details).
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Figure 6. Comparison of the
DynDom analysis of the exper-
imental transition on the lelt, and
the fust essential mode of the tran-
sitional trajectory, on the light. In
both cases, default parameters tor
DynDom were used, see Hayward
at Berendsen7 for details. The large
domain is coloured blue, the smaU
red, and the bending residues
green (see Table 4 tor details). 11te
arrows indicate the hinge axes with
the diredion of rotation that would
take this closed domain confor-
mation of citrate synthase (POB
entry: 2cts) to the open domain
conformation given by the right-
hand rule. In both cases, the angle
of rotation is 200 .

two domains, with a lesser contribution coming
hom residues 278-285. Figure 7(a) shows the <I> and
"'-dihedral angle values of these residues for the
open conformation, and Figure 7(b) in the closed
conformation. Figure 7(c) shows the dihedral
angles of the maximum conformation &om the fust
eigenvector of the essential dynamics analysis of
the transitional trajectory. As this trajectory goes
&om the closed to an open conformation, this con-
formation corresponds to an open conformation.
An analysis of the dihedral angle changes of resi-
dues 274-285 shows that the largest rotation occurs
at the "'-dihedral of His274 in both the experimen-
tal and simulated transition. A good correspon-
dence is found tor the dihedral angle charges
"between" His274 and Gly275, with tJ."'274 equal to
83 0 and tJ.<I>27S equal to -260 in the experimental

case, and tJ.V274 equal to 760 and tJ.<I>27S equal to
-22 0 in the simulation case. The correspondence is
not sa good in the other dihedral angles. Compar-
ing Figure 7(a) and (b), it is evident that the region
275-277 is more cx-helical in nature in the closed
farm than the open. In tact the program DSSP14
assigns A1a277 to the IX-helix conformation in the
closed X-ray structure, but not the open. In going
&om the open to closed structure, the carbonyl
group of His274 has rotated about "'274 such that
the oxygen moves away hom the negatively
charged oxaloacetate molecule. The reverse of this
process is seen in the simulated transition. The
ca-c bond, which is the "'-dihedral axis, makes an
angle of 42 0 and 33 0 to the hinge axis in the exper-
imental and simulated transition, respectively. This
shows how rotation about this bond can contribute
to the hinge bending. However, the hinge axis is
not coincident with this dihedral axis, but lies at a
distance of roughly 12 A. In Condusions, we
present a model that makes sense of these results.

Mutation studies where Gly275 has been substi-
tuted by alanine and valine show that the
enzyme's activity is greatly reduced by these sub-
stitutions. This has been attributed to a hindering
of the conformational transition destabilising the

279-285 Erom experiment are assigned as bending
residues. DynDom does not assign the residues
275-278 to either domain, or as a bending region.
Visual inspection of the rotation vectors corre-
sponding to residues 275-278 shows that it is most
appropriately assigned as a bending region. In
Figure 6 and Table 4, residues 275-278 and 343-346
have been assigned as bending residues, according
to the rule that unassigned regions that neighbour
a bending region are most appropriately assigned
as a bending region. Another bending region spans
residues 373-383 in the experimental case, but is
less extended in the simulation case, involving just
residues 378 and 379. The region 330-346 is also
assigned as a bending region in the experimental
case, whereas, the region 331-343 is assigned to the
large domain, with residues 329-330 and 344-351
as bending residues in the simulation case. The
hinge axes pass at an angle of 100 at a distance of
2.8 A. In the experimental case, the motion is 80 %
closure, in the simulation case it is 86 %. The
rotation angle is 200 in the experimental case, and
200 in the simWation case. The traNlation along
the hinge axis is -0.1 A in the experimentaI case,
-1.1 A for the simulation case. The ratios of inter-
domain to intradomain displacements are 2.5 and
1.1 for the experiment and simulation cases,
respectively.

The fact that we find the same general domain
decomposition Erom the transitional trajectory, as
Erom the experiment justifies our approach of
imposing a domain decomposition Erom the outset
detennined on the basis of the experimentaI data.

Analysls of bending reglon 274-285 In both
experiment and slmulatlon

Analysis of the rotation vectors trom the exper-
imental o~ to closed h"ansition, associated with
the N-CZ-C~-C tetrahedra of individual residues, or
segments trom short sliding windows (results not
shown), has shown that the region 274-277 is pri-
marily responsibIe tor the bending between the
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Figure 7. Ramachandran plots
for the residues 274-277. (a) The
cj>,IjI-angles of the open X-raf con-
formation. (b) The cj>,IjI-angles of
the closed X-raf conformation. (c)
The cj>,IjI-angles of the maximum
conformation Erom the fust essen-
tial mode of the transitional trajec-
tory. This corresponds to an open
structure in its domain confor-
mation, but started in the simu-
lation Erom the closed experimental
conformation with dihedral angles
as in (b).

interaction is probably unaffected by the domain
closure and helps to keep the tip of the ~hairpin
firmly attached to the rest of the sma11 domain.
Table 5 shows the data regarding the potential
salt-bridge forming residues in this region. We see
that Asp61 and Arg324 remain within bridging
distance in bath the open and closed simulations.
In slight contrast to what is observed in the open
X-raf structure, Glu62 makes only a weak inter-
action with Lys325 in the open simulations. This
bridge is not formed in any of the closed simu-
lations nor is it observed in the X-raf structure of
the closed farm. Overall, the main difference with
the experimental data is that the Glu62, Lys325

open conformation and, in the case of the valine
residue, causing substantial disruption of the active
site.Is

Bonding of the p-halrpln

The X-raf structures show that the P-hairpin is
bonded to the rest of the small domain via one or
two salt-bridges and a main-chain hydrogen bond
between Pro6O and Arg324. Focussing on the open
simulations only, this bond is formed (in the DSSP
definition) 79 % of the tota! simulation time (sum-
ming a11 simulations excluding the fust 500 ps in
each). In the closed simulations, it is formed 77 %
of the tota! simulation time. This shows that this
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Table s. Summary of possible salt-bridge parmers in ~hairpin from 500-2000 ps

Simulation/
Experiment Asp61-Lys325 (nm)

.
Asp61-A%324 (nm) Glu62-Lys325 (nm)MonomerStructure

All distances between the charged side-chain atoms (C,O,N and H) of lysine, arginine, glutamic acid and aspartic acid were
cakulated at each time-frame and the minimum distance selected. The distances presented hete are the averages over time of these
minimum distances.

with the protein. The energy most likely comes pri-
marily Erom the interaction of oxaloacetate with
His274 and its neighbouring residues. His274 is
one of the catalytic residues and is involved in the
interdomain bending. The W-dihedral angle of
His274 is seen to undergo a large change in bath
experiment and simulation, which in going Erom
the open to closed conformation would rotate the
carbonyl group such that the oxygen alom moves
away Erom the negatively charged oxaloacetate
molecule, which probably binds in a conformation
different Erom that found in the closed StruCture}6
This rotation is part of the mechanism that results
in a more a-helical structure in residues 274-277,
and maf drive domain closure. Our results suggest
that if coenzyme A and àtrate have diffused away
Erom the binding pocket, the protein can open,
once a smaU free-energy barrier is overcome. How-
ever, the process of product release is thought to
be a complicated one, due to the tight binding of
àtrate, and the presence of the products is gure to
influence the energetics of the opening process.l,2
The nature of the free-energy barrier between the
open and closed conformations is unknown, but it
has been pointed out that the cj), w-dihedral angles
of His274 in the closed X-raf conformation put it
weU outside the "extreme limiting contact" region
in a Ramachandran plot (see Figure 7(b»; whereas
in the open X-raf conformation the cj)-W-dihedral
angles put it near the a-helix region. This suggests
that the energy resides in His274 itself. However,
the dihedral angles of His274 are aften located in
low-energy regions in the closed simulations,
implying that this interpretation is too simplistic.

The region 274-285 is too distant Erom the hinge
axis to contral the domain closure.8 This is the role
of mechanical hinges. The mechanical hinges are
formed Erom the tennini of the J3-hairpin, and the
a-helix 375-383, with further stabilisation coming
Erom the region 330-346. With a region distant
Erom the hinge axis that drives the domains open
or closed, but the actual motion being under the

interaction is weaker in the open conformation,
Asp61 has a stronger interaction with Arg324 in
the closed conformation, and we do not observe
the salt-bridge between Asp61 and Lys325 in the
closed conformation. We do not see, therefore,
Asp61 change bridging partner from Arg324 to
Lys325 in the transition from open to closed.
Despite this difference, salt-bridges are found at
the tip of the ~-hairpin in bath open and closed
simulations. These, together with the Pro6O to
Arg324 hydrogen bond, keep this region attached
to the small domain.

Conclusions

A large-scale simulation study of citrate synthase
has been performed and the trajectories analysed
using a variety of techniques. The simulations
started from the open structure give a free-energy
profile for the domain closure that has asteep free-
energy barrier between the most closed confor-
mation . observed and the experimentally deter-
mined closed conformation bound to citrate and
coenzyme A. A11 but one of the monomers from
the simulations starting from the closed confor-
mation remained closet to the closed conformation
than to the open conformation. The exception
showed a motion consistent with it crossing a bar-
riet to a lower free energy. This transition occurs at
values of the reaction coordinate where the steep
free-energy barrier is predicted from the open
simulations. Opening occurs very rapidly (within 1
ns). The comparison of this motion with the exper-
imentally determined functional movement, which
is induced by the binding of oxaloacetate, is
remarkably good. The domain decomposition and
hinge-bending regions are similar, and sa are the
location and orientation of the hinge axis, and the
extent of the rotation. The implication, therefore, is
that this free-energy barrier is overcome upon
binding oxaloacetate, and the energy fot this pro-
cess comes from the interaction of oxaloacetate
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form a box large enough to contain the protein and
0.8 nm of solvent on all sides. A1l solvent molecules with
any .tom within 0.15 nm of the protein were removed.
Sin~ the resulting protonation state (at pH 7) of the mol-
ecule gives a tota! charge of -2, two sodium counterions
were added to provide a neutral simulation cen. Each
simulation box contained roughly 27,(XX) water mol-
ecules, resulting in about 90,000 atoms. During the pro-
ductive phase of the simulation, constant pressure and
temperature were maintained at one bar (1 bar = lOS Pa)
and 300 K using the weak-coupling algorithm18 with a
coupling constant of 0.1 ps lor the temperature and
0.5 ps for the pressure. The protein was coupled to the
temperature-bath separately from the rest of the system.
The GROM0S96 forcefield19 was used. For the solvent,
the Spc20 water model was used. The LINCS algorithm21
was used to constrain all the bond lengths. For the water
molecules, the SE1TLE algorithm was used to constrain
bond lengths and the bond angle'Z2. The dielectric con-
stant was set to a value of 1.0. 8y using dummy hydro-
gen atoms23 a time-step of 4 Es could be chosen. A twin-
range cut-off method was used for non-bonded inter-
actions. Non-bonded interactions within 0.8 nm were
calculated every step, whereas interactions at a distance
of between 0.8 nm and 1.4 nm were updated every ten
steps. After construction, the potential energy of each
system was minimised using 100 steps of steepest des-
cent. The water was allowed to adjust to the presence of
the protein by performing 10 ps of molecular dynamics
with position restraints on the protein. Atoms were
given initial velocities from the Maxwell distribution at
300 K Each system was equilibrated for 10 ps before tra-
jectory data was produced for analysis. This relatively
short equilt"bration time was chosen to be long enough to
remove any arteacts of the setting-up procedure, but not
so long as to equilibrate the system fully, as we are inter-
ested in the process of equilibration itself. Three 2 ns pro-
duction runs were performed on the open dimer and a
further three 2 ns production runs were performed on
the closed dimer.

control of two separated hinges, the process of
domain closure in dtrate synthase suggests a
model of domain closure that has an analogy with
the process of closing a door, an "arm-closing-
door" model, where the region 274-285 acts as the
arm. Just like an arm, the region 274-285 undergoes
a complex movement with multiple hinging
regions, such that the actual rotation of the "door"
can take place about an axis distant Erom the
"arm". There is a good correspondence between
experiment and simulation for the change in w-
and cf>-dihedral angles between His274 and Gly275,
but there is not such a good correspondence for
residues 276-285.

The ligand-induced domain movement was
found to be an intrinsic motion of the unliganded
protein. By this, it is roemt that the ligand-induced
domain movement is in a direction that lies in the
space within which most of the fluctuation of the
domains occurs for the unliganded protein. In the
arm-closing-door model as presented above, the
movement that occurs upon ligand binding is
under precise control of the mechanical hinges.
However, although the mechanica I hinges restrict
the space within which the domain motion occurs,
the actual direction of the ligand-induced domain
movement within this space maf be influenced by
the conformational change at the arm itself.

The results presented here, as with those of a
previous study,32 suggest thai even simulations of
just a few nanoseconds in length can, in certain cir-
cumstances, be used to identify functional move-
ments in proteins. The results of tros particular
study show that a ligand-induced conformational
change can be determined by simulating the
reverse process, that is the reopening Erom the
closed liganded conformation with the ligands
removed. Further work will show whether this
kind of approach can be used to predict functional
movements in other enzymes. Analysls of MD trajectories

Materials a~d Methods Essential dynamics

MD simulations Essential dynamics24 and related analysis techniques
have been widely applied and we refer to the originallit-
erature for a detailed description. 25-29 In this case, we
are interested in the motions away trom the open or
closed X-raf structure, and have therefore used a vari-
ation of the standard prescription, whereby the fluctu-
ations are not calculated with respect to the average
structure, but trom the starting structure, which in this
case is one of the experimental structures. This type of
analysis is useful where one is interested in the move-
ment away trom the starting conformation, as would be
the case ü the starting conformation were a non-equili-
brium one. It also makes comparisons with the exper-
imental data more straightforward. Each eigenvector
describes a collective motion. This motion can be rep-
resented by two structures, one at the maximum value,
the other at the minimum value of the collective variable
when the trajectory is projected onto. it. The ith atomic
coordinate, x';::ax of the structure corresponding to the
maximum value attained by the nth collective variabIe
over the whole simulation time T is given by:

The starting structures for the simulations were the
unliganded, open structure (pDB entry lcts2), and the
closed structure in complex with coenzyme A and citrate
(pDB entry 2cts2). The ligands were removed Erom the
closed structure, and A1a32 in the closed structure was
changed to valine so that the sequences of the open and
closed structures were identical. The dimers of the open
and closed structures were generated using a 2-fold sym-
metry operation, as given in the corresponding POS file.

All simulations were periormed using the GROMACS
software package}7 Protonation of the starting confor-
mations resulted in an N-terminal NH3 + group, and a
C-terminal COC> - group. Histidine residues were prom-
nated at either the ~ or & nitrogen atom so as to rnaxi-
mise their interaction with neighbouring groups. In the
case of His274, the ~ nitrogen atom was protonated in
accordance with the proposed catalytic mechanism.3

The proteins were solvated in rectangutar boxes with
water, by stacking equilibrated boxes of the solvent to
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= maxT(~ViaAxi(t»)6x::oax (la)

Figure 8. An illustration of the procedure to remove
intemal motions within the domains. This procedure is
used to calculate the rigid-body RMSD, the projections
onto the rigid-body projections, and the rigid-body
essential dynamics.

x::;ax= x~ + VI"~:x:a" (tb)
and similarly for the minimum value. Here V iJl is the ith
component of the nth eigenvector, ~~ is the maxi-
mum value attained by the nth colIective variabIe over
time, x'f"P is the value of the ith atomic coordinate in the
experimental structure, and ~x,{t) is the displacement of
the ith atomic coordinate at time t trom x'f"P. The maxi-
mum or minimum structure, together with the starting
structure, can be used by the program DynDom,7 to
determine dynamic domains, hinge axes and hinge-
bending residues.

In order to compare with the experimental transition
trom open to closed, we calculate the foUowing quantity:

Y:-EVin~
j

(2)

where ~xr-c is the ith component of the unit-vector in
the direction of the displacement trom the open to the
closed conformation (i.e. it is the eigenvector conespond-
ing to this two-point distribution). We call this the exper-
imental vector. ~ quantifies the similarity between the
collective mode described by the nth eigenvector and the
actual experimental eigenvector. The extent to which the
experimental transition can be "represented by the fust
m eigenvectors", is just the sum of the square of this
quantity over the fust m eigenvectors. An analogous
quantity, ~ exists for the closed to open transition. This
method to compare modes of motion derived trom simu-
lation to those derived from multiple X-raf confor-
mations bas been used in a number of previous
studies.9.30-32

1Î°(t) = ~ 6,xF'O(t)6,xF/O-C (38)

and:

~ AxfG/O(t)~/O-C
TlO(t) = I

J~(A~io::ë)'2

(3b)

and analogously tor the closed to open transition, to give
JiC(t) and 11C(t). Here, AxRG/o,{t) is the ith component of
the rigid-body displacement vector trom the experimen-
tal open conformation of domain 2, to its confonnation
at time t tor the simulations that start trom the open
experimental structure, and ~G/O~t) is the correspond-ing unit-vector component. A~G o-c is the ith com-
ponent of the unit vector of the rigid-body displacement
trom the experimentalopen conformation of domain 2 to
its conformation in the experimental closed confor-
mation. The quantity JiO(t) measures the ex tent to which
domain 2 is on the path trom the open to closed exper-
imental conformations and achieves a value of 1.0 when
it lies directly on the path. 11°(t) is a measure of the
extent to which domain 2 has reached its position in the
closed experimental conformation. It is a projection,
however, and only when bath these measures attain a
value of 1.0, will domain 2 trom the simulation be in the
same position as found in the closed experimental con-
formation. An identical argument applies to JiC(t) and
11C(t) tor the closed to open simulations. It is important
to realise that this analysis does not assume that the
domains are rigid, but simply projects the motion onto a
collective coordinate that describes the experimentally
observed relative motion of the two domains.

Rigid-body domain analysis

Rigid-body RMSD. If one can identify distinct domains,
intemal motions within the domains can be removed by
a least-squares best fit of a referente structure of each
domain to those generated in the course of a
simulation.31 Figure 8 illustrates the procedure involved.
It involves firs~uperimposing the generated confor-
matio~ of domain 1 at each time-frame on a single refer-
ence conformation of domain 1, repositioning the whole
protein accordingly. The referente conformation is the
experimental one, which is the starting conformation of
the simulation. This will field a trajectory of the motion
of domain 2 relative to domain 1, but domain 2 will still
contain internal deformations. To remove the internal
deformations, the referente conformation of domain 2 is
superimposed on each conformation of domain 2. One
then has the rigid-body motion of domain 2 relative to
domain 1. One can determine the trajectory of the RMSD
between domain 2 as it moves as a rigid body, and
domain 2 at the start of the simulation (i.e. the exper-
imental conformation). Calculating this rigid-body
RMSD relative to both the experimental open and closed
conformations gives an indication of the movement
away trom the open conformation towards the closed
conformation, or vice versa.

Rigid-body essential dynamics analysis. This analysis
was introduced in an application to a simulation of hen
lysozyme.29 It involves applying essential dynamics anal-
ysis to the rigid-body trajectory of domain 2 relative to
domain 1 (see Figure 8). Here, fluctuations were also cal-
culated trom the starting structure rather than trom the
average. Only six eigenvalues are non-zero (a rigid body
bas only six degrees of freedom), with theïr associated
eigenvectors describing the rigid-body motion of the

Rigid-body projection. The conformations along the
rigid-body trajectory described above that start from the
open structure are compared to the open to closed tran-
sition, by taking the inner products as:
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moving domain. One can quantify the similarity between
the essential modes of motion and the experimental tran-
sition by calculating the following inner product in ana-
10gy to equation (2):

~C/O = L V~C/O dXfc/o-C (4)
i

where VfnG/o is the ith component of the nth eigenvector
of the rigid-body essential dynamics analysis on the
simulation, or simulations, starting Erom the open con-
formation. An analogous quantity, 'Y~G/c exists for simu-
lations that start Erom the closed conformation. Again,
the extent to which the experimental transition can be
represented by the fust m eigenvectors is just the sum of
the square of this quantity over the fust m eigenvectors.
The sum of the square over the first six eigenvectors will
equa11.0.

In a1l the essential dynamics analyses, only backbone
atoms were used.
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