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We investigated the effect of ATP binding to GroEL and
elucidated a role of ATP in the conformational change of
GroEL. GroEL is a tetradecamer chaperonin that helps
protein folding by undergoing a conformational change
from a closed state to an open state. This conformational
change requires ATP, but does not require the hydrolysis
of the ATP. The following three types of conformations
are crystalized and the atomic coordinates are available;
closed state without ATP, closed state with ATP and open
state with ADP. We conducted simulations of the confor-
mational change using Elastic Network Model from the
closed state without ATP targeting at the open state, and
from the closed state with ATP targeting at the open state.
The simulations emphasizing the lowest normal mode
showed that the one started with the closed state with
ATP, rather than the one without ATP, reached a confor-
mation closer to the open state. This difference was mainly
caused by the changes in the positions of residues in the
initial structure rather than the changes in “connectiv-
ity” of residues within the subunit. Our results suggest
that ATP should behave as an insulator to induce confor-
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GroEL is a chaperonin that undergoes a conformational change from a closed state to an open state. This change
requires ATP, but does not require ATP hydrolysis. To investigate the role of ATP in the conformational change, we
conducted computer simulations using Elastic Network Model. We found that an ATP molecule behaves as a block-
age that induces a population shift and increases the population of conformation that can lead to the open state
conformation and decreases the population of conformation that cannot reach the open state conformation.

mation population shift in the closed state to the confor-
mation that has a pathway leading to the open state.

Key words: adenosine triphosphate, elastic network model,
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Adenosine triphosphate (ATP) binds to a protein and pro-
vides energy for chemical reactions by the hydrolysis of the
terminal phosphate [1]. The mechanisms of energy transfer
from ATP to the chemical reactions have been studied exten-
sively [1-3]. On the other hand, numerous cases have been
found where the role of ATP molecule seems to be com-
pleted before the hydrolysis reaction. The role of ATP in
these cases seems to reside in the binding itself, but the
mechanistic detail of ATP binding to the conformation of
protein remains to be elucidated [4-6].

GroEL is a tetradecamer protein found in eubacteria and it
mediates folding of unfolded proteins together with a hep-
tamer protein GroES and seven ATP molecules. The single
subunit of GroEL was initially identified as a two-domain
protein [7] and later as three, i.e. equatorial, intermediate
and apical domains [8]. We scrutinized the architecture of
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the subunit using a distance map and found that the subunit
is seemingly divided into four parts (Fig. 1A). We named
each part, equatorial (N terminus-Leul34 and Glu409-C ter-
minus), intermediate (Ser135-Glul91 and Val376-Glu408),
head (Gly192-Gly337), and arm (Glu338-Gly375) domains.
The equatorial and intermediate domains here are equivalent
to the ones in ref. 8, and the combination of head and arm
domains corresponds to the apical domain in ref. 8.

GroEL subunit takes two different conformations, namely
closed (Fig. 1B, C) and open (Fig. 1D). The transition from
closed to open conformations is thought to be essential for
chaperonin function of GroEL [9-11]. The closed confor-
mation has been observed without an unfolded protein and
GroES, and the conformation can be realized without ATP
(Fig. 1B) or with ATP (Fig. 1C). The two states in the closed
conformation, namely the closed state with ATP (P state) and
the closed state without ATP (M state), have a minor struc-
tural difference compared with the difference between closed
and open conformations. The root mean square deviation
(RMSD) of heavy atoms (all except hydrogen atoms) be-
tween P and M states of GroEL from Escherichia coli is
about 1.6 A, whereas the RMSD between P and open states
is about 12 A.

The role of ATP in chaperonin function of GroEL has been
extensively studied. Taguchi et al. demonstrated protein-
folding experiments using GroEL-GroES complex with ADP
and BeF, and proved that the chaperonin function was not
dependent on ATP hydrolysis [5]. Hartl and Hayer-Hartl
summarized that GroEL in the closed state bound to an ATP

Figure 1 The structures of GroEL single sub-
unit in P, M and open states. A. The distance map of
GroEL single subunit (4HEL_A). The cutoff dis-
tance is 30 A. B-D. The conformations of M (B), P
(C) and open (D) states. These structures are re-
trieved from Protein Data Bank (PDB) [16]. PDB
IDs of M, P and open states are 4HEL A, 1KP8 A
and 1AON_A, respectively. Equatorial domain is
colored in red, intermediate domain in green, arm
domain in magenta, and head domain in cyan. The
grey molecule in P state is an ATP analogue. The
grey molecule in D is ADP. In P state, three residues
mutated for crystallization are shown in yellow
space-filling model. Images of the structures were
drawn with PyMOL [26].

molecule, and without hydrolysis of the ATP, GroEL with
GroES transformed to the open state [12]. Hence, ATP hy-
drolysis is not required for the change from the closed to the
open conformations in GroEL and the role of ATP molecules
in conformational change is obscure.

Conformational change from the closed state to the open
state of GroEL has been a research target for computational
biology. Ma et al. performed a targeted molecular dynamic
simulation from closed to open conformations of GroEL and
found highly complicated displacement of the subunits in a
tetradecamer [13]. Tehver et al. applied their original elastic
network model method on GroEL complex and found the
critical residues within and between the subunits for positive
cooperativity that drove the transition from the closed to open
conformations. They also found that the lowest normal mode
dominated in the conformation change form the closed to the
open states [14]. Yang et al. developed an adaptive aniso-
tropic network model and described the collective dynamics
of GroEL system. They found formations of critical inter-
actions within the subunit for the transition [15]. All these
computational studies focused on the pathway toward the
open state via P state of GroEL, and none of these studies
addressed the role of ATP molecule in the conformational
change.

The previous experiments showed that the hydrolysis of
ATP is not required for the transition of GroEL from the
closed state to the open state [5], hence the energy barrier of
this transition is likely to be low, but this low energy barrier
should be high enough to be overcome only by ATP binding.



To elucidate the role of ATP binding, we here conducted
computer simulations of closed to open state transition, start-
ing with P state and with M state, targeting at the open state.
We found that M state could not reach the open state, whereas
P state could reach the open state. Based on the simulation
results, we suggest that ATP binding should cause popula-
tion change of GroEL in the closed conformation from M
state to P state by preventing P state from transferring to
other presumably dead-end conformations, and that the role
of ATP molecule should be an insulator that effectively shifts
the conformation rather than be an energy supplier.

Materials and Methods

Protein coordinate data

Protein structure data were retrieved from PDB [16]. For
structures of P state, M state and open state, we used the
coordinates of Ca atoms (from Ala2 to Pro525) in A chains
of 1KP8 [17], 4HEL and 1AON [18], respectively, all de-
rived from Escherichia coli. These three structures are
shown in Figure 1. The data in P state contain y-Thio-ATP,
an analogue of ATP molecule. The open state binds to ADP.
The sequence of the P state contains three mutated residues,
namely Argl13Gly, Alal26Val and Glu434Ala. In the present
simulations, the type of these three residues was replaced
with the native amino acid.

Simulations of conformational change

We conducted six types of simulations using two different
models, namely Targeted Network Model (TNM) and Con-
stant Connectivity Model (CCM). A brief summary of the
six simulations is shown in Table 1. The six simulations are
named TNM-P, TNM-M, CCM-PP, CCM-PM, CCM-MP,
CCM-MM. P and M after the dash are short for P and M
states, respectively.

Targeted network model (TNM)

For TNM, we conducted two types of simulations of con-
formational change from the closed states to the open state
with P and M states as an initial structure (Table 1). All het-
eroatoms, including ATP molecules, and all atoms except Ca.

(n-1)-th structure

+ AQ

+
Ql

. :Ca atom
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Table 1 Summary of simulations with two types of model

connectivity
initial structure
updated P state M state
P state TNM-P CCM-PP CCM-PM
M state TNM-M CCM-MP CCM-MM

atoms were removed. The simulation was executed through
computing normal modes of one subunit based on the Elastic
Network Model (ENM) [19], which has been applied in the
previous studies by others to simulate the conformational
change of various proteins [13,15,20]. In ENM, potential
energy was calculated by applying Tirion potential /'[19,21],

Y N
V=g | 20 (AR) |

-1, ifi#jand | R, |<r,

y

r,= 0, ifi#jand |R,[>r, .
7§éinj’ ifi=j

where R, is a distance vector between the i-th and the j-th
Ca atoms. The fluctuation in the distance vector R, is
AR, =R, — R, where R is the distance vector in the equilib-
rium. N is the total number of residues. 7', is the Kirchhoff or
connectivity matrix that shows whether two Ca atoms are
within a cutoff distance (r,). Conformational changes were
computed by repeating the following four operations (Fig. 2).

(1) Normal modes were computed on a structure using the
Tirion potential,

(2) After obtaining 3N—6 modes, five modes with the five
smallest non-zero eigenvalues were selected [14,21]. The
displacements were calculated by

5
Ag, :2::1 CL/? cos(wt + 5) ,
where Ag, is the amount of displacement on the i-th general-

ized coordinate. L® is an eigenvector of the i-th component
of the a-th normal mode, and w® is an eigenvalue corre-
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Figure 2 Schematic explanation for simulations of conformational change. First, the set of displacements {Aq,}_, , _;, for all Co atoms in the
(n—1)-th structure are calculated (N is the number of Ca atoms). {AQ,}._, , , are three dimensional vectors whose X, y and z components are Ag;, ,,
Ag;, , and Aq;,. As candidates for the n-th structure, two structures are built, by deforming the (n—/)-th structure to positive and negative directions
of {Ag,;}. Then one of them with the smaller heavy-atom RMSD against the open state is selected. If the structural consistency is preserved, this
structure is chosen as the n-th structure.



130  Biophysics and Physicobiology Vol. 13

sponding to the eigenvector L®. C, ¢ and 0 are constant val-
ues. Two structures were obtained by changing the structure
toward positive and negative directions of Ag,. Incorporating
the five lowest modes in the straightforward manner may
seem insufficient for searching for the next conformation
and all possible combinations of modes may be examined
for the next conformation. According to the previous work
on GroEL by Tehver et al. however, the lowest mode domi-
nated in the transition from the open to the closed states and
all other modes played insignificant roles in the conforma-
tional change [14]. In our calculation therefore, we took ad-
vantage of this result and considered only the lowest mode.
Remaining four low modes were included as perturbation
terms about the lowest mode,

(3) Full atom structures except hydrogen atoms of the two
conformations were reconstructed on PULCHRA [22], and

(4) Heavy-atom RMSDs between each of these recon-
structed structures and the open state were calculated. Out
of the reconstructed two structures, the one with the smaller
RMSD was chosen as a new structure.

At each cycle of (1)—(4), we assigned the secondary struc-
ture with DSSP [23], and calculated the ratio of the number
of Ca atoms that assumed helices in a computed structure to
that in the initial structure. If the ratio was less than 0.65, the
structure was regarded as broken. In addition, if the dis-
tances between the adjacent Ca atoms on the primary struc-
ture were out of the range between 3.6 and 3.9 A, the struc-
ture was also regarded as broken. When a structure was
broken, the other structure that had not been selected previ-
ously due to its larger heavy-atom RMSD would be selected.
If there is a relatively high-energy barrier on the way, the
structure should break, so that the simulation halts (dead-
end) or starts to find another path. Each simulation was con-
tinued until the maximum of the gradient over the latest
1,500 cycles in the value of heavy-atom RMSD against the
open state became less than 10°. Among all computed struc-
tures, one that had the smallest heavy-atom RMSD against
the open state was selected as the final structure.

Constant connectivity model (CCM)

We conducted four types of simulations with CCM (Table
1). The difference between TNM and CCM lies in the con-
nectivities employed. In TNM, connectivity or Kirchhoff
matrix was updated at each cycle, whereas in CCM the con-
nectivity was constant throughout the simulation. We ap-
plied the connectivity of either P state or M state at every
cycle. The other operations are the same as those of TNM

(Fig. 2).

Determination of the parameters r, and y

The parameter to determine the maximum length of con-
nectivity »,, was determined in such a way that more than
two but no more than six eigenvalues in the first step of the
simulation were effectively zero (Jeigenvalue| < 107'°). The
parameter to determine the strength of connectivity (Hooke’s

constant) in the Tirion potential, y, was determined as a max-
imum value in the range where non-negative eigenvalues for
all the calculations were found.

Results and Discussion

Of the six types of simulations, the simulations over the
models of TNM-M, CCM-MM, CCM-MP, CCM-PM and
CCM-PP converged by 5,000th cycle, and the simulation
over the model of TNM-P converged at 7,317th cycle. In the
following discussion, only the converged trajectories are
used and dead-end trajectories (with broken covalent bonds
or broken helices) were discarded.

TNM-P reaches the open state whereas TNM-M does not

The final structures obtained from the simulations of
TNM-P (simulation from P state to the open state) and
TNM-M (simulation from M state to the open state) are
shown in Figure 3. The heavy-atom RMSD between the
final structure in TNM-P and the open state was about
6.4 A, and that in TNM-M was about 8.1 A. TNM-P evi-
dently approached the open state better than TNM-M. To
identify the differences in the final structures of TNM-P and
TNM-M, we compared the two structures using a difference
map, a map that shows the subtraction of a distance map of
TNM-M from that of TNM-P (Fig. 4). One of the most out-
standing features in the difference map was found in the arm
domain. The arm domain was the only domain that has neg-
ative (blue) distances with all other domains (Fig. 4). This
result indicated that the direction of the movement of the
arm domain in TNM-P and TNM-M was opposite from each
other. This difference in the direction of the movement seems
to depend on the difference in the initial structures of P and
M states, as shown in the structural comparison on the initial
several steps of each simulation by DynDom [24] (Fig. 5).
The arm domain and the head domain in TNM-M rotated
together against the upper part of the intermediate domain.
In TNM-P, however, the arm domain, by making the region
connecting the arm and head domains as a pivot, shifted
toward the head domain. The difference in the rotation move-

Figure 3 The final structures in TNM-P (left) and TNM-M (right).
The coloring is the same as Figure 1. The figures were drawn with
PyMOL [26].
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Figure 4 Difference map between TNM-P and TNM-M. The map
shows the subtraction of the distance maps of the final structure in
TNM-M from that in TNM-P. Boundaries between domains are shown
in black. Difference in the relative location of domains emphasized by
the green box is further discussed in Figure 7.

ment in TNM-M and TNM-P that appeared in the early stage
of the simulations was apparently exaggerated in the remain-
ing stages of the simulations and ended in a noticeable dif-
ference in the difference map.

Other noticeable differences in the distance map were
marked with a green box in Figure 4. The intersections be-
tween equatorial(N) and head domains and between head
and equatorial(C) domains were colored in dark red. These
differences indicated that the distances between these do-
mains of the final structure in TNM-P were further than those
in TNM-M. The intersections between equatorial(N) and
intermediate(C) domains, between intermediate(N) and arm
domains, and between intermediate(C) and equatorial(C)
domains were colored in dark blue. It was shown that the
distances between these domains of the final structure in
TNM-P were closer than those in TNM-M. We found that
these differences can be quantified by three variables as
depicted in Figure 6, namely the angle (6) formed by two
lines drawn between the geometrical centers of the head
and intermediate domains, and between those of the inter-
mediate and equatorial domains, the distance (R/) of the geo-
metrical centers between the equatorial and intermediate
domains, and that (R2) between the intermediate and arm
domains. These variables characterize the distances between
the equatorial and head domains, between the intermediate
and equatorial domains, and between the arm and interme-
diate domains, respectively.

The time evolution of 6 during the simulations is shown in
Figure 7A. In the trajectories of TNM-P and TNM-M, the
increase in the angle indicated that the GroEL in closed
state stood up. This movement was also noted in a cryo-
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Figure 5 The domain movement in the first several steps in
TNM-P and TNM-M. The two figures show the domain movement in
the first several steps in TNM-P and in TNM-M analyzed by DynDom
[24]. Red domains are the ones that move mostly. Green domains are
the ones fixed in the analysis. Grey bars are the axis of the rotation.
Blue arrows indicate the direction to which red domain rotates. These
figures were drawn with PyMOL [26].

@ : center of each domain

Figure 6 Diagrams of the quantities for measurement. Magenta
circles indicate the positions of the geometrical center of the atoms in
each domain. 6 is the angle between two yellow lines. R/ and R2 are the
lengths (distances) shown by blue and green lines, respectively.

electron microscopy measurement [25]. The change in dis-
tance R/ during the simulations is shown in Figure 7B. In the
trajectories of TNM-P and TNM-M, the distance decreased,
indicating that the intermediate and equatorial domains ap-
proached each other. This movement was also noted in the
molecular dynamics simulation by Ma et al [13]. The trajec-
tory of the distance between the geometrical centers of the
domains shown in Figure 7C indicates that the changes in
the distance of TNM-P and TNM-M were completely differ-
ent throughout the simulations. The trajectory of TNM-P
went down and reached the value close to the distance found
in the open state (about 22 A), whereas the trajectory of
TNM-M steadily went up.

Qualitatively speaking, the current simulations showed
that TNM-P was capable of reaching the open state, whereas
TNM-M was incapable of it. Therefore, the function of the
ATP molecule is either to induce the conformational change
from M state to P state or to shift the conformational popula-
tion from M state to P state. The small RMSD between the
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Figure 7 The time evolution of the characteristic quantities in struc-
tures computed on TNM and CCM. Line graphs show the changes in
the angle 6 (A), the distance R/ (B), and the distance R2 (C) in Figure
6 from initial to the final structures.

two closed states suggests that the two states are reachable
with each other without imposing high energy. A normal
mode analysis between the two closed states showed that M
state exhibited a strong tendency to approach P state [15].
These results are consistent with the fact that ATP plays a
physical role that affects the deformation of GroEL by its
existence, rather than a chemical role that provides high
energy for conformational change. If this is the case, M and
P states are reachable from each other and there could be a

Figure 8 A possible dimer structure in the tetradecamer built on
the final structure of TNM-P (left) and TNM-M (right). Each complex
consists of the same computed subunits. Each final structure was aligned
to a subunit of the 14-mer structure of the open state. The yellow circle
in TNM-M shows clash between the subunits. Docked structures were
built with PyMOL [26].

path between the two states. In reality, though, ATP binding
is required for GroEL deformation and deformation from M
state to the open state through P state without ATP has not
been observed. The possible explanation of this behavior,
based on the results of our calculations, is that M state has at
least two major paths for the conformational change, and
one is directed close to the ‘open state’ and the other to P
state. Without ATP, the path directed close to the ‘open state’
should be wide-open and this is the path we found in the
simulation as dead end. With ATP, the path to the dead-end
‘open state’ as well as other possible states are blocked and
the path to the P state remains. The path is a detour to the
open state, but reachable to the open state. M and P states are
likely in equilibrium, where the population of P state is much
smaller than that of M state before ATP binding but the pop-
ulation of P state increases after ATP binding. The role of
bound ATP molecule is, hence, likely to be an insulator to
shift the population from M state to P state.

Potential of forming a multimer during the conforma-
tional transition

For the transition from the closed to the open states, the
multimer configuration is maintained so that the conforma-
tional transition of the single subunit should not interrupt the
subunit interactions. Conceptual multimers of GroEL based
on the final structures of the simulations are shown in Figure
8. The figure shows a dimer in the tetradecamer structure
generated by superimposing the final structures onto the
structure of GroEL open state. Evidently, the dimer structure
derived from the result of TNM-M simulation had a clash
between the two subunits, namely the arm domain of one of
the subunits overlapped the other subunit. On the contrary,
no serious clash was observed in the dimer structure of
TNM-P. Note that the dislocation of the arm domain in
TNM-M was suggested by the difference map and DynDom
analyses on TNM-P and TNM-M. The direction of the rota-



Figure 9 ATP-binding site in the final structure of TNM-P. The
molecule in the center is an ATP analogue. The grey line is the back-
bone of the final structure. The pink region is a part close to the ATP
analogue in the intermediate domain. Residues in cyan are ones in the
equatorial domain around the ATP analogue. This figure was drawn

with PyMOL [26].

tion of the arm domain in TNM-M is the cause of the clash
and these hypothetical models suggest that TNM-M is not
capable of forming a multimer while TNM-P is. The final
structure found in TNM-M is, therefore, likely a hypotheti-
cal structure achievable only in the simulation.

Possible steric effect of ATP on the conformation change
in GroEL

In our simulations, ATP molecule was removed. In the
structure of P state, an ATP molecule bound to the cleft
formed between the intermediate and equatorial domains of
GroEL (Fig. 1). Simulation over the model after removing
the ATP molecule on the P state may have resulted in the
collapse of the space in the cleft and relocated the domains
to the positions that were close-by. Considering this effect,
there was a possibility that the movement of the intermediate
domain in TNM-P had been an artifact. In order to reject the
possibility of the artifact, we tested whether the final struc-
ture was capable of binding an ATP molecule. We super-
imposed the equatorial domain of the initial and the final
structures of TNM-P and transferred the coordinates of the
ATP analogue bound to the initial structure to the final struc-
ture (Fig. 9). In the final structure, ATP analogue was located
in a pocket (cyan) that corresponds to the pocket of ATP
analogue in the initial structure. The intermediate domain
(pink) in the final structure did not overlap the ATP mole-
cule. Hence the domain relocations we found in the simula-
tion without ATP molecule was less likely to be the effect of
the artificial removal of ATP.

Analyses of the effect of ATP on intra-subunit interaction

So far, the simulations suggested that a direct path from M
state to the open state should be a dead-end and that P state
should have a path to the open state. In these simulation
systems, the differences between the M and P states are the
location of Ca atoms and the connectivities (interactions) of
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Ca atoms. Hence either of them or both of them should be
the factors to cause the difference in the final structures.
These factors cannot be separated in the real world experi-
ments, but can be separated in a computer simulation. By
employing connectivity of M state to P state and conduct a
simulation, one can test whether the initial locations of
atoms or the initial intra-subunit interactions is the main fac-
tor for paving the path to the open state. We, therefore, con-
ducted four types of simulations with CCM. The simulations
are summarized in Table 1.

In order to compare the features of the computed confor-
mational changes, we measured the same angles and dis-
tances as we did on the results with TNM (Fig. 6). The tra-
jectories of angle 6 and distance R/ in CCM simulations had
areasonable similarity to the ones in TNM simulations in the
time evolution (Fig. 7A, B). However, the trajectories of
distance R2 were divided into two groups (Fig. 7C). The
computed structures in CCM-MM and CCM-MP had the
similar features to the result of TNM-M, while the computed
structures in CCM-PM and CCM-PP had features similar to
the result of TNM-P. The simulations in the former group all
started with the conformation in M state, whereas those in
the latter group started with the conformation in P state.
These results strongly suggest that the time evolution of con-
formational change should depend on the types of initial
structures. This result indicated that the difference of con-
nectivity between M state and P state had a minor effect on
the conformational change and that the initial location of
atoms dominates the time evolution of the conformation.

Role of ATP in GroEL conformational change

In the present simulations, we obtained the following
results. (1) M state hardly reaches the open state, (2) P state
likely reaches the open state, (3) M state with connectivity of
P state hardly reaches the open state, and (4) P state with
connectivity of M state likely reaches the open state. These
results clearly demonstrates that the structural changes in the
closed state are the major factors for the transition of GroEL
from the closed to the open state, and that the changes in the
interacting residues through the transition from the closed to
the open states are non-essential.

The two conformations of GroEL in the closed state are
likely to be reachable with each other without poring energy
into its conformational change, because the difference is
subtle and a normal mode analysis suggested the path be-
tween the two [15]. An ATP molecule is known to keep its
y-phosphate during the transition from the closed to the open
states [5]. Hence the essence of ATP-binding is the shift in
the populations of two closed conformations toward the one
that is in a path leading to the open state. The ATP molecule
is suggested to regulate the conformational change from
closed to open states by shifting GroEL closed state to
another stable state rather than by changing interactions
within or outside of GroEL. This role of ATP is likely imple-
mented by blocking paths of the conformation change of
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GroEL to M state and other possible states.

The role of ATP molecules is generally discussed over the
hydrolysis of the y-phosphate and the release of the high
energy. In the binding of ATP to GroEL, hydrolysis of the
molecules has long been known to have no direct relation to
the conformational transition from the closed to open state
[5], but without ATP, the transition will not be realized [7].
Based on the present simulation, the role of the ATP mole-
cule is suggested as an insulator that prevents GroEL from
shifting to the conformational pathway that does not reach to
the open state. The current results further suggest that other
molecules that resemble ATP in their structure but not in
their chemical property can function as insulators for GroEL
conformational change.
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