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The Open Nucleotide Pocket of the Profilin/Actin X-Ray Structure Is
Unstable and Closes in the Absence of Profilin
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ABSTRACT The open nucleotide pocket conformation of actin in the profilin:actineCaATP x-ray structure has been hypoth-
esized to be a crucial intermediate for nucleotide exchange in the actin depolymerization/polymerization cycle. The requirement
for ancillary modification of actin for crystallization leads to ambiguities in this interpretation, however. We have used molecular
dynamics simulations to model the thermodynamic properties of the actin x-ray structure, outside the crystal lattice, in an aque-
ous environment with profilin removed. Our simulations show that the open-nucleotide-pocket, profilin-free structure is actually
unstable, and closes. The coordination of actin to the nucleotide in the molecular-dynamics-derived closed structure is virtually
identical to that in the closed profilin:actineSrATP x-ray structure. Thus, there is currently no thermodynamically stable structure

representing the open-nucleotide-pocket state of actin.

INTRODUCTION

The cycling of actin between the monomeric G-actin species
and filamentous F-actin is a dynamic process, with the equi-
librium between the two species dependent upon immediate
cellular needs. The transition serves as an integral part of the
function of eukaryotic cells, with polymerized F-actin both
providing a structural role in cells and functioning as an oblig-
atory component of myosin-based motility (1). The initial
x-ray structure of G-actin showed it to be a globular protein
comprised of four contiguous subdomains (Fig. 1) (2). There
is a nucleotide-binding site between the lobes of the protein
formed by subdomains 1 and 2, and by subdomains 3 and 4,
with the nucleotide interacting with all four subdomains.
Although modulated by actin-associated proteins, ATP at the
nucleotide site of G-actin favors polymerization at the barbed-
end of the actin filament, whereas the posthydrolysis, ADP-
bound state favors depolymerization at the pointed end
(reviewed in Pollard et al. (3) and references therein). The
requirement for nucleotide exchange in a polymerization-
depolymerization cycle has been taken to imply that an opening
and closing of the nucleotide-binding site is associated with
movements of the subdomains, and that these nucleotide-
dependent domain movements are involved in the G-/F-actin
transition. Thus, there has been intense interest in attempting to
understand the relationship between subdomain movements in
actin, the opening and closing of the nucleotide site, and the
bound nucleotide.
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The most compelling, and frequently quoted, structural
evidence for an open conformation of the actin nucleotide
site has come from the x-ray crystallography structure of the
open nucleotide binding site structure of the profilin:ac-
tineCaATP complex. This open nucleotide site conformation
(Protein Data Bank 1HLU (4)), coupled with previous
observations that profilin promotes nucleotide exchange
(5-8), has led to wide postulation that this structure is the
open structure of actin for nucleotide exchange (reviewed in
Schuler (9) and Sablin et al. (10), and references therein).
Others have challenged this assignment (11,12).

Difficulties arise with interpretation. This is due to the fact
that x-ray structures of actin have only been possible when
the polymerization of G-actin has been inhibited either by
complexing G-actin with ancillary proteins such as DNAase,
profilin, gelsolin, vitamin D-binding protein, etc. (2,4,13—
16), by complexing it with drugs (17), or via covalent
modification of actin by the binding of organic molecules
(11,12). Ambiguities thus arise as to whether the properties
of the x-ray structures of the modified proteins represent true
properties of actin or are simply the result of the modifica-
tions necessary for crystallization. All current actin x-ray
structures have a closed nucleotide-binding site, with the single
exception of the profilin:actineCaATP structure (4) discussed
above.

Molecular dynamics (MD) simulations can provide a
valuable tool for helping to sort out the ambiguities present
in the x-ray database associated with protein modification.
For MD simulation, the ancillary bound proteins or covalent
modifications can be easily removed. The thermodynamic
properties of the remaining native protein in the absence of
crystal packing forces can then be examined in a modeled
aqueous environment under physiological conditions. Of
equal importance, parallel MD simulations with retention of
the ancillary protein modification can further provide control
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FIGURE 1 Open-nucleotide-pocket x-ray structure of actineCaATP

without profilin (cyan, Protein Data Bank 1HLU) and the structure after
1000 ps of MD simulation (fan) are shown. Structures have been
superimposed via a least-squares distance minimization (Ca coordinates)
of subdomains 3 and 4. The four subdomains of actin are labeled. ATP is
shown in purple. The nucleotide-binding site has closed in the tan structure
due to a 4.5-A displacement of subdomain 1 (a significant component is out
of the plane of the page) and a 12° rotation of subdomain 2, both movements
relative to subdomains 3 and 4. The Ca-Ca distance across the ATP
triphosphate-binding domain decreases by 2.6 A. R335 is shown in magenta.
A Protein Data Bank format file (Word) of the structure of actineCaATP
with profilin removed after 1000 ps of MD simulation is available at http://
www.math.wsu.edu/faculty/pate/actin_1000ps.doc.

comparisons with the x-ray crystallography results. We use
this approach to demonstrate that the open nucleotide-site
actin structure is unstable in the absence of profilin, and
closes to a structure with a nucleotide site resembling that in
the closed profilin:actineSrATP x-ray structure (13).

METHODS

Molecular dynamics simulations were performed using the Amber 7 (18)
suite of codes and the Cornell force field (19). The structures of profilin:
actineCaATP (Protein Data Bank 1HLU, ref. (4)) and profilin:actineSTATP
(Protein Data Bank 2BTF (13)) were used as the starting points for
simulation. For simulations in the absence of profilin, the coordinates
of profilin were manually edited out of the PDB file. For simulations of
nucleotide-free actin states, ATP and the metal ion were also edited out of
the file. To substitute between STATP and CaATP at the active site, ATP was
retained in the PDB file and the metal ion alone was changed. ADP was
simulated at the nucleotide site by deleting the <y-phosphate moiety from
ATP in the PDB file. Charges for ATP and ADP were determined by first
performing a single-point energy calculation at the Hartree-Fock level of
theory using a 6-31G* basis set to obtain electrostatic charges. These are
then fit to the molecules using the restrained electrostatic potential procedure
(20). Van der Waals parameters for Ca®>" and Sr>* were taken from Aqvist
(21). The tLeaP module of Amber 7 was used to add hydrogens to the x-ray
structures for simulation. Histidines were protonated as appropriate for their
local environment. Na® counterions were then added to produce overall
charge neutrality. A box of TIP3P water molecules (22) was used to solvate
the system, with a 10-A border between the edge of the box and the closest
point on the protein surface. The total size of all simulations was >78,000
atoms.
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The entire protein-water system was energy-minimized using 500 steps
of the steepest descent algorithm and a subsequent 500 steps of the conjugate
gradient algorithm. The minimized system was then gradually heated and
maintained at 300 K using the Berendsen algorithm (23) for maintenance of
temperature via coupling to an external bath. The particle-mesh Ewald
procedure (24-26) with a nonbonded cutoff of 8 A was used to handle
electrostatic interactions. MD simulations employed the SHAKE algorithm
(27) and a 2-fs time step. More limited simulations employing a 0.1-fs time
step yielded similar results. Unless otherwise stated, all simulations were for
1000 ps. Periodic boundary conditions were employed at constant pressure.
Simulation results were visualized using the Midas (28) and Chimera (29)
molecular graphics suites of codes.

RESULTS

We performed MD simulations based upon the open
nucleotide site profilin:actineCaATP x-ray structure (4) to
investigate the implications of protein modification. The
results of these simulations were compared with simulation
of the corresponding profilin:actineSrTATP structure (13)
from the same laboratory, but containing a closed nucleotide-
binding site. Two simulations were initially done. In the first,
the profilin:actineCaATP structure with an open nucleotide-
binding site was taken directly from the Protein Data Bank
and simulated in a full box of explicit waters. The MD
simulation showed virtually no change in the structure. The
open nucleotide-binding site remained open. The root mean-
square (RMS) displacement (Ca atoms) between the profilin:
actineCaATP x-ray structure and the stable structure obtained
after 1000 ps of MD simulation was <0.2 A. Thus, the MD
simulation and x-ray crystallography agree that the open-
nucleotide-site, profilin:actineCaATP x-ray structure is stable
under modeled physiological conditions. For the second
simulation, profilin was now deleted from the x-ray structure
of the profilin:actineCaATP complex. The open nucleotide
site of the remaining, isolated G-actin x-ray structure now
rapidly closed down during the MD simulation. Profilin binds
across both subdomains 1 and 3 of actin (4,13), making it
structurally plausible that profilin could be stabilizing an
otherwise globally strained conformation (see Fig. 1). Indeed,
the major portion of the conformational change observed
occurred within the first 200 ps of the MD simulation,
demonstrating that the profilin-free actin complex was indeed
quite unstable. The RMS displacement of the MD-simulated
structure as a function of time from the initial x-ray structure is
shown in Fig. 2.

More important, the open nucleotide site evolved into a
closed structure topologically similar to that previously
described in the related x-ray structure of the profilin:
actineSTATP complex from the same lab containing a closed
nucleotide site (13). Comparison of the initial open actin
structure and the MD-simulated closed actin structure obtained
after 1000 ps of simulation showed a clamshell closing of the
nucleotide site resulting from movements of subdomains 1 and
2 relative to subdomains 3 and 4 (Fig. 1). The transition from
the open to the closed conformation could be modeled by
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FIGURE 2 Root mean-square displacement of the MD-simulated ac-
tineATP structure in the absence of profilin as a function of time. The
nonzero intercept (@) represents the displacement that occurred during the
energy minimization process after removal of profilin. A new equilibrium is
reached after ~500 ps.

changes in backbone ¢-angles of —5° at R335 and of —10°,
12°, —16° and —13° at A138, G146, R147, and T149,
respectively, in the open-nucleotide-site structure. The impor-
tant point in comparing the MD simulation results with
previous crystallographic analysis is that R335 and the
spanning «-helix and adjacent loop between subdomains
1 and 3 containing amino acids 138-149 (Fig. 1) are the
identical structural elements that have previously been iden-
tified as being involved in the closing of the nucleotide pocket
in the actin x-ray structures (4,11,13,30). Further evidence for
changes in the vicinity of R335 and the spanning a-helix
comes from the observations that the average magnitudes of
the differences between ¢/if-angles (average A¢p and Ay) in
the open x-ray structure and the MD-simulated structure in the
region P333-Y337 are 21.7°/25.2° and 11.8°/11.4° for the
region A138-T149. The MD simulation thus reproduces
previous crystallographic observations. The net effect is a
rotation and translation of subdomains 1 and 2 relative to
subdomains 3 and 4, as shown in Fig. 1. An examination of the
RMS displacement of the MD-simulated, closed-nucleotide-
site actin structure as a function of time demonstrated that a
new equilibrium had been reached at 1000 ps (Fig. 2).

The MD simulation with profilin removed yields a 2.6-A
closing of the triphosphate-binding pocket (distance mea-
sured as S14 < G158, Ca <> Ca). This is virtually identical
to the 2.7-A closing observed between the open and closed
x-ray structures of the profilin:actineATP x-ray complexes
(4,13). Fig. 3 shows in greater detail the correspondence
between the nucleotide-binding domains. As is evident in
Fig. 3, the hydrogen bonding patterns are virtually identical.
Hydrogen atoms cannot be resolved in x-ray structures, but
are present in the MD simulation, which must be taken into
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consideration when comparing hydrogen bond lengths. The
only difference between the interactions of protein with the
nucleotide is that a water molecule is trapped in the closing of
the nucleotide-binding site in the MD simulation, mediating
hydrogen-bonding interactions between the backbone amide
groups of G15 and M 16 with the 3-phosphate of ATP. These
are instead direct hydrogen bonds in the closed profilin:
actineSrATP x-ray structure (red hydrogen bonding patterns,
Fig. 3). The water appeared at the nucleotide site during the
initial solvation of the x-ray structure in a box of explicit water
molecules, and remained stable for the duration of the simu-
lation. After MD simulation, H73 also now forms a hydrogen
bond across the cleft to the backbone oxygen of G158 as seen
in the closed x-ray structure. The hydrophobic interaction of
the adenine ring with the ethyl groups on the side chain of
E214 is also preserved (detail not shown in Fig. 3). The crucial
point that must be considered in the evaluation of the results
of an MD simulation is the degree to which the atomic-
level force field employed in the simulation accurately cap-
tures the true forces involved. The existing x-ray structure of
the closed-pocket, actinenucleotide structure (13) serves as
the gold standard for this comparison. As shown above, our
results indicate excellent agreement between the closed
structure to which the MD simulation evolves and an actual
X-ray structure.

An additional advantage of MD simulation is that we
could perform the following control simulations to provide
additional confidence in the conclusions. 1), MD simulations
of the closed nucleotide site profilin:actineSrATP structure
remained closed whether profilin was present or absent. 2),
MD simulations of the structure resulting from the substi-
tution of STATP for CaATP, or with the elimination of CaATP
(apo structure) in the profilin:actineCaATP x-ray structure,
while retaining profilin, remained open. 3), MD simulation of
the structure resulting from the substitution of SrATP for
CaATP in the actineCaATP structure (profilin removed for the
simulation) showed a closing of the nucleotide site. 4), MD
simulation of the profilin:actineCaATP structure with profilin
removed and CaATP replaced with CaADP showed a closing
of the nucleotide site. 5), MD simulation of the profilin:ac-
tineCaATP structure with both profilin and CaATP removed
(open apo structure) continued to show a closing of the
nucleotide site. This latter simulation implied that the domain
movements we were seeing were the result of instabilities
generated in the fundamental protein structure resulting from
the interaction with profilin, and not simply the result of
charge effects at the nucleotide site. In summary, all com-
binations of closed x-ray structures examined remained closed
during MD simulation. All combinations of open profilin:
actinenucleotide complexes remained open. In the absence of
profilin, all open actin structures closed down. These control
simulations provide further confidence in the generality of our
conclusions. The open structure in the absence of profilin
evolves into a structure homologous to other closed actin
structures. We also note that in all simulations, with and
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FIGURE 3 (A) Hydrogen-bonding pattern of the closed nucleotide site of profilin:actineSrATP x-ray structure is shown. (B) The hydrogen-bonding pattern
after 1000 ps MD simulation of the profilin:actineCaATP x-ray structure with profilin removed is shown after the nucleotide site had closed. Adenine is omitted
from the structures of ATP to enhance detail. (C) Distances in the open profilin:actineCaATP x-ray structure are shown for comparison. Hydrogen atoms are
not resolved in the x-ray structures. They are present in the MD simulation. In A and B, the two hydrogen-bonding patterns are virtually identical. The only
difference is that a water molecule is trapped during the closing of the nucleotide pocket in the MD simulation (right) and now mediates the hydrogen bonding
to the B-phosphate moiety of ATP. Green dashed lines show hydrogen bonds conserved between the two closed structures (A and B). Red dashed lines show the
water-mediated hydrogen bond. Color scheme: cyan, hydrogen; gray, carbon; red, oxygen; and blue, phosphorus.

without profilin, the DNAase binding loop (D-loop) remained
a loop.

DISCUSSION

The dynamic polymerization/depolymerization cycle of
actin requires nucleotide hydrolysis and exchange of ADP
for ATP. Thus, considerable effort has been directed at
identifying nucleotide-site conformational changes and their
relationship to the global conformational changes associated
with polymerization. Studies using proteolysis, fluorescence,
and binding as the reporter signal (31-38) have all been
consistent with the presence of nucleotide-site conforma-
tional changes in actin. Recent control experimental inves-
tigations taking advantage of a known x-ray actin structure,
however, have suggested that these localized reporter signals
may not always signal a nucleotide cleft opening (39).
Electron microscopy reconstructions of actin filaments have
implied that the actin cleft is more open in the ADP-bound
state compared to the ATP-bound state (10,40). However,
these EM studies were done with yeast actin, which may
show significant differences from vertebrate skeletal muscle
actin. The presence of open nucleotide sites in the x-ray struc-
tures of proteins such as nucleotide-free and glucose-free
hexokinase (41), nucleotide-free Arp2, Arp3 (42), and ParM
(43), all of which share the homologous ‘‘actin fold’’ (44), has
further argued for an open state in actin (11). It is important
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to emphasize that our results do not preclude an open state in
actin. However, they do indicate that a stable atomic level
structure is not in hand, and conclusions based on the present
open structure must be evaluated with this in mind.

In summary, our results support previous suggestions
that profilin facilitates nucleotide exchange in actin (5-8).
However, the MD simulations imply that profilin does so by
stabilizing an otherwise thermodynamically unstable, open-
nucleotide-pocket state of actin. The MD simulations imply
that the open-nucleotide-site actin structure state is not on the
in vivo nucleotide-exchange pathway.
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were also supported by a grant from the National Science Foundation
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University of California at San Francisco Computer Graphics Laboratory,
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