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Though biochemical data upholds that ATP hydrolysis induces an opening of the nucleotide binding cleft,
crystal structures of the G-actin in the absence of profillin represent the closed structure, regardless of the
bound ATP/ADP. Analysis of small angle X-ray scattering (SAXS) intensities confirmed that ATP hydrolysis
increases the radius of gyration (R¢) and maximum linear dimension (Dnyax) of G-actin molecules from
22.3 to 23.7 Aand 70 to 78 A, respectively. Kratky analysis confirmed that G-actin molecules behave like
globular scattering particles regardless of the bound nucleotide state. Shape reconstruction using dummy
residues and inertial axes overlay with known crystal structures confirmed that the ATP or AMP-PNP
bound G-actin adopts a compact shape, and the nucleotide binding site opens up with ATP hydrolysis.

Importantly, our ADP-state model resembled the open shape seen for B-actin and hexokinase.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Actin is a highly conserved, multifunctional protein and is
essential for a vast number of processes in a cell including cell divi-
sion, cell motility, cell signaling, intracellular organelle trafficking,
etc. [17]. Actin can exist in monomeric or globular (G-actin) and in
associated or filamentous form (F-actin). The dynamic equilibrium
between G- and F-actin forms the basis of the remodeling/mainte-
nance of the cytoskeleton by the eukaryotic cells [13]. The confor-
mation of the nucleotide binding cleft of G-actin remains
debatable. The reason is that the nucleotide binding pocket has
been refined in closed conformation in all the crystal structures
of G-actin irrespective of the phosphorylation state of the nucleo-
tide, except the crystal structure of B-G-actin bound to profillin [4].
These observations contradict the biochemical data that supports
nucleotide hydrolysis accompanied conformational changes in G-
actin, similar to the changes seen in the structures of hexokinase,
glyceraldehydes-3-phosphate dehydrogenase (GAPDH) and alco-
hol dehydrogenase (ADH) which have ATP-binding folds similar
to actin. [4]. Based on crystallographic and biochemical studies,
each of these proteins has two major domains which have been
speculated to undergo large-scale shift in their position relative
to each other upon ligand binding [7]. Despite these expectations,
the open state of G-actin has been seen only in the case of B-actin
bound to profillin, where the subdomains 2 and 4 are away from
each other, thus making the nucleotide binding cleft between them
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distinctly accessible to bulk solvent [4,23]. Earlier studies based on
partial enzymatic digestion [19,14] support that the molecule is
significantly more susceptible to cleavage in the ADP state com-
pared to the ATP state, implying a more open conformation [4].
Yet, this structure never established that the actin can adapt an
open shape on its own.

The closed conformation of actin in all but one of the crystals
may be because of two reasons. Firstly, the small difference in
the free-energy of the open and closed conformations may render
the nucleotide binding cleft susceptible to the forces of crystal
packing, thereby favoring the closed conformation [15]. Secondly,
the presence of the different crosslinking agents and/or bound pro-
teins may disrupt the y-phosphate sensing mechanism so that the
conformation of the nucleotide binding cleft becomes insensitive
to the phosphorylation state of the nucleotide [8]. Earlier, it has
been suggested that the subdomain movements affect signal trans-
duction across different parts of the actin molecule [5]. Overall, we
feel that a holistic understanding of the effect of phosphorylation
state of the bound nucleotide on the shape of actin is crucial to
understand the biophysical properties of G-actin (as well as F-
actin). For G-actin, an unequivocal evidence for the opening of
the nucleotide cleft will provide a plausible explanation for the
differential binding affinities of a number of proteins including
profillin, thymosin beta 4 and actin-depolymerization factor
for the G- and F-forms of actin [2,11,3]. For F-actin, open vs.
close shapes may provide a template structure of an F-actin pro-
tomer which reliably fits in the electron microscopy models of
ADP-F-actin [1]. Here, we report SAXS data analysis and structures
restored for muscle G-actin bound to non-hydrolyzable ATP
analog, AMP-PNP and at multiple time points during the course
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of hydrolysis of ATP to ADP. Overcoming the need for a diffractable
single crystal or a monophasic system essential for NMR based
studies, our SAXS data analysis and modelling show that G-actin
undergoes a distinct conformational change upon the hydrolysis
of ATP to ADP. Our results clearly show that ADP-bound G-actin
adopts a solution shape which is much more open and resembles
the proposed hexokinase-like shape.

2. Materials and methods
2.1. Actin extraction from chicken muscle

Actin was extracted from chicken breast muscle by employing
the protocol detailed by Spudich and coworkers with minor mod-
ifications [18]. Briefly, actin was solubilized by suspending the ace-
tone muscle powder in pre-chilled G-buffer (0.2 mM Tris, 0.2 mM
CaCl;, 0.2 mM ATP, 0.5 mM 2-mercaptoethanol, pH 8) at 4°C.
Polymerization of the actin was induced by the addition of
50 mM KCl and 2 mM MgCl, at room temperature for 2 h followed
by addition of solid KCI with continuous stirring at 4 °C to the final
concentration of 0.8 M. Polymerized actin was collected by the ul-
tra centrifugation at 40,000g for 2.5 h at 4 °C and the pellet was
thoroughly washed and softened by overnight incubation in G-
buffer. The softened pellet was homogenized thoroughly and kept
for extensive dialysis against G-buffer for 3 days with buffer
exchange containing fresh aliquot of ATP at every 24 h. Finally,
G-actin was obtained by centrifugation at 40,000g for 2 h and con-
centration was determined by measuring the optical density at
290 nm (OD 290 nm~0.62, 1 mg/ml). Purity of the G-actin samples
was affirmed by presence of a single band close to 40 KDa in
SDS-PAGE (8% cross-linking). Protein concentration during data
collection was re-estimated using observed intensities for standard
samples. Particle size determination of monomeric actin was done
by measuring diffusion coefficient values using a Dynamic Light
Scattering (DLS) instrument (DelsaNano C, Beckman Coulter).

2.2. Synchrotron SAXS data acquisition and analysis

The dialysis buffer for G-actin was changed every 24 h with
fresh ATP. 12 h prior to SAXS experiments, G-actin was distributed
in three parts. One part was dialyzed against G-buffer containing
AMP-NP (with two changes), second part was dialyzed with buffer
containing fresh ATP (with two changes) and third part was left as
such. These experiments were carried out using AMICON dialysis
cassettes and at 4 °C. SAXS data were collected at different time
points from G-actin dialyzed against AMP-NP and ATP buffers
(and the dialysis buffer). All SAXS data were acquired at X9 beam
line in National Synchrotron Light Source (Brookhaven National
Laboratory, NY) and analyzed as described previously [6]. For each
individual experiment, 200 pl of protein solution and matched buf-
fer were exposed to X-rays for 60 s at a flow rate of ~50 pL/min
(three runs). The scattering images were collected on Pilatus detec-
tors. The beam centre and the distance between the sample and
the detector was determined using scattering data from silver beh-
enate powder. The transmission counts at the beam stopper were
used to scale the images. Circular averaging was done for both pro-
tein solutions and buffers, and then buffer contributions were sub-
tracted to obtain one dimensional scattering intensity profile [I(Q)]
of the protein molecules as a function of Q, where Q is defined as
47sind/L. The I(Q) profiles were analyzed by PRIMUS [9] and
GNOM [20] programs to calculate shape parameters by Guinier
approximations and Indirect Fourier transformations, respectively.
During Guinier approximations, only low Q data points satisfying
the relationship that Q-R;*> < 1.3 were considered. Additionally,
probability of finding intraparticle vectors equal to 0 A and Dy

of scattering particle were considered to be zero during indirect
Fourier transformation.

2.3. Structure reconstruction within SAXS 1(Q) profiles

To visualize the ATP hydrolysis accompanied changes in the
shape of G-actin, uniform density modeling approach was em-
ployed using DAMMINIQ software [21]. Using acquired SAXS data
as reference, ten models were generated for G-actin bound to
ATP, ATP/ADP and ADP considering no shape and symmetry bias.
Individual solutions were averaged using DAMAVER suite of pro-
grams to obtain predominant scattering shape of the nucleotide
bound G-actin in solution [22]. Using SUPCOMB program, the iner-
tial axes of the resultant low resolution shapes for G-actin at differ-
ent time points and known structures from X-ray diffraction were
superimposed [10]. Open-source programs SPDB viewer and Py-
MOL were used for graphical analysis, and figure generation. Data
plotting and curve-fitting was done using OriginLab software.

3. Results

3.1. SAXS based tracking of shape changes accompanying ATP
hydrolysis

The critical concentration of G-actin for polymerization has
been shown to be dependent on ionic strength and phosphoryla-
tion state of the nucleotide. Moreover, ATP-G-actin has ~24 times
lower critical concentration than ADP-G-actin. Also, ionic strength
of the buffer has been shown to significantly alter the polymeriza-
tion dynamics with higher concentrations of MgCl, favoring the
polymerization [12]. To study actin in its non-associated or G-form,
we deliberately kept the protein at low concentration (~0.5 mg/
ml), in low ionic strength buffer, and replenished fresh ATP con-
taining buffer at every 24 h. DLS experiments estimated the hydro-
dynamic radii of ~3.8-4.0nm for actin molecules in solution
suggesting that the protein molecules remained monomeric under
these conditions. Further, profiles of the acquired SAXS I(Q) sup-
port monodisperse nature of scattering particles in solution during
data collection (Fig. 1A). To track the shape changes in the actin
molecule accompanying ATP hydrolysis, SAXS data were collected
from G-actin samples dialyzed against G-buffer containing fresh
ATP and AMP-PNP at different time-points (scattering I(Q) profiles
of only three samples are presented here; Fig. 1).

Peak-like profiles of the Kratky plots confirmed that the G-actin
protein molecules possess globular scattering nature irrespective
of the phosphorylation state of the nucleotide (Fig. 1A and inset).
Decreasing Q-range and slopes of the allowed linear fit zone in
the Guinier analysis of these datasets brought forth that R; of the
protein increases with ATP hydrolysis (Fig. 1B). Indirect Fourier
transformation of the I(Q) data provided the pairwise distance dis-
tribution function [P(r)] for the scattering shapes of G-actin. In
agreement with the Guinier analyses, P(r) curves indicated that
the Dmax and R¢ of the G-actin molecules increase from 70 to
78 A, and from 22.4 to 23.7 A, respectively as the bound ATP was
hydrolyzed (Fig. 1C and Table 1). Data analysis showed that R¢ of
the G-actin gradually increased from 22.4 A (~5min) to reach
maximum observed value of ~23.7 A by 6 h. Based on this curve,
the half-time of ATP hydrolysis under these conditions is about
2.5 h. Importantly, this observation is in correlation with hydroly-
sis time-spans reported earlier based on fluorescence based exper-
iments [16]. Alongside, SAXS data was acquired from G-actin
dialyzed against AMP-PNP buffer at different time points and never
dialyzed with ATP (Fig. 1D). The estimated R values from indirect
Fourier transformation of these datasets showed that the shape
parameters of G-actin bound to non-hydrolyzable nucleotide
(AMP-PNP) do not vary. Throughout the time-span studied, the
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Fig. 1. SAXS data analysis for G-actin in ATP buffer after 5 min (O), 2 h (A) and 8 h (O) of last exchange are presented here. (A) SAXS intensity I(Q) data, inset shows their
Kratky profiles (B) Linear regions of the Guinier approximations, and (C) P(r) curves computed from indirect Fourier transformation of the measured SAXS data.

Table 1
Shape parameters of the protein molecules deduced from analyzing the SAXS datasets are tabulated below.
Protein Indirect Fourier Transformation Kratky analysis Estimated conc. (mg/ml)
Dinax (A) R¢ (A) Estimated I,

Lysozyme (14.2 KDa) (concentration series) 44 14.2 28 Globular 1°

G-actin (42 KDa)

ATP Buffer
~5 min 70 223+0.1 414 Globular 0.5
05h 72 22.7+0.1 41.3 Globular 0.5
1h 74 22.9+0.1 40.6 Globular 0.49
2h 76 23.3+0.15 414 Globular 0.5
4h 78 23.6+0.1 39.8 Globular 0.48
6h 78 23.7+0.1 40.7 Globular 0.49
8h 78 23.7 £0.05 41.2 Globular 0.5
10h 78 23.7+0.1 40.8 Globular 0.5

AMP-PNP Buffer
~5 min 70 223+0.1 40.6 Globular 0.49
0.5h 70 223+0.1 39.8 Globular 0.48
1h 70 22.3+0.1 39.8 Globular 0.48
2h 70 22.3+0.1 40.6 Globular 0.49
4h 72 22.4+0.05 414 Globular 0.5
6h 70 223+0.1 40.6 Globular 0.49
8h 72 22.3+0.1 39.8 Globular 0.48
10h 70 22.4+0.05 414 Globular 0.5

ADP State 78 23.7+0.1 40.6 Globular 0.49

2 Estimated for 1 mg/ml of lysozyme from a predetermined concentration series of lysozyme (having five samples from 0.7-3.7 mg/ml).

Dmax and R of the AMP-PNP-bound G-actin remained close to 70
and 22.3-22.4 A, respectively. Moreover, comparable dimensions
(Dmax and Rg close to 78 and 23.6-23.7 A, respectively) of ADP-
bound G-actin (the sample which was not hydrolyzed against ATP
or after hydrolysis of ATP in solution) indicated that the nucleotide
hydrolysis accompanied shape changes in G-actin are reversible

(Fig. 1D and Table 1).

Observed Iy values from samples of G-actin bound to different
nucleotides (ADP/ATP/AMP-PNP) supported that protein concen-
trations were comparable during SAXS data acquisitions and ob-
served shape changes are induced by nucleotide hydrolysis only
(Table 1). Our data suggested that ATP-bound G-actin adopts a
tighter shape which slowly opens as bound ATP gets hydrolyzed
and phosphate ion is released leading to formation of ADP-bound
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Fig. 2. (A) SAXS data based averaged models of G-actin bound to different states of nucleotides. (Left) The AMPNP or ATP model (gray) is overlaid with crystal structure of G-
actin with AMPNP (PDB ID: 1NWK, black trace). (Middle) Two crystal structures of G-actin: bound to ADP (PDB ID: 1J6Z, red trace) and bound to profillin (PDB ID: THLU, black
trace) have been aligned within volume of SAXS data based model of ATP/ADP actin (gray). (Right) The crystal structures of actin only (from profillin bound state, PDB ID:
1HLU, black trace) and hexokinase (PDB ID: 11G8, blue trace) have been overlaid with SAXS data based model (gray). (B) Different SAXS data based models have been overlaid
by alignment of inertial axes to compare the extent of shape change. (C) Schematic summarizes the changes in relative positioning of the subdomains of G-actin as a function
of bound-ATP hydrolysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

G-actin. Since ATP hydrolysis starts at zero time point, compact from sample with ATP at different time points represent average
shape of ATP-bound G-actin was supported by the shape parame- scattering shape of G-actin molecules bound to ATP as well as
ters seen for AMP-PNP-bound G-actin. In our experiments, datasets ADP. At extended time points (6, 8 and 10 h), when most of the
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ATP is hydrolyzed, the ADP-bound G-actin showed a much opened
shape. Calculated y? values between SAXS I(Q) profiles of G-actin
in ATP buffer at ~5 min. and SAXS I(Q) profiles of G-actin in
AMP-PNP buffer at any given time was only 1.1-1.2. Similarly,
the 2 value between G-actin in ATP buffer for 8 (or 10) h and SAXS
1(Q) profile from sample in ADP (not dialyzed against ATP) was 1.1.
These similarities in I(Q) profiles supported that G-actin in fresh
ATP is similar to that bound to AMP-PNP. Importantly, singular
value decomposition (SVD) of the SAXS datasets yielded that the
ATP-hydrolysis associated shape change in G-actin molecule is a
two-state process.

4. Discussion
4.1. Visualizing nucleotide hydrolysis induced opening of G-actin

We modeled the “closed” state of G-actin by using acquired
SAXS datasets of G-actin in fresh ATP and AMP-PNP buffer
(Fig. 2). Alongside, the SAXS datasets from G-actin in ADP buffer
and ATP buffer (8 h after exchange) were used to model the “open”
state of G-actin. To visualize the intermediate shape, the SAXS
dataset of G-actin in ATP buffer for 2 h was used. Overlay of these
models with known crystal structures clearly demonstrated that
nucleotide state induced shape changes are primarily in the nucle-
otide binding portion of G-actin structure. The averaged abinitio
model for G-actin in ATP/JAMP-PNP state shows a compact shape
with virtually no cleft visible. Further, the model for ATP/ADP-actin
shows a slightly open shape with a clearly visible cleft. In sharp
contrast, the model for ADP-actin shows a radically different shape
with a large cleft clearly indicating an opening of the nucleotide
binding cleft of actin upon the hydrolysis of ATP to ADP. Impor-
tantly, the SAXS based closed model of actin closely resembles
the closed structure of AMP-PNP-bound actin (PDB ID: 1NWK)
(CRYSOL program computed a y? value of 1.0). It is pertinent to
mention here that in the AMP-PNP-bound crystal structure, crucial
11 residues (40-51) in DB-loop of actin could not be resolved.
Interestingly, these residues have been suggested to be disordered
in ATP-bound state and a-helical in ADP-bound crystal structure
(PDB ID: 1J6Z). Our model of ATP/ADP-actin can actually accom-
modate both the crystal structures of G-actin, the partly closed
ADP-structure of actin (PDB ID: 1]J6Z) and the open structure of
B-G-actin in the profillin bound structure (PDB ID: 1HLU). This
observation is consistent with the fact that our ATP/ADP-model
was generated from sample of G-actin in ATP buffer for 2 h, and
considering the half time of ATP hydrolysis is about 2.5 h, we have
modeled a shape which is an average of closed (ATP) as well as
open (ADP) state (Fig. 2B). The significantly open model of
ADP-G-actin compared better with the structure of -actin bound
to profillin (PDB ID: 1HLU) than with the crystal structure of
ADP-bound G-actin (PDB ID: 1J6Z). Additionally, CRYSOL program
computed y? values of 1.5 and 1.9 between the acquired SAXS
I(Q) profile from ADP-G-actin and crystal structures of profillin
bound G-actin and ADP-G-actin, respectively. Earlier investigators
have suggested different domains of G-actin to undergo changes in
their relative positions in space similar to those seen for hexoki-
nase, GAPDH and ADH [4]. Thus, we compared our open model
of ADP-G-actin with the nucleotide binding portion of hexokinase
and found that our open model matched even better with the fold
depicted by hexokinase (PDB ID: 1IG8 and yx? value 1.4). Overall,
our models showing closed to open shape of G-actin provide direct
structural evidence that the open structure seen for p-actin (bound
to profillin) is accessible to a-actin as well and that too in its unli-
ganded form. Our results support that additional to conformational
change across DB loop, subdomains of G-actin undergo significant

shift in their relative positioning as a result of bound nucleotide
hydrolysis (Fig. 2C).
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