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INTRODUCTION

A
ctin is a highly conserved, abundant, and function-

ally versatile protein expressed in virtually all

eukaryotic cells. Eukaryotic organisms produce at

least one isoform of actin and all known actins are

highly conserved. Thus, although S.cerevisiae yeast

actin and human actins are separated by billion years of evo-

lution, they have 87% identical amino acids (325 out of 374

a.a.), with 94% overall sequence conservation (353 out of

374 a.a.). Mammalian and avian non-muscle b-isoforms of

actin differ by a single conservative substitution (R336K),

whereas their muscle a-skeletal isoforms are identical. Func-

tional versatility of actin is defined by its amazing structural

plasticity, tuned and maintained by more than a 150 interact-

ing partners, as well as by its ability to support myosin-based

motility and generate force and motion (motility) on its

own.
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ABSTRACT:

This minireview is dedicated to the memory of Henryk

Eisenberg and honors his major contributions to many

areas of biophysics and to the analysis of macromolecular

states and interactions in particular. This work reviews

the ATP and ADP states of a ubiquitous protein, actins,

and considers the present evidence for and against

unique, nucleotide-dependent conformations of this

protein. The effects of ATP and ADP on specific structural

elements of actins, its loops and clefts, as revealed by

mutational, crosslinking, spectroscopic, and EPR methods

are discussed. It is concluded that the existing evidence

points to dynamic equilibria of these structural elements

among various conformational states in both ATP- and

ADP-actins, with the nucleotides impacting the equilibria

distributions. # 2012 Wiley Periodicals, Inc. Biopolymers

99: 245–256, 2013.
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Actin was first isolated from skeletal muscle seven decades

ago, in early 1940s. Straub and Szent-Györgyi have discov-

ered then that actin is an essential protein for muscle

contractility and can exist in both fibrous (F-) and globular

(G-) states.1–3 It was not until early seventies when actin was

also found in nonmuscle cells and organisms—first in Acan-

thamoeba4 and then in various mammalian nonmuscle cells.5

At that time it was realized that in contrast to muscle cells,

the motility of nonmuscle cells relies primarily on actin and

less on myosin.6 Because actin polymerizes or aggregates

under crystallization conditions, the first X-ray structure of

G-actin was solved only in 1990,7 in a complex with an actin

binding protein DNase I which blocks the polymerization,

leading to the first atomic model of actin filaments.8

Structure of G-Actin

Actin protomer has a globular shape, flattened in one dimen-

sion, and consists of two major domains—large or inner and

small or outer domains, when referred to their size or orienta-

tion in the filament. The small and the large domains of actin

are further subdivided into subdomains 1, 2 (SD1,2) and 3, 4

(SD3,4), respectively (Figure 1). A nucleotide (ATP or ADP)

with a tightly bound divalent cation (Mg21 under physiologi-

cal conditions) is positioned deep inside the cleft between SD

2 and SD4 and is clamped between two phosphate binding

loops—P1 and P2 loops (residues 11–16 and 154–161, respec-

tively). The nucleotide binding cleft (NBC) is separated by a

hinge region (including residues 137–146 and 334–337) from

another, less deep cleft—often referred to as a hydrophobic

cleft or patch—enriched in hydrophobic amino acid residues

(Figure 1). This patch is a primary binding site for many

actin-binding proteins (ABPs) and small actin-specific macro-

lide toxins.9 It should not be confused with the hydrophobic

plug or loop (H-plug; a.a. residues 264–271) of actin, which

projects from the back of actin at the border between SD3 and

4 and establishes important interstrand contacts with SD2 and

SD1 of other subunits in F-actin.10–15 Among actin subdo-

mains, SD2 is the smallest and by far the most flexible one.

The outer part of SD2—the DNase I binding loop (D-loop;

residues 40–51)—is disordered in most X-ray structures of

actin published to date, but has been also observed in an a-he-
lix, b-turn, and various loop conformations. Both the N- and

C-termini of actin are located in SD1, albeit on opposite faces

of the molecule. Similar to the D-loop, these termini are flexi-

ble and are often disordered in X-ray structures. The other

three structurally variable regions of actin are the H-plug

(defined above), WH2-binding loop (W-loop; residues 165–

172), and the V-stretch (residues 227–237).16 Notably, all these

flexible regions of actin, with the exception of the V-stretch,

form interfaces between actin protomers in the filament.

Tightly Bound Divalent Cation

Several molecules of mono- and divalent cations bind to

actin at low affinity sites (Kd 5 0.15 mM and above)17,18 and

play role in filament stabilization, while one molecule of a

divalent cation binds with high afiiniity to the NBC in com-

plex with the bound nucleotide.17,19,20 The tightly bound

divalent cation is coordinated with the c- and b-phosphate
groups of ATP, but only with the b-phosphate of ADP.18 The
physiologically relevant high affinity divalent cation is Mg21;

FIGURE 1 G-actin structure. Structure of actin monomer is shown in three projections. The flexi-

ble segments of actin are colored as follows: the phosphate binding loops P1 (a.a. 11–16) and P2

(a.a. 154–161) are in light and dark blue, respectively; the sensor loop (a.a. 70–78) is in green; the

H-plug (a.a. 264–271) is in olive; the D-loop (a.a. 40–51) is in orange; the W-loop (a.a. 165–172) is

in red; the V-stretch (a.a. 227–237) is in cyan; the N- and C-terminal regions are colored in yellow

and purple, respectively.
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but most preparations yield the less polymerizable CaATP-

actin21 and, therefore, both species have been studied exten-

sively. High affinity Ca21 and Mg21 bind to ATP-actin with

low nanomolar and low micromolar affinities respectively,17

and the divalent cation dissociation defines an overall rate of

nucleotide release from actin.22 Complexes of actin with

Ba21, Mn21, Cr21, Cu21, and Li21 cations affect actin struc-

ture and dynamics in various ways, and therefore have been

used to solve specific experimental challenges.23–26

Role of Nucleotide Hydrolysis in Filament

Polarity and Treadmilling

The interaction of actin with nucleotides was independently

discovered in 1950 by two groups, who reported that ATP is an

essential part of actin and it is hydrolyzed to ADP and Pi upon

actin polymerization.27,28 Although the ATPase activity of G-

actin is very low, it is activated upon polymerization by a factor

of 40,000 and MgATP-F-actin hydrolyzes ATP with a rate con-

stant of 0.3 s21.23 The inorganic phosphate release is about two

orders of magnitude slower than the hydrolysis. Consequently,

the newly assembled part of the filament contains mostly ADP-

Pi protomers with a cap of ATP subunits at the very tip, while

older filaments have mainly ADP-protomers. The ADP-Pi actin

is structurally similar to ATP actin29 and both are more struc-

turally stable that ADP-F-actin.30 The release of phosphate trig-

gers intra- and intermolecular conformational rearrangements

in the filament that result in less stable and more flexible

(shorter persistence length) ADP-actin filaments.31 The

stability of filaments can be described by actin’s critical concen-

tration for polymerization (Cc), which is defined as the con-

centration of free monomers in equilibrium with the filaments,

i.e., less stable filaments have a higher Cc. As a result of ATP

hydrolysis, actin filaments are functionally polar and the ADP-

enriched end (minus or pointed end) of the filament disassem-

bles more readily (Cc�0.7 lM). This supplies G-actin

subunits, which add then to the opposite filament end (plus or

barbed end; Cc�0.1 lM) after ADP in their cleft is exchanged

to ATP. Therefore, in steady state and in the presence of ATP in

solution, shortening of the pointed end is balanced by elonga-

tion of the barbed end of the filament (Figure 2). This directed,

ATP hydrolysis-driven turnover of actin protomers is called

treadmilling (recently reviewed in Ref. 32). In eukaryotic cells,

actin treadmilling is a basic underlying force for cell migration,

invasion, as well as endo- and exocytosis. Treadmilling occurs

continuously even in resting cells33 and constitutes a major

energy drain, causing up to 50% of total ATP consumption in

cells of various tissues (e.g. platelets and neuronal cells).34,35

ATP hydrolysis is not required for polymerization per se,

as actin containing a nonhydrolyzable nucleotide analog

AMP-PNP polymerizes with similar kinetics to ATP-actin.36,37

Moreover, nucleotide-free actin polymerizes rapidly38 and

forms filaments with normal appearance,39 providing that the

integrity of actin monomers—compromised by the absence

of a nucleotide—is stabilized by a high concentration of su-

crose.38–40 Among the nucleotide-free, ADP-Pi, and ADP F-

actins the latter is the least stable and has the highest critical

concentration for polymerization, suggesting that ADP bound

to the cleft favors a conformation (or a subset of distinct con-

formations) that yields less stable filaments.38

In the cell, treadmilling of actin is regulated and acceler-

ated by orders of magnitude by various actin binding

proteins (ABPs) that preferentially recognize one of the

nucleotide-related conformational states of actin.32 Intrigu-

ingly, it was proposed that ATP hydrolysis and Pi release do

not introduce significant gradient of filament instability

under crowded conditions of cellular environment, and that

actin filament treadmilling in the cell is defined primarily by

regulatory ABPs that selectively recognize and intensify

specific nucleotide-dependent conformational transitions.41

Therefore, a primary role of ATP hydrolysis in F-actin may

be to create age-dependent conformational changes that can

be recognized by ABPs and are required to maintain a proper

balance between freshly polymerized and old populations of

actin filaments in a regulated equilibrium with G-actin.

Nucleotide-Dependent Conformational

States of Actin
Open and Closed Conformation of the Nucleotide Binding

Cleft in G-Actin. Since the discovery of treadmilling and nu-

cleotide-specific recognition of actin by various ABPs,

FIGURE 2 Schematic representation of actin treadmilling. Under

steady state conditions in the presence of ATP, actin protomers

containing ADP dissociate predominantly from the minus end of

the filament, exchange the nucleotide in the cleft from ADP to ATP,

and then ATP-containing protomers associate predominantly at the

plus end of the filament. The dissociation from the minus end is

potentiated by cofilin; ADP to ATP exchange is promoted in

solution by profilin. Both proteins sense nucleotide-dependent con-

formations of actin. Overall, ATP hydrolysis by filamentous actin

fuels the translocation of protomers from one end of the filament to

the other.
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attempts were made to reconcile these functional traits with

structural conformations of actin. Some examples of ABPs

preference for nucleotide specific states of actin include the

much better binding of cofilin and profilin to ADP- and

ATP-G-actins, respectively. Cofilin’s inhibition of nucleotide

exchange on G-actin is consistent with its proposed shifting

of the actin’s cleft to a closed state. On the other hand, the

acceleration of nucleotide exchange by profilin is in line with

its documented opening of the nucleotide cleft on G-actin.

More detailed discussion of ABPs effect on actin’s conforma-

tion, dynamics and its cleft states is outside the scope of

this review.

Structural similarity between actin and proteins of the

actin superfamily, such as hexokinase, hsc70,42 as well as

Arp2, Arp3,43 and ParM,44 each of which adopts an open

conformation in Apo-state, allowed to formulate an analogy-

based hypothesis of global closed-to-open transitions of the

cleft region upon Pi release following ATP hydrolysis. Accord-

ing to this hypothesis, the nucleotide binding cleft of actin

closes when the two major domains are bridged by ATP, but

assumes a more open conformation, with wider separation of

the domains, due to an attenuated domain bridging upon

hydrolysis and a subsequent release of c-phosphate.
This hypothesis has been indirectly supported by the find-

ing that the nucleotide binding cleft of Arp3 protein, an

actin-related protein of the Arp2/3 nucleation complex,

adopted more open conformations in the ADP- than in the

ATP-state.43 Nevertheless, an overwhelming majority of �80

X-ray structures of actin submitted to the Protein Data Bank,

including those solved in the presence of ADP,45,46 are found

in a tightly closed state. Thus, two structures of ADP-actin,

crystallized in the absence of ABP and small molecule toxins,

have the cleft in a closed state, with distances between nucle-

otide surrounding loops similar or even slightly closer than

those found in ATP-actin.46,47

Two structures, in which actin adopted a wide-open or

partially open conformation of the cleft, were in its complexes

with profilin.48–50 Profilin is an abundant cytoplasmic protein

that binds to the barbed end of actin monomer, between sub-

domains 1 and 3, favoring the nucleotide-free actin over ATP-

and ADP-actin.38 The wide-open state of the actin-profilin

complex is characterized by a 2.9 Å increased separation of

the tips (residues G15 and D157) of two hairpin loops located

across the NBC and clamping the nucleotide (Figure 3).

These loops are named by different authors either as Pi bind-

ing loops 1 and 2 (P1 and P2 loops),18,51 or as S- and G-

loops,46,50,52 respectively. In the actin-profilin structure with a

wide-open cleft, the major domains of actin rotate with

respect to each other by nearly 10o, resulting in the opening

of the NBC with a �25% increase in solvent accessibility of

the nucleotide.48 In the moderately open actin–profilin struc-

ture, the main domains are separated by 3.3o.49 Profilin accel-

erates nucleotide exchange of MgATP-actin and MgADP-actin

by �30- and 150-folds, respectively,53 by favoring and stabi-

lizing the nucleotide-free conformation, which is likely to be

the ‘‘true’’ open conformation of actin. Yet, the rate of ATP

binding to this actin (106 M21 s21) is slower than expected

for a diffusion limited reaction, suggesting that even nucleo-

tide-free actin spends at least part of the time in a closed

conformation inaccessible to nucleotide binding.23,54 This

FIGURE 3 Open and closed cleft conformations of actin. X-ray structures of actin–profilin com-

plexes superimposed in closed (black; PDB:2btf) and open (white; PDB:1hlu) states. The SD3-4

parts of each structure were coaligned to reveal the scissors-like rotation of SD2. Distances between

the tips of the phosphate clamping loops P1 an P2 (Ca-atoms of G15 and D157) in both states differ

by 2.9 Å (indicated in yellow). Residues Q59 and D211, colored in red and green, respectively, were

mutated to cysteines in order to assess conformational transitions in the cleft. Distances between

Ca-atoms of these residues are shown in yellow numbers.
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observation agrees with the concept that proteins exist in a

dynamic equilibrium among various conformational states,

with the occupancy of each particular conformation inversely

proportional to its free energy. Transition from the open to

closed conformation of the NBC in complex of actin with

profilin can occur with a very small free energy change,48

suggesting that both conformations can be nearly equally

populated also in the presence of profilin.

Recent progress in molecular and computational model-

ing has resulted in the publication of several molecular

dynamics (MD) simulation studies that reconstructed actin

behavior in various nucleotide states. Majority of these works

agreed that actin remains in a closed cleft conformation

upon transition from the ATP- to ADP-bound state.51,52,55,56

It was also concluded that a removal of profilin from actin in

the open conformation results in the cleft closure, irrespec-

tive of the nature of the bound nucleotide.55,57

In contrast to that, several lines of evidence from solution

biochemistry appear to support the cleft opening upon tran-

sition from ATP- to ADP-actin. Thus, higher accessibility of

the NBC region to proteolysis,58 higher accessibility of the

bound nucleotides to collisional quenchers,59 higher nucleo-

tide release rate,22 lower affinity to DNase I,60 and lower

thermal stability30 in the ADP-state were interpreted in favor

of this hypothesis. However, later work proposed that none

of the methods provided definitive evidence of the NBC

opening in ADP-state, suggesting that these approaches may

monitor local conformational changes, rather than reporting

on the open-closed transitions.61 Thus, while binding of

gelsolin segment-1 to actin, or labeling C374 of actin with

rhodamine maleimide (TMR-actin), inhibited nucleotide

exchange in both ATP and ADP states—in agreement with

the proposed cleft closure in both cases47,62—these factors

neither affected the accessibility of bound nucleotides to

collisional quenching, nor influenced NBC susceptibility to

trypsinolysis both in ADP- and ATP-actin.61 These examples

raised concerns that even in the case of collective changes

observed upon ATP/ADP switch in G-actin, their interpreta-

tion in terms of nucleotide cleft closing and opening may

not be fully justified.

Mutational Testing of the Open and Closed Cleft

States in Actin

In an attempt to overcome the ambiguity of indirect bio-

chemical approaches, we designed S.cerevisiae yeast actin

mutants with pairs of cysteine residues located at either side

of NBC. Among various combinations explored, the Q59C/

D211C mutant with the C374S background (hereafter

C59C211 actin) had the mildest influence on yeast cell viabil-

ity and proliferation (Figures 4A and 4B). C59C211 actin

polymerized spontaneously upon addition of 3 mM MgCl2,

albeit with a slower rate than wild type yeast actin (data not

shown). Rates of nucleotide release from the cleft of the dou-

ble cysteine mutant were within experimental error of those

for WT actin in three nucleotide/divalent cation states—

CaATP, MgATP, and MgADP (Figure 4C), suggesting that

interactions of nucleotides with the nucleotide binding cleft

and the overall conformation of the cleft in mutant actin

were not significantly affected by the mutations. Actin with

the S60C/D211C substitutions also yielded viable yeast cells

and supported their growth and proliferation, but had lower

stability in the ADP-state and therefore was not used further.

We mapped the distance between cysteines across the

NBC in various nucleotide and polymerization states of actin

using sulfhydryl-reactive methanethiosulfonate-based cross-

linking reagents of various lengths (MTS1-17). The cross-

linking rates depended on the length of a crosslinking reagent

and a nucleotide state of actin, suggesting that the crosslink-

ing approach is valid and sensitive to the nucleotide depend-

ent conformational transitions in actin. It is important to

recognize that shorter span reagents are more rigid and

therefore more accurate molecular rulers than the longer but

flexible reagents. We found that the long-span crosslinking

reagents MTS6 (9.6 Å) and MTS17 (broad range span from 6

to 22 Å) linked cysteine residues across the cleft with similar

efficiency, regardless of the nucleotide state of actin (Figures

4D and 4E). In contrast to that, actin crosslinking by inter-

mediate span reagents MTS3 (6.4 Å) and MTS4 (7.8 Å)

ranged from higher to lower crosslinking efficiency in the

following order: F-actin-phalloidin, MgATP-G-actin, CaATP-

G-actin, and MgADP-G-actin. The shortest span crosslinkers

MTS1 (5.4 Å) and MTS2 (6.1 Å) did not differentiate

between the ATP- and ADP-G-actin, but crosslinked F-actin-

phalloidin complex more efficiently (Figures 4D and 4E).

These data agree with the cleft being more open in the ADP-

state of G-actin, or, in thermodynamic terms, with the open

conformation being more frequently occupied in ADP- than

in ATP-actin. The data prompts also the speculation that

upon actin polymerization and stabilization by phalloidin

the nucleotide cleft of the C59C211 mutant actin adopts

closed conformation. However, a shorter distance between

C59 and C211 does not necessarily impose a closed cleft

conformation at the phosphate clamp region in F-actin

(Figure 5; discussed below).

In addition to the crosslinking approach, we also

attempted electron paramagnetic resonance (EPR) measure-

ments of the distance between paramagnetic nitroxide probes

attached to cysteines at positions 59 and 211. Unexpectedly,

no coupling was observed between these probes even though
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the incorporation of two nitroxide probes per actin molecule

was confirmed by mass spectrometry. We speculate that para-

magnetic coupling between these probes was absent either

because the distance between them exceeded the sensitivity

range of a conventional steady state EPR approach (8–22 Å),

or due to a broad distribution of distances across the cleft.

FIGURE 4 Crosslinking approach to mapping the nucleotide cleft conformation. Growth of yeast cells

with cysteine mutants in the nucleotide binding loop of actin on agar plates (A) and in liquid YPD me-

dium (B). Both single (C59 and C211) and double (C59/C211) cysteine actin mutants supported yeast

growth under various conditions, at rates comparable to those of the WT and S374 actin expressing

strains. Yeast cells expressing C203 mutant actin, known to have impaired polymerization, were used as

a control. C: C59/C211 mutations do not affect nucleotide release rates as compared with WT actin. D:

Representative gels of C59/C211 actin crosslinked with MTS reagents in different nucleotide states. The

crosslinking was initiated by addition of equimolar amount of MTS reagents to C59C/211 actin in differ-

ent nucleotide states and was blocked after one minute by adding N-ethylmaleimide. The intramolecu-

larly crosslinked actin (denoted by X) has higher mobility on SDS-page than uncrosslinked actin

(denoted by A). E: Percentage of C59/C211 actin crosslinked by MTS reagents. Bars represent standard

errors of three independent experiments.
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Open and Closed States of F-Actin

Under physiological salt conditions actin monomers poly-

merize spontaneously into filaments that can be described as

either a single-strand left-handed helix or a double-strand

right-handed helix with �36 nm per pitch or a half-pitch,

respectively. Because of the intrinsic plasticity of actin, the

pitch span can vary by several nanometers in undecorated

actin,63,64 and can be altered by ABPs (e.g., cofilin and

drebrin65,66) by up to �13 nm in cofilin-decorated

filaments.64,67 Although it had been known for a long time

that actin protomers undergo conformational transitions

upon polymerization, the nature of these changes was

clarified only recently, when 4–10 Å resolution structures of

F-actin resolved via X-ray diffraction of oriented actin

crystalline sol12 and electron cryomicroscopy10,11 became

available. The G- to F-actin transition involves relative reor-

ientation of all four subdomains,10 but the net effect can be

described as a relative rotation of the two major domains by

20o in a propeller-like (or swing-door) manner,12 as opposed

to a scissors-like motion upon cleft opening/closing. Conse-

quently, a twisted conformation of G-actin becomes flat-

tened, with the major domains aligned in one plane.12

In various modes of polymorphic F-actin, the nucleotide

binding cleft can adopt either closed or open conforma-

tions.11 However, the concept of cleft opening might need to

be redefined for F-actin. Analysis of data published by Fujii

et al.10 suggests that opening of the cleft at the base region

(in the phosphate clamp; between residues G15-D157) can

be uncoupled from that at the mouth (residues Q59-D211)

in F-actin. Figure 5 illustrates that the cleft in F-actin can be

clearly open in the phosphate clamp region (7.6 Å vs. 8.2 Å

and 5.3 Å in the open and closed states of the profilin-actin

complex, respectively), but appears to be in the closed state

at the mouth between the Ca-atoms of residues Q59 and

D211 (11.9 Å vs. 20.0 Å and 14.8 Å in the open and closed

states of G-actin, respectively).

Local Nucleotide-Dependent Conformations of Actin
Immediate Surroundings of the Nucleotide–P1 and Sensor

Loops. Among several dozen X-ray structures of G-actin

deposited in the Protein Data Bank, four are particularly use-

ful for understanding the effects of ATP hydrolysis on actin

structure, as they represent actin crystallized both in the ADP

and ATP states and without interacting partners (ABP or a

small molecule preventing polymerization). The latter is im-

portant as the absence of interaction partners minimizes the

risk of interference from external factors. In two of these

structures (solved in the ADP-state and the ATP-like AMP-

PNP-state), actin polymerization was prevented by labeling

the C374 residue with tetramethyrodamine maleimide45,47

(TMR), which intercalates in the hydrophobic patch between

SD1 and SD3. In two others (solved in ADP and ATP states)

the transition to polymer was blocked by site-directed muta-

genesis of two residues that play an important role in a major

longitudinal contact between SD3 and SD4 in F-actin

(A204E and P243K; AP-actin46). Both ADP state structures

of the uncomplexed actins had the cleft tightly closed,

prompting the authors to speculate that ADP does not cause

the opening of the cleft.45,46

TMR- and AP-actin structures converged on the b-hairpin
loop containing S14 (P1-loop) as a direct sensor of ATP hy-

drolysis. S14 bonds to b-phosphate of ADP, but shifts away

to avoid steric clashes with the c-phosphate of ATP, so its

hydroxyl chain is rotated by 1308.46 This shift translates to a

conformational transition in the H73 containing loop (a.a.

70–78), named accordingly the sensor loop47 (Figure 1). H73

is methylated in actins of most eukaryotes, but not in yeast

FIGURE 5 Nucleotide cleft conformation in G- and F-actin. A

protomer from a recent high resolution cryo EM reconstructions

of F-actin10 (colored in olive) is superimposed on X-ray struc-

tures of G-actin in the open and closed states (PDB:1hlu and

2btf; colored in white and black, respectively). Distances between

Ca-atoms of G15-D157 and Q59-D211 are indicated in colors of

their parent molecules. In all known X-ray structures of G-actin,

the closed state of the phosphate clamp (defined as a distance

between G15 and D157) correlates with a closed conformtaion

at the mouth of the cleft (typically measured between Q59 and

E207; Q59-D211 distance is used here to compare with the

results of crosslinking experiments in Figure 4). However in F-

actin, open phosphate clamp conformation (7.6 Å) may come

with a shorter cleft mouth distance (11.9 Å) than the one in the

closed state of G-actin (14.8 Å).
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actin,68,69 and this posttranslational modification plays a crit-

ical role in modulation of Pi release after ATP hydrolysis.18

Thus, it was speculated that the absence of this modification

is accountable for the undelayed release of Pi upon polymer-

ization of yeast actin.18,70

Nucleotide dependent conformational rearrangements in

the vicinity of the sensor loop were proposed to be translated

into structural changes in distant regions of the actin mole-

cule. These, in turn, play critical roles in the modulation of

F-actin conformational states and their recognition by ABPs.

Among the distant nucleotide-sensitive regions that have

been identified are the DNase-binidng loop (D-loop), WH2-

binding loop (W-loop), and the N- and C-terminal ends of

actin (Figure 1).

DNase-I Binding Loop. Converging on the involvement of

the S14-hairpin loop and the sensor loop in sensing

conformational changes linked to the hydrolysis of ATP, the

analysis of the TMR- and AP-actin led to different conclu-

sions on potential allosteric effects of these loops on periph-

eral regions of actin.45,46 Thus, conformational perturbations

caused by the removal of c-phosphate dissipated before

reaching the D-loop in ADP-AP-actin, but appeared to

induce the formation of a short a-helix (residues 40–48) in

ADP-TMR-actin45 (Figure 6). It was suggested that the a-hel-
ical conformation of D-loop was induced by either crystal

contacts or TMR-probe intercalation between SD1 and

SD3.46,71 However, the structured D-loop correlates well with

ADP-actin being less susceptible to in-solution cleavage with

subtilisin between residues 47 and 48 in the D-loop58,72 and

this protection cannot be explained by either crystal contacts

or labeling actin with TMR.61

Subsequent molecular dynamics simulation studies either

supported the loop-to-helix transition52 or found the helix

conformation to be highly unstable in both ATP and ADP

states.51,55 These two opposite views can be potentially

reconciled by a prediction that the helical D-loop of ADP-

actin is stabilized mainly by contacts with other protomers in

the filament structure.9 This interpretation was supported by

coarse grained analysis,73 molecular dynamics,74 and metady-

namics56 simulations of F-actin trimers, but was also chal-

lenged by MD simulations performed by other authors.16

Recent high-resolution cryo-EM reconstruction of

unmodified F-actin in combination with a single particle

approach (IHRSR—Iterative Helical Reals Space Recon-

struction) revealed six modes of actin filament. In two of

these modes the electron density was most consistent with

the D-loop adopting a helical conformation; in one of the

modes it was consistent with a loop conformation;

whereas in two other cases either the D-loop or even the

entire SD2 were completely disordered.11 A connection

between these various conformations and the nucleotide

state of actin was not established, but it has been pro-

posed that a disordered SD2 correlated with the more

open conformation of the cleft.11

Recently, we undertook a comprehensive replacement of

all residues in the D-loop of S.cerevisiae yeast actin with

cysteines and tested the D-loop conformation in various

states using fluorescent probe and EPR analysis.75 Among all

single cysteine replacements that included residues 40–50,

only the M44C actin was lethal for yeast, in agreement with

the predicted key role of this residue in the loop-to-helix

conformational transitions.56 Neither in G- nor in F-actin,

independent of the nucleotide state, were we able to detect

FIGURE 6 X-ray structures of uncomplexed actin in the ATP- and ADP-states. A: The D-loop of

TMR-actin adopts a-helical conformation in the ADP- (orange; PDB:1j6z), but not the ATP-state

(gray; PDB: 1nwk), suggesting a possible stabilization of the helix by ADP. B: The D-loop of a poly-

merization incompetent AP actin mutant (A204E/ P243K) is disordered both in ATP- and ADP-

bound states (PDB:3el2 and 2hf3; colored in gray and orange, respectively).
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periodic changes in the properties of the loop (i.e., spin label

mobility, cysteine reactivity, and cysteine conjugated

acrylodan emission parameters) that would be predicted for

a-helical conformation. In all cases we found an equivalent

environment and solvent exposure of D-loop residues, attest-

ing to dynamic structural disorder in the D-loop.75

Our EPR data suggested strongly that most D-loop

residues in F-actin coexist in multiple conformations, with

various degrees of freedom, separated by low energy bar-

riers.75 This observation is in line with structural polymor-

phism in F-actin that stems to a large extent from a heteroge-

neity of the D-loop region.11,76,77 Our experiments con-

firmed also that all residues tested in the D-loop (residues

40–50 with the exception of M44) are involved in extensive

contacts within F-actin, in agreement with several recent

high resolution cryo-EM reconstruction studies.11,18

It is possible that the observed absence of helical periodic-

ity in our experiments is isoform-specific and results from an

overall higher conformational plasticity of yeast actin as com-

pared with a-skeletal actin. This property of yeast actin is

revealed particularly in a decreased protection of the D-loop

in the ADP-state of G-actin from proteolytic cleavage with

subtilisin (our unpublished observation). We cannot also

exclude completely the possibility that D-loop mutations and/

or labeling with fluorescent and EPR probes could destabilize

to some extent the conformational stability of this loop.

Recently, the role of D-loop in the activation of ATP

hydrolysis upon actin polymerization was proposed based

on a high resolution cryo-EM reconstruction of ADP-Pi

filament, mutagenesis, and X-ray crystallography experi-

ments.18 According to this hypothesis, a newly incorpo-

rated protomer of actin causes flattening of the penulti-

mate protomer and enables interactions of its D-loop with

the Pro-rich loop (residues 108–112) of the subunit above

it. As a result of this interaction, the Pro-rich loop moves

downward, eliminates stacking interactions between P109

and H161, and allows catalytic nucleophilic water molecule

to attack the bond between b- and c- phosphates of ATP,

causing ATP hydrolysis.18 The Pro-rich loop together with

the sensor loop represents the back door region that con-

trols Pi release78 and a subsequent upward move of the

sensor loop enables Pi release by fully opening the back

door.18

WH2-Domain Binding Loop (W-Loop). Based on the anal-

ysis of multiple X-ray structures of G-actin, the W-loop

(residues 165–172) was identified as one of the six regions

on actin surface with a high degree of conformational

freedom.16 Regions of high flexibility (intrinsically disor-

dered regions) are common features of protein–protein

interaction sites. Accordingly, the W-loop is a prime inter-

action site for the WH2 domain proteins and also partici-

pates in the binding of profilin,48 cofilin and twinfilin,79

vitamin D binding protein,80 and MAL,81 most of which

are known to have different affinities for ATP- and ADP-

actin. Moreover, the W-loop is part of both longitudinal

and lateral interprotomer interfaces in several recent fila-

ment models.10,11 A recent MD simulation predicted that

the W-loop region adopts a loop conformation in ATP-

actin, but forms a b-turn both in ADP-Pi and ADP states

due to the formation of backbone hydrogen bonds

between Y166 and Y169.52 Similarly, in MD simulations

of various F-acitn models W-loop forms either a b-hair-
pin or a bend.16 The predicted nucleotide-dependent con-

formational changes in the W-loop were confirmed exper-

imentally by probing this region with point mutagenesis

and labeling with fluorescent probes.82 It has been estab-

lished that the exchange of ATP to ADP caused confor-

mational transitions in the W-loop that can be reversed

by addition of inorganic phosphate or ATP.82

Nucleotide-dependent changes in W-loop conformation

at the periphery of SD3 originate apparently from structural

perturbations in the vicinity of the senor loop. Specifically,

residues located at the beginning (G158 and V159) and the

end (R177, D179) of a b-hairpin containing the W-loop

reorient to accommodate nucleotide-dependent rearrange-

ments of H73 in the sensor loop.18,46,52 ADP-ribosylation of

R177 on actin by Salmonella enterica toxin SpvB altered the

conformational state of the loop.82 It appears then that this

residue, is not only involved in regulation of a back-door

mechanism of Pi release in F-actin,78 but also represents a

link in the signal transition chain between the nucleotide

cleft and the W-loop.

Conformational perturbations in the W-loop caused by

point mutagenesis and/or probe attachment can be recipro-

cally transmitted to the cleft region,82 implicating the

W-loop as one of the key elements in the regulation of nucle-

otide exchange by several ABPs (e.g., profilin, cofilin, gelsolin

segment-1). Analysis of recently refined X-ray structures of

acto-profilin complexes, both in wide-open and closed

state,50 allowed the authors to propose a mechanism of cleft

opening by profilin. It was speculated that a 1.0 Å shift in the

position of the W-loop, initiated by profilin binding to actin,

is propagated in a rigid manner all the way to the cleft and

causes 1.0 and 2.9 Å movements of the P1- and P2-loops and

cleft opening.50 This long-distance influence originates from

strong ionic interaction between R88 on profilin and E167

on actin that displaces T148 and transmits the conforma-

tional signal to the cleft.50
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The C- and N-Terminal Regions

Both the N and C-termini of actin are among its regions with

the highest degree of conformational freedom. The C-termi-

nus is allosterically coupled to the D-loop and the NBC. The

rate of tryptic cleavage of the C-terminus, between residues

372 and 373, is affected by both the high affinity cation

(Ca21 vs. Mg21) and a nucleotide (ATP vs. ADP) bound to

NBC.58 Structural basis for this sensitivity was elucidated by

detecting a 5 Å shift in the position of the C-terminus in MD

simulated transition from the ADP to ATP state.52 Interest-

ingly, the C-terminus of Arp3 is 5 a.a. longer than that of

actin and this extension was proposed to act as an ‘‘internal

profilin’’ that interacts with the hydrophobic patch region

between SD1 and SD3 and promotes open conformation of

the nucleotide cleft.51 The structural connection between

NBC and C-terminus facilitates apparently the well-estab-

lished allosteric relationships between the C-terminus and

the D-loop.83,84 In polymorphic F-actin, these two regions

form one of the alternative contacts between SD1 and SD2 of

longitudinally adjacent promoters,11 suggesting that linked

conformational transitions in these regions might play a

critical role in the nucleotide state- or ABP-moderated coop-

erativity in F-actin.11,85–87

The N-terminal region of actin is the least conserved part

of the molecule that plays an important role in electrostatic

interactions between actin and myosin.88–90 All vertebrates

have two nonmuscle actin isoforms—b- and c-cytoplasmic

actins. The only difference between them is confined to the

N-terminal region: b-actin begins with tri-aspartic acid

tripeptide and a valine at position 10 whereas c-actin has a

tri-glutamic N-terminal tripeptide and an isoleucine at posi-

tion 10. Allosteric interconnection between the N-terminus

and the nucleotide binding site of G-actin is not firmly estab-

lished, but it has been recently found that c-actin containing

Ca21, but not Mg21 as the high affinity cation bound in the

NBC, exchanges nucleotide �1.5-folds slower, releases Pi

upon polymerization at a two times slower rate, and

polymerizes with a significant delay as compared with the

b-isoform.91 It was speculated that the difference between

the isoforms may be important at the sites with high tran-

sient concentrations of calcium, such as the c-actin-rich
cochlear hair cell stereocilium.91 In F-actin, three different

conformations of the N-terminus were observed, which cor-

related with particular conformations of the D-loop.11 How-

ever, it remains to be established whether these correlations

are regulated via intramolecular or interprotomer allosteric

interactions. Some of these questions may be pursued with

C1 yeast actin mutant, which appeared to have unchanged

polymerization and myosin binding properties.92

CONCLUSIONS
Intriguingly, all of the above considered structural ele-

ments of actin, its clefts and loops that sense and/or are

impacted by the nucleotide state of this protein, are also

sites of docking or attachment of many actin binding

proteins. This raises the possibility that for different ABPs

their recognition of ATP and ADP states of actin may be

due to different combinations of these nucleotide sensing

elements.

The authors would like to thank Dr. Christian Altenbach for his

generous help in conducting and analyzing the EPR experiments.
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