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ABSTRACT: Models of F-actin structure predict the importance of hydrophobic loop 262-274 at the interface
of subdomains 3 and 4 to interstrand interactions in filaments. If this premise is correct, prevention of the
loop conformational changesits swinging motionsshould abort filament formation. To test this hypothesis,
we used site-directed mutagenesis to create yeast actin triple mutant (LC)2CA (L180C/L269C/C374A).
This mutation places two cysteine residues in positions potentially enabling the locking of loop 262-274
to the monomer surface via disulfide formation. Exposure of the purified mutant to oxidation catalysts
resulted in an increased electrophoretic mobility of actin on SDS PAGE and a loss of two cysteines by
DTNB titrations, consistent with disulfide formation. The polymerization of un-cross-linked mutant actin
by MgCl2 was inhibited strongly but could be restored to wild type actin levels by phalloidin and improved
greatly through copolymerization with the wild-type actin. Light scattering measurements revealed
nonspecific aggregation of the cross-linked actin under the same conditions. Electron microscopy confirmed
the absence of filaments and the presence of amorphous aggregates in the cross-linked actin samples.
Reduction of the disulfide bond by DTT restored normal actin polymerization in the presence of MgCl2

and phalloidin. These observations provide strong experimental support for a critical role of the hydrophobic
loop 262-274 in the polymerization of actin into filaments.

Actin filaments play a central role in force generation and
contraction of muscle cells and the motility of nonmuscle
cells. The detailed understanding of these processes requires
the knowledge of atomic structures of actin filaments
(F-actin), actin-binding proteins, and their complexes. In the
absence of direct crystallographic information, the structure
of F-actin has been modeled by fitting the atomic structure
of the rabbit skeletal muscleR-actin monomer (G-actin) to
X-ray diffraction data obtained from oriented F-actin gels
(1). This prevalent model of F-actin structure allows also
for fitting the atomic structure of yeast G-actin (PDB entry
1YAG) to the lower-resolution electron microscopy images
of yeast actin filaments (2).

Both in the original (1) and the refined (3) models of
F-actin structure, the interactions between the two filament
strands and, thus, the stability of F-actin are attributed to a
large extent to the postulated structural role of loop 262-
274 in actin. In G-actin this loop and its hydrophobic plug
(residues 266-269), which are located between subdomains

3 and 4, are parked along subdomain 4, parallel to the
longitudinal monomer axis (4). According to structural
models of F-actin (1, 3), this loop swings away from the
monomer surface during actin polymerization, inserting the
hydrophobic plug into a hydrophobic pocket at the interface
between two adjacent monomers in the opposite strand. Such
a mechanism falls into a more general category of protein
assemblies in which subunits and protomers share domains
and loops to form higher order structures (5). This potential
motion of the hydrophobic loop, or at least its detachment
from the G-actin surface, could be deduced also from normal-
mode analysis of actin structure (6). The detachment of the
loop and its insertion into the opposite strand has been
questioned, however, on grounds of an energetic barrier to
such transitions in theâ-actin ribbon structure (7). It is also
possible that loop detachment, without full extension, is
needed for the conformational change that makes the
monomer polymerization-competent, even if the perpendicu-
lar extension is not necessary for filament stability.

Experimental testing of the hydrophobic plug hypothesis
to date has involved the use of mutational substitutions of
the loop residues in yeast actin to alter the hydrophobicity
of the plug or to introduce sites for the attachment of
fluorescent probes. The S265C (SC) mutant, with Ser-265
replaced by cysteine, enabled the simultaneous labeling of
both Cys-265 and Cys-374 with pyrene maleimide, resulting
in the formation of a strong excimer fluorescence band in
F-actin, but not in G-actin (8). However, given the size of
the pyrene reagent, this result provided insufficient con-
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straints on the distance (e18 Å) (9) between Cys-265 and
Cys-374 on opposite strand monomers to prove the swinging
of the loop. The results of polymerization studies of the GG
yeast actin mutant, in which glycine residues were substituted
for the hydrophobic Val-266 and Leu-267, were consistent
with the proposed role of the hydrophobic plug in filament
stabilization. This actin mutant does not form filaments under
normal polymerization conditions (10), but its assembly can
be rescued by several factors, including phalloidin, BeFx,
and tropomyosin (10, 11). Notably, the rescue of GG-actin
polymerization by BeFx and tropomyosin, which stabilize
mainly the longitudinal intrastrand interactions in F-actin,
is temperature-sensitive, whereas the rescue by phalloidin,
which promotes interstrand contacts in F-actin, is tempera-
ture-insensitive. These findings reveal that at a low temper-
ature (4 ˚C) which decreases hydrophobic interactions, the
polymerization defect of GG-actin can be corrected only by
directly strengthening the interstrand interactions in F-actin.

The hypothesized structural dynamics of loop 262-274
is consistent with recent cross-linking studies of Kim et al.
(12). These authors used yeast actin mutants to show that
Cys-265 in the loop can be cross-linked by disulfide or
dibromobimane to Cys-374 and Cys-41 (replacing Gln-41
in wild-type actin) on opposite strand protomers. Structural
constraints imposed by these disulfide bonds reveal closer
proximity of Cys-265 to the DNase I binding loop and the
C-terminus of opposite strand actins than predicted by the
Holmes et al. (1) and Lorenz et al. (3) models of F-actin
structure. While these constraints can be reconciled with the
above models by assuming dynamic motions of the three
structural elements, the disulfide bonds would not be allowed
if subdomains 3 and 4 of actin were distal from the filament
axis (7).

For the loop sharing model to be correct, it must first be
rigorously demonstrated that the loop can detach from the
monomer surface. Then, it must be directly demonstrated
that the tip of the loop inserts into the cross-strand hydro-
phobic pocket. Although results of previous studies with
yeast actin mutants provide support for the role of hydro-
phobic loop sharing in F-actin stabilization, they fall short
of proving that this is a necessary condition for filament
formation. To obtain direct evidence for the proposed loop
behavior, we have addressed in this paper the question of
loop detachment. We created yeast actin mutant (LC)2CA
(i.e., L180C/L269C/C374A, with Leu-180 and Leu-269
substituted to cysteines and Cys-374 to alanine) that enables
reversible locking of the loop at the monomer surface via a
disulfide bridge between residues 180 and 269. We show
that the disulfide cross-linked mutant actin forms amorphous
aggregates while normal filaments are formed with the
reduced actin.

MATERIALS AND METHODS

Materials.The site-directed mutagenesis kit was purchased
from Stratagene Corp. (La Jolla, CA). Integrated DNA
Technologies, Inc. (Coralville, IA) synthesized the oligode-
oxyribonucleotides used for site-directed mutagenesis. Pep-
tone, tryptone, and yeast extract were from Difco (Detroit,
MI). DNase I Grade D was purchased from Worthington
Biochemical Corporation (Lakewood, NJ). ATP, DTE,
dithionitrobenzoic acid (DTNB), and phalloidin were ob-
tained from Sigma Chemical Company (St. Louis, MO).

Site-Directed Mutagenesis.Site-directed mutagenesis,
employing the Stratagene QuikChange mutagenesis kit, was
used to construct a mutant actin sequence carried in a
centromeric plasmid pRS314 (13) marked with theTRP1
gene. The oligodeoxynucleotide used to generate the muta-
tion L180C in L269C/C374A actin was 5′-GAGAATCGAT-
TGTGCCGGTAGAG-3′, and the mutant codon is under-
lined. The DNA was sequenced to verify the presence of
the mutation by the DNA Sequencing Facility at the
University of Iowa.

Yeast Transformation.The plasmid pRS314 containing the
mutant actin coding sequence was introduced into atrp1,
ura3-52 Saccharomyces cereVisiae haploid cell in which
the chromosomalACT1gene had been disrupted by replace-
ment of the coding sequence with theLEU2 gene. Wild-
type actin was expressed in these recipient cells from another
centromeric plasmid containing theURA3gene. Following
transformation with the mutant plasmid and selection on
tryptophan-deficient medium, surviving cells were subjected
to plasmid shuffling to eliminate the plasmid carrying the
WT actin gene. The mutant plasmid was rescued from
surviving trp+, ura- cells and sequenced to ensure that the
mutation was still intact. Viable cells were readily obtained.

Preparation of Proteins. Yeast actin was purified by
affinity chromatography on a DNase I column as described
before (14). To avoid a possible contamination of yeast actin
with cofilin, the DNase I column was washed with 1.0 M
NaCl (15) in 10 mM Tris-HCl (pH 7.8), 2.0 mM DTT, 0.2
mM ATP, and 0.2 mM CaCl2 prior to the elution of yeast
actin. The mutant actin eluted from the column migrated as
a single protein band on SDS PAGE and did not require
additional purification by a cycle of polymerization and
depolymerization. Such cycling would have reduced greatly
the yield because of polymerization inhibition. Myosin
subfragment 1 (S1) was prepared according to the method
of Weeds and Pope (16).

Disulfide Cross-linking of G-actin.Purified G-actin was
stored on ice in 10 mM Tris-HCl (pH 8.0), 0.2 mM CaCl2,
0.2 mM ATP, and 1.0 mM DTT, which was added on a
daily basis. Prior to disulfide cross-linking reactions, DTT
was removed from G-actin by passing it through a Sephadex
G-50 column that was equilibrated with 10 mM MOPS
buffer, pH 7.0, 0.2 mM CaCl2, and 0.2 mM ATP. Cysteine
residues 180 and 269 in 10µM G-actin were cross-linked
for 30 min on ice via disulfide bond formation. Between 10
and 50µM CuSO4 was added to the actin solution to catalyze
air oxidation. After 30 min, the unreacted cysteine groups
were blocked with 1 mMN-ethylmaleimide. Cross-linked
actin was identified by SDS PAGE (17) under nonreducing
conditions. The un-cross-linked and cross-linked actins have
different electrophoretic mobility and can be easily resolved
on these gels.

DTT ReVersal of Disulfide Cross-linking in G-actin.The
C180-C269 disulfide bond in G-actin was reduced by
overnight incubation of the cross-linked protein on ice with
10 mM DTT in 10 mM MOPS buffer, pH 8.0, 0.2 mM
CaCl2, and 0.2 mM ATP.

Thiol Titration with DTNB.The reactive sulfhydryl groups
on actin were titrated with DTNB under nondenaturing
conditions. Actin samples (2.0 mL) containing between 5
and 100µM -SH groups were mixed with 0.1 mL of buffer
(1.0 M Tris, 1.0 M phosphate, pH 8.1) and 0.5 mL DTNB
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(2.0 mM). After 30 min, the liberated thionitrobenzoic acid
(TNB) was measured by absorbance at 412 nm. The number
of SH groups reacted with DTNB was calculated using the
molar extinction coefficient of 14,150 for TNB.

Differential Scanning Calorimetry.Actin melting experi-
ments were carried out using a CSC 6100 Nano II Dif-
ferential Scanning Calorimeter (Calorimetry Sciences Corp.,
Provo, UT). These measurements were perfomed on 23µM
actin in 10 mM HEPES, pH 7.2, 0.2 mM CaCl2, and 0.2
mM ATP, at a heating rate of 1°C/min

Actin Polymerization Assays. Actin polymerization was
monitored via light scattering measurements in a SPEX
Fluorolog spectrofluorometer (Jobin Yvon Inc., Edison, NJ)
set at 325 nm for both the excitation and emission wave-
lengths. The polymerization was induced by adding 3.0 mM
MgCl2 and, when present, equimolar amounts of phalloidin
to 10 µM G-actin in 10 mM MOPS buffer (pH 8.0), 0.2
mM CaCl2, and 0.2 mM ATP. When indicated, actin was
polymerized by the addition of 2.0 mM MgCl2 and 50 mM
KCl, or equimolar amounts of S1, to G-actin solutions.
Disulfide cross-linked and un-cross-linked G-actin was
polymerized in the absence and presence of 1.0 mM DTT,
respectively.

Electron Microscopy. Samples of actin freshly polymerized
with 3.0 mM MgCl2 and equimolar amounts of phalloidin
were diluted with the polymerizing buffer to 2.5µM
immediately before spreading on carbon-coated grids and
negatively stained with uranyl acetate. S1, when present, was
added at 1:1 molar ratio to actin. Mixtures of S1 and
polymerized actin were incubated for 30 min prior to grid
preparation. In the assays of actin polymerization, S1 was
added to the reduced and oxidized (LC)2CA G-actin. These
mixtures were then incubated for 1 h at room temperature
to allow for actin polymerization prior to grid preparation.

The preparation of electron microscopy grids followed the
previously reported procedure (18).

RESULTS

Blocking the motion of loop 262-274 should provide a
rigorous test for the hypothesis that its detachment from the
surface of the actin monomer is required for actin polym-
erization. This goal could be potentially achieved through
engineering cysteine residues into the loop and the adjacent
surface peptide, thereby enabling their reversible disulfide
cross-linking. Inspection of the atomic structure of yeast
G-actin (PDB entry 1YAG) and the model of F-actin
structure (1) revealed that Leu-269 in the loop and Leu-180
at the monomer surface would be appropriate candidates for
such a disulfide cross-linking (Figure 1A,B). To avoid
complications resulting from a possible cross-linking of Cys-
374 to Cys-269 in the mutant actin, we also replaced C-374
with alanine to yield (LC)2CA (L180C/L269C/C374A) actin.

ReVersible Disulfide Cross-linking of (LC)2CA Actin.
Copper-catalyzed air oxidation of (LC)2CA G-actin resulted
in its complete transformation, after 30 min on ice, into a
species with a higher electrophoretic mobility on SDS PAGE
than that of untreated actin (Figure 2A). Similar treatment
of wild-type and rabbit skeletal actin had no effect on their
migration on SDS gels (Figure 2A). Shorter incubation times
produced two populations of (LC)2CA actin, with the
mobilities of the oxidized and unoxidized protein. Identical
SDS PAGE patterns were observed also when the mutant
actin was oxidized in the presence of 100µM iodine in lieu
of copper or by air alone in the absence of any catalyst. In
the last case, the oxidation was completed after incubation
for 2 or 3 days on ice (data not shown). Several attempts to
cross-link Cys-180 to Cys-269 in G-actin by dibromobimane

FIGURE 1: Ribbon representation of actin structure. (A) Side view of yeast G-actin structure (PDB entry 1YAG). (B) Side view of actin
protomer in the Holmes et al. (1) model of F-actin structure. The mutated residues, L180, L269, and C374 are shown in yellow, purple, and
brown space filling representation, respectively. The mutant cysteines 180 and 269 were disulfide cross-linked by oxidation.
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(DBB), which has an average cross-linking span of 4.9 Å
(19) failed to produce any detectable amounts of higher
mobility (cross-linked) actin on SDS PAGE.

Less expected was the formation of a disulfide bond in
phalloidin-stabilized mutant F-actin, oxidized under similar
conditions in the presence of copper. According to the
Holmes et al. (1) model of F-actin structure, the thiol groups
on Cys-180 and Cys-269 may be separated in the filament
by close to 10 Å, as opposed to∼5.9 Å in G-actin. The
migration on SDS PAGE of actin oxidized in F- and G-actin
forms was identical (Figure 2B).

Because disulfide cross-linking is reversible, we examined
the recovery of the “native” form of the oxidized actin upon
its incubation with DTT. After overnight treatment with DTT,
most of the oxidized actin () 90%) reverted to the reduced
form as judged by its migration on SDS gels (Figure 2B).
Shorter incubations of the cross-linked (LC)2CA actin with
DTT resulted in its incomplete conversion into reduced actin,
as reflected in the presence of the fast and slow migrating
actin bands on SDS gels.

To confirm our interpretation of SDS PAGE patterns of
(LC)2CA actin, the free thiol groups on actin were titrated
with DTNB (Table 1). Both the untreated (reduced) and the
oxidation-reversed (oxidized and then reduced) (LC)2CA
actin showed close to 2.0 free thiol groups in such titrations.
Only 0.3( 0.2 thiol groups were detected by DTNB in the
oxidized actin (Table 1). These data support the conclusion
that oxidation of (LC)2CA actin results in reversible disulfide
cross-linking of Cys-180 to Cys-269 in the mutant protein.
Differential scanning calorimetry melting experiments re-
vealed slight destabilization of (LC)2CA actin upon its
disulfide cross-linking. The melting temperatures for the
reduced and disulfide cross-linked actin were 59.3 and 57.3
( 0.3 °C, respectively, with the wild-type actin melting at
60.8 ( 0.2 °C.

Polymerization of the Reduced (LC)2CA Actin. To assess
the effect of the mutations, we determined the polymerization
characteristics of (LC)2CA actin. At 9.3µM, the extent of
polymerization was only 30% compared to wild-type actin
at the same concentration (Figure 3, bottom vs top line).
Since there was an apparent effect of the mutation on the
critical concentration, we carried out the polymerization
experiments at two higher actin concentrations, 13.9µM and
18.6µM. The light scattering was plotted as function of actin
concentration and the apparent critical concentration of the
mutant actin was estimated at 6.8µM (from extrapolation
of the curve in Figure 4), as compared to critical concentra-
tion of 0.41µM for wild-type actin (20). Since a mutation
at 269 has no apparent effect on the polymerization of
L269C/C374A actin (21), the defect in polymerization
exhibited by (LC)2CA actin is probably largely due to the
mutation at position 180.

We then determined whether the filament stabilizing
compound, phalloidin, or increasing amounts of copolymer-
ized wild-type actin could overcome the polymerization
defect caused by the L180 mutation. Addition of equimolar

FIGURE 2: SDS PAGE patterns of (LC)2CA actin. (A) G-actin: 1,
oxidized wild-type yeast actin; 2, un-cross-linked (LC)2CA actin;
3, oxidized, disulfide cross-linked (LC)2CA actin; 4, oxidized
skeletalR-actin. (B) (LC)2CA F-actin: 1, un-cross-linked actin; 2,
oxidized, disulfide cross-linked actin; 3, the sample shown in lane
2 after cross-linking reversal by 10 mM DTT. Actin oxidation and
reduction were carried out as described in Materials and Methods.

Table 1: Free SH Groups on Actin Determined from DTNB
Titrations

actin SH/actin

wild type 1.1( 0.2
(LC)2 CA

reduced 2.0( 0.4
oxidized 0.3( 0.2
oxidized-DTT treated 1.9( 0.3

FIGURE 3: Polymerization of (LC)2CA Ca2+-G-actin at 25°C.
Polymerization of actin (9.3µM) was initiated by addition of 50
mM KCl and 2.0 mM MgCl2 and was followed as a function of
time using a light-scattering assay.Solid line, wild-type actin
polymerized in the presence of equimolar phalloidin;dashed line,
(LC)2CA actin polymerized in the presence of equimolar phalloidin;
dotted line, wild-type actin; anddashed-dotted line, (LC)2CA actin.

FIGURE 4: Estimation of the critical concentration for polymeri-
zation of (LC)2CA actin at 25°C. The extent of polymerization of
9.3, 13.6, and 18.9µM actins after reaction completion was plotted
against the actin concentration. The line intercepts thex-axis at
6.8 µM.

10790 Biochemistry, Vol. 41, No. 35, 2002 Shvetsov et al.



phalloidin to 9.3µM (LC)2CA actin (Figure 3, dashed line)
allowed the actin to polymerize to the same extent as WT
actin (Figure 3, solid line). Copolymerization of (LC)2CA
actin with increasing amounts of wild-type actin is depicted
in Figure 5 as the dependence of light scattering on the mole
fraction of wild-type actin. Assuming that at 25°C wild-
type actin (10µM) is fully polymerized, the 1:1 mole mixture
of wild type and (LC)2CA actin (10µM total concentration)
appears∼90% polymerized. Assuming, furthermore, that all
of the wild-type actin is polymerized, this result indicates
that∼80% of the mutant actin polymerized in this mixture.
As the percent of wild type actin in the mixture decreased,
the total actin that polymerized also decreased. At a wild
type:mutant ratio of 1:10, approximately 50% of the total
actin had polymerized.

Electron microscopy observations of (LC)2CA actin po-
lymerized with MgCl2 and phalloidin confirmed the results
of light scattering experiments: the un-cross-linked actin
formed standard actin filaments (Figure 6A). We observed
also normal arrowhead decoration of the reduced (LC)2CA
actin filaments by S1 (Figure 6B). This observation indicates
that S1 binding is preserved in the reduced (LC)2CA actin.
S1 polymerizes the mutant G-actin in the absence of MgCl2

and phalloidin, albeit such a polymerization is slower and
less complete than that with wild-type actin (data not shown).
Electron microscopy images of (LC)2CA actin polymerized
by S1 (Figure 6C) are similar to those observed upon addition
of S1 to phalloidin-stabilized filaments (Figure 6A), but with
much greater propensity of relatively short, decorated fila-
ments.

Polymerization of the Oxidized (LC)2CA Actin.The light
scattering profile of the polymerization of disulfide cross-
linked (LC)2CA G-actin by MgCl2 and phalloidin was
strikingly different from that of wild-type actin. The light
scattering increase did not appear to reach a plateau (Figure
7), suggesting a nonspecific aggregation of this actin.
Reduction of the disulfide bond in (LC)2CA actin, as
evidenced by SDS PAGE migration and DTNB titration,
restored to a large extent the light scattering profile of the
polymerization reaction to that commonly seen for actin

(Figure 7). In agreement with these light scattering results,
but in contrast to the images of reduced mutant actin
filaments (Figure 6A), the oxidized mutant G-actin polym-
erized by MgCl2 and phalloidin showed only as amorphous
aggregates of variable size and shape in our electron
micrographs (Figure 8A). Large aggregates appearing in
electron micrographs of this actin are not shown in Figure
8A because of their heavy staining. Similar aggregates, albeit
with greater abundance of monomers and occasional short
filaments, were present also in electron micrographs of the

FIGURE 5: Copolymerization of Ca2+ wild-type and (LC)2CA actins
at 25 °C at different mole ratios of the two proteins. Conditions
were the same as those in Figure 3. The total actin concentration
was 10µM. Polymerization of each mole mixture of the two actins
was monitored by normalizing the final light scattering values for
each mixture to the light scattering for wild-type actin alone. These
relative scattering values, which correspond to the extent of
polymerization of each mixture, were plotted as a function of the
molar fraction of wild-type actin in10µM total actin.

FIGURE 6: Electron micrographs of (LC)2CA actin filments. (A)
Un-cross-linked actin polymerized by MgCl2 and phalloidin; (B)
arrowhead decoration of (LC)2CA actin filaments in (A) by S1;
(C) reduced (LC)2CA G-actin polymerized by S1. Arrowhead
decorated filaments are on average shorter in these fields than in
panel B. All reduction and polymerization reactions were carried
out on 10µM (LC)2CA actin as described in Materials and Methods.
The bar represents 2000 Å.

Actin Loop 262-274 and Filament Formation Biochemistry, Vol. 41, No. 35, 200210791



oxidized (LC)2CA actin filaments (on SDS gels this actin
was indistinguishable from the disulfide cross-linked G-actin;
Figure 2B).

DTT reversal of disulfide cross-linking in G-actin restored
its ability to form normal actin filaments in the presence of
MgCl2 and phalloidin (Figure 8B). SDS gel analysis and thiol
titration of this actin verified the disulfide bond reduction
(Figure 2A, Table 1). Similar reversal of the disulfide bond
worked well also in the aggregated (LC)2CA sample contain-
ing MgCl2 and phalloidin. DTT treatment of the aggregates
shown in Figure 8A converted them into standard actin
filaments (Figure 8C). These results demonstrate that the
transition between filaments and aggregates of (LC)2CA actin
in the presence of MgCl2 and phalloidin is determined by
the presence or absence of a disulfide lock of the conforma-
tion, position, and motion of loop 262-274 in actin.

Addition of myosin subfragment 1 (S1) to the aggregated
(LC)2CA actin did not change its morphology, except for
the appearance of even larger aggregates and, very infre-
quently, short filaments decorated by S1. S1 was unable also
to polymerize the oxidized (LC)2CA G-actin, and higher-
order structures were not detected in electron microscopy
observations of such mixtures. Thus, like phalloidin, S1
cannot restore filament assembly for the disulfide cross-
linked actin.

DISCUSSION

The goal of this study has been to test the premise of the
Holmes et al. (1) and Lorenz et al. (3) models of F-actin
structure that a detachment of the hydrophobic loop 262-
274 from the monomer surface, and perhaps its perpendicular
extension and insertion into the opposite strand of actin
protomers is required for filament formation and stability.
The results of several studies on the polymerization (10, 13)
and cross-linking (12) of yeast actin mutants, with substitu-
tions in the hydrophobic loop, support the loop motion
hypothesis, but do not prove it, and do not show that the
loop sharing is indeed necessary for filament formation.
Similarly, molecular dynamics simulations of loop confor-
mation are consistent with its release from the monomer
surface (22), but are inconclusive regarding Schutt et al.’s
(7, 23) suggestion that such a release would not be favored

by the salt bridge of Glu-259 and Arg-312 in their crystal
structure of actin:profilin. The (LC)2CA mutant actin pre-
pared in this work was designed to test the release aspect of
the loop swapping hypothesis by the reversible, disulfide
locking of the hydrophobic loop at the monomer surface.

In analogy to other loop mutants with non-hydrophobic
substitutions for hydrophobic residues (10), the reduced
(LC)2CA mutant actin shows a strongly depressed polym-
erization (with a high critical concentration), which can be
restored to normal levels by phalloidin. Copolymerization
with wild type actin rescues also to a significant extent the
assembly of the mutant actin. The mutant yeast cells grow
well, indicating that the polymerization defect of (LC)2CA

FIGURE 7: Light scattering measurements of the polymerization
of disulfide cross-linked (LC)2CA actin.Solid line, actin (10µM)
mixed with 3.0 mM MgCl2 and phalloidin;dotted line, cross-linked
actin after overnight treatment with 10 mM DTT, mixed with 3.0
mM MgCl2 and phalloidin.

FIGURE 8: Electron micrographs of oxidized (LC)2CA actin
polymerized by MgCl2 and phalloidin. (A) Disulfide cross-linked
actin; (B) actin polymerized after cross-linking reversal in G-actin;
(C) actin after DTT treatment of aggregates of cross-linked (LC)2CA
actin shown in (A). All oxidation, reduction, and polymerization
reactions were carried out on 10µM (LC)2CA actin as described
in Materials and Methods. The bar represents 2000 Å.
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actin is “corrected for” in the cellular environment. Clearly,
if loop release from monomer surface is required for actin
polymerization, it must be occurring in the (LC)2CA mutant.
This result alone does not strengthen the argument for the
loop motion and insertion into the opposite strand beyond
that was known before. The novel aspect of the (LC)2CA
mutant is that it allowed for disulfide bridging between Cys-
269 in the loop and Cys-180 at the monomer surface. The
quantitative formation of the disulfide bond and its virtually
complete reduction by DTT were confirmed by SDS PAGE
and DTNB titrations of the reduced and oxidized actin.

Electron microscopy and light scattering measurements on
the reduced and disulfide cross-linked (LC)2CA actin pro-
vided striking evidence for the inability of the latter to form
filaments in the presence of MgCl2 and phalloidin, yielding,
instead, amorphous actin aggregates of variable size. The
contrast between the aggregation of oxidized actin and, after
disulfide reduction, the formation of normal filaments that
can be also decorated by S1 shows that loop 262-274
detachment is required for filament assembly. Perhaps the
best demonstration of the critical role of loop mobility in
determining the assembly pathway for actin is the DTT-
induced transformation of aggregated actin into normal
filaments (Figure 8C).

It is not clear whether the aggregation shown for the
oxidized (LC)2CA actin represents a branch of polymeriza-
tion pathway that might be present under all conditions but
is not favored when the hydrophobic loop is mobile. The
shift of the DTT-treated aggregates to filaments may proceed
through the assembly into F-actin of reduced actin monomers
that exist in the solution and the consequent, continuous
reequilibration of the aggregated and dissociated actin.
Alternatively, and more likely, the reduction of the disulfide
bond between Cys-180 and Cys-269 may destabilize actin
aggregates, creating a pool of reduced monomers for filament
formation.

Interestingly, Cys-180 and Cys-269 can form also a
disulfide bond in F-actin, in which the loop conformation
and the distance between these cysteines should not favor
such a reaction. However, we cannot rule out the possibility
that it is the small fraction of monomersspresent in the
solutionsthat is preferentially oxidized, pulling the equilib-
rium toward filament depolymerization, and monomer oxida-
tion and aggregation. A more likely mechanism is that of
local dynamic instability within the filaments, with the
hydrophobic loop fluctuating between the extended, filament-
like and the collapsed, monomer-like conformation. Alter-
natively, the loop may be less extended in the filament than
predicted in the model of F-actin structure (1).

Such fluctuations, as well as prior cross-linkings of Cys-
265 to Cys-374 and Cys-41 to Cys-265 (12), may be the
manifestations of dynamic behavior of the hydrophobic loop
and the other structural elements on actin. The conforma-
tional instability of the loop is probably increased by

substitutions of the hydrophobic residues on it and may be
greater in (LC)2CA than in wild-type actin. Previous work
(10) shows that a nonpolymerizing mutant actin, GG, in
which two of the three hydrophobic residues are replaced
by glycines, will polymerize in the presence of an equivalent
amount of wild-type actin. This result demonstrates that at
most, 50% of the residues must be capable of forming a plug
pocket interaction for stable filament formation. Thus,
dynamic instability of the loop is compatible with formation
of stable actin filaments. It is also possible that the loop
flexibility in F-actin contributes to the twist polymorphism
of actin filaments (24, 25) and determines, along with the
DNase I binding loop and the C-terminus, the conformational
states of F-actin.
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