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ABSTRACT. To better understand the relationship between structure and molecular dynamics in F-actin,
we have monitored the torsional flexibility of actin filaments as a function of the type of tightly bound
divalent cation (C& or Mg?") or nucleotide (ATP or ADP), the level of inorganic phosphate and analogues,
KCI concentration, and the level of phalloidin. Torsional flexibility on the microsecond time scale was
monitored by measuring the steady-state phosphorescence emission anisgpplthe triplet probe
erythrosin-5-iodoacetamide covalently bound to Cys-374 of skeletal muscle actin; extrapolations to an
infinite actin concentration corrected the measured anisotropy values for the influence of variable amounts
of rotationally mobile G-actin in solution. The type of tightly bound divalent cation modulated the torsional
flexibility of F-actin polymerized in the presence of ATP; filaments with®dound ¢z» = 0.066) at

the active site cleft were more flexible than those witi#'Claound ¢ra = 0.083). Filaments prepared

from G-actin in the presence of MgADP were more flexiblgea(= 0.051) than those polymerized with
MgATP; the addition of exogenous inorganic phosphate or beryllium trifluoride to ADP filaments, however,
decreased the filament flexibility (increased the anisotropy) to that seen in the presence of MgATP. While
variations in KCI concentration from 0 to 150 mM did not modulate the torsional flexibility of the filament,
the binding of phalloidin decreased the torsional flexibility of all filaments regardless of the type of cation
or nucleotide bound at the active site. These results emphasize the dynamic malleability of the actin
filament, the role of the catiehnucleotide complex in modulating the torsional flexibility, and suggest
that the structural differences that have previously been seen in electron micrographs of actin filaments
manifest themselves as differences in torsional flexibility of the filament.

F-Actin, an asymmetric polymer found in all eukaryotic has been located at the bottom of the deep cleft between the
cells, is an essential structural and contractile elementlarge and small domains. The nucleotide is also bound in
involved in cellular functions as diverse as cell locomotion, this cleft, and interactions between the cation and the
cell division, maintenance of specific cellular shape, and nucleotide phosphates indicate that cations bound to the high-
muscle contractionl). The structure of actin is known at  affinity site are actually bound to the nucleotide. Under
atomic resolution from X-ray diffraction of complexes of cellular conditions, the cation is Mg, but most standard
skeletala-actin with DNAase | 2) and with segment 1 of  actin preparations isolate €aactin (L1). The nature of the
gelsolin @) and of f-actin with profilin 4). Actin is a 42 divalent cation bound to the nucleotide at this site influences
kDa globular protein folded into distinct domains separated the large-scale structure and dynamics of F-actin. Several
by a deep cleft. The actin filament (diameter90 A) can studies have demonstrated that the structure of the actin
be described as a two-start, right-handed helix. A model of filament can be altered by varying either the type of tightly
the filament at atomic resolution was generated by fitting bound divalent cation (Ca or Mg?*) (9, 10, 12—14) or the
the actir-DNAase | structure to low-resolution X-ray fiber nucleotide (ADP or ATP)15) that is present in monomeric
diffraction patterns from oriented F-actin gels 6). This G-actin prior to polymerization. On the basis of these
model now forms the basis for molecular interpretations of structural differences, differences in the bending flexibility
F-actin structure and functiori7{10) and appears to be of actin filaments have been proposed. However, when the
consistent with other data on filament structusg ( bending flexibility of actin filaments which differed in the

Actin contains a single high-affinitykly ~ 1078 M for type of tightly bound divalent cation was measured directly
both C&* and Mg*) (11) divalent cation binding site which ~ (16) or inferred from persistence length measuremetit (
these predictions were not fulfilled. Similarly, when the
bending flexibility of actin filaments was determined as a
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Most studies of F-actin dynamics have focused in on the F-C&*— or F-Mg?t—actin was prepared by polymerizing
flexural (bending) flexibility of the filament, since this G-actin with FB as per established protocds)(and was
dynamic property is believed to be important for actin’s dialyzed against this buffer. An actin filament containing
ability to carry out its diverse functions in both muscle and predominantly C& at the high-affinity divalent cation
nonmuscle cells1(7, 20). The torsional flexibility of the binding site, F-C&"-actin, was prepared by polymerizing
filament, however, has not been adequately addressed despit&-Ca" with a modified filament buffer containing only
important functional implications for the formation of bonds calcium as the divalent cation (&aFB) [10 mM MOPS,
that hold bundles of actin filaments together in the microvilli, 100 mM KCI, 2.2 mM CaCJ, 1 mM NaN;, and 0.2 mM
for the formation of actin bundles in limulus sperm, and for ATP (pH 7.0)] and was dialyzed against this buffer. G-Actin
any as yet undefined role in actomyosin functid®,(21). containing M@" at the high-affinity divalent cation binding
In addition, Tsuda et al2@Q) have demonstrated that the actin  site (G-Mg*-actin) was prepared according to the protocol
filament is more sensitive to torsional twisting than it is to of Orlova and EgelmanlQ) by incubating G-C& with 0.4
bending. Since the studies summarized above have indicatednM EGTA and 0.2 mM Mgd] for 10—15 min at 4°C.
that the observed structural differences do not show up asG-Mg?™-actin was then polymerized to F-Nlgactin (actin
bending flexibility differences, we hypothesize that these filaments containing predominantly Migat the high-affinity
structural differences may manifest themselves as differencedivalent cation binding site) in a modified filament buffer
in torsional flexibility. (Mg?*-FB) [10 mM MOPS, 100 mM KCI, 0.2 mM EGTA,

We have thus set out to monitor the torsional flexibility 2.2 mM MgCh, 1 mM NaN;, and 0.2 mM ATP (pH 7.0)].
of F-actin as a function of the identity of the tightly bound G-Actin containing Mg" as the tightly bound divalent
divalent cation (C& or Mg?") or the specific nucleotide  cation and ADP as the nucleotide (G-ktgADP-actin) was
(ADP or ATP) present in G-actin prior to polymerization, prepared from G-Mg-ATP-actin by incubatig a 2 mg/mL
the solution ionic strength, and the presence of the filament- sample with 30 units/mL hexokinase (Sigma Chemical Co.,
stabilizing ligand phalloidin. The torsional flexibility of  St. Louis, MO) and 2.5 mM glucosef@ h on ice as per
F-actin was monitored by measuring the steady-state phos-the protocol of Isambert et all7). F-Mg?"-ADP-actin was
phorescence emission anisotropy of the phosphorescent probprepared by polymerizing G-Mg-ADP-actin with a Mg*-
erythrosin-5-iodoacteamide covalently attached to Cys-374 ADP buffer [10 mM MOPS, 100 mM KCI, 0.2 mM EGTA,
of G-actin. The phosphorescence emission anisotropy is2.2 mM MgCh, 1 mM NaN;, 0.2 mM ADP, and 5M ApsA
sensitive to rotational motions taking place in the actin (pH 7.0)]. F-Mg*"-ADP-R-actin was prepared by polymer-
filament on the micro- to millisecond time scale. Previous izing G-Mg**-ADP-actin in Mg™-ADP buffer containing 30
studies 23, 24) have established that the microsecond mM P. ADP-actin containing Bef, F-Mg?"-ADP-Bek; -
rotational motions that take place in F-actin are dominated actin, was prepared by polymerizing G-kKegADP-actin with
by torsional twisting motions. Our measurements indicate Mg2"-ADP buffer containing 10«M BeSQ, and 10 mM
that the torsional dynamics of actin filaments are remarkably NaF as per the procedure of Isambert et &l7)( These
sensitive to the chemical structure of the divalent cation proteins were stored by dialysis afQ against the appropri-
nucleotide complex bound at the active site cleft. ate buffer.

Spectroscopic MeasurementSteady-state fluorescence
MATERIALS AND METHODS measurements were taken on a SPEX model F1T11i spec-

Protein Preparation and Labeling Actin was isolated trofluorometer (SPEX Industries, Metuchen, NJ) equipped
from acetone powder prepared from the leg and back musclesnyith a 450 W high-pressure xenon lamp, single-grating
of New Zealand white rabbits of either sex as per establishedexcitation and emission monochromators, dual emission
protocols 25). G-Actin was isolated from acetone powder monochromators in a T-format, Glan-Thomson crystal po-
by extraction into G-buffer (GB) [1 mM EPPS0.2 mM larizers on excitation and emission, and a circulating water
CaCb, 1 mM NaN;, and 0.2 mM ATP (pH 8.5)] containing  bath for controlling the sample temperature. The instrument
0.5 mM DTT as described by Thomas et &6);, such a is under control of a microcomputer running DM3000F
procedure generates G-actin with?Cat the high-affinity software (SPEX Industries). Phosphorescence measurements
site (G-Cé&*-actin). Actin was stored as filaments with were taken with this instrument equipped with a pulsed, low-
continuous dialysis against filament buffer (FB) [10 mM pressure Xe flash lamp and a model 1934C phosphorimeter
MOPS, 100 mM KCI, 2 mM MgCJ, 0.2 mM CaC}, 1 mM attachment (SPEX Industries).

NaNs, and 0.2 mM ATP (pH 7.0)] at @C; the dialysis buffer Samples for spectroscopic measurements are prepared by
was changed weekly. The actin concentration was deter-mixing labeled and unlabeled actin to adjust the total
mined by the absorbance at 290 nm using an extinction concentration of erythrosin to4M and the total concentra-
coefficient of 0.63 M? cm™ for actin. The protein was  tion of actin (labeled and unlabeled) to 0.5 mg/mL. All
assayed for purity using SBSAGE. Actin was labeled [uminescence measurements were taken under anaerobic
with the phosphorescent probe erythrosin-5-iodoacetamideconditions using the enzymatic deoxygenation protocol of
(Molecular Probes, Inc., Eugene, OR) as per previously Horie and Vanderkooi28) and at a temperature of 2.
reported procedure2T) and was stored as F-actin by dialysis Steady-state fluorescence emission anisotropy spectra were
against FB. collected for both intrinsic tryptophan and the erythrosin
label; tryptophan emission anisotropy over the range 0340
d_t;A&bretvi?tEgS{AAﬁtAH T’l,PS-clii(acliebnosine_'5rpter?tlaptfr1]05ph,3t§3 B’TT' 350 nm was measured using 295 nm excitation, while
teltr;l%cé?ilco :acid; E’PePS{lig?ﬁy)&i%x;gsﬁ%g%eergziﬁd:ﬁg\fbrbpéne- erythrosin emission an.ISOtrOpy over th.e "?‘”ge of-5500
sulfonic acid; FB, filament buffer; MOPS, 3N(morpholino)propane- "M was measured using 500 nm excitation. Steady-state
sulfonic acid. phosphorescence emission anisotropy measurements were
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taken at 684 nm with excitation at 534 nm using a time delay rm = Fea — ((GUTAL L eal ga)T en

of 0.07 ms and integrating the emitted photons over a total

time window of 1.5 ms; four polarized intensities corre- Since the concentration of G-actin in solution is the critical

sponding to vertical and horizontal excitation and emission concentrationg,, then

(Iw, lvhy Inv, @ndlinn, where the subscripts refer to the excitation

and emission polarizations, respectively) were collected and v = Fea = (Cdleall A EA/TA] (4)

used to calculate the anisotropyvith the equatiomr = (R .

— 1)/(R+ 2), whereR = (In/lyn)(Inv/In). Phosphorescence Thus, a plot ofry versus 1/[A]_ provides a measure Qf the

intensity decay measurements were taken with excitation attrué anisotropy of the actin filamentg,, and the critical

534 nm and emission at 688 nm, using an initial time delay concentrationge.

of 0.07 ms and a total decay window of 1.5 ms, and RESULTS

collecting intensity every 0.01 ms. Additional details are

reported elsewhere2{, 29). Total intensity decays were Influence of the Tightly Bound Balent Cation on F-Actin

analyzed for single-exponential lifetimes using the nonlinear Dynamics. Previous studies indicate that the steady-state

least-squares fitting program NFIT (Island Products, Galveston, phosphorescence anisotropy of erythrosin attached to Cys-

TX); the goodness of fit was evaluated by examination of 374 provides a reliable measure of the average rotational

the residuals (data minus fit) and the fi£. Single- dynamics of F-acting7, 29, 31). Time-resolved studie®8,

exponential functions gave good fits with residuals randomly 24) have demonstrated that the optical anisotropy on the

distributed around zero and values in the range of-11.4. triplet time scale reflects torsional twisting motions about
Determination of the “True Anisotropy” of F-ActinWhen the long axis of the actin filament. Such an interpretation

there exist in solution two chemical species such as G-actinis also supported by fluorescence microscopic studies of the

and F-actin which differ in anisotropy, the measured ani- reptation of labeled F-actin in solutions of unlabeled actin

sotropy of the resultant solution is the intensity-weighted sum (32) which show that at actin concentrations 26.5 mg/

of the anisotropies of the two speci&y). If we designate mL the actin filament is embedded within a gel-like

rv as the measured steady-state anisotropy of the actinmeshwork of entangled filaments that effectively constrains

solution andrga andrea as the anisotropies of G-actin and any end-over-end motions of the filament. We have thus

F-actin, respectively, which contribute fractional phospho- used the steady-state phosphorescence anisotropy as an

rescence intensities & andfea to the solution, respectively  indicator of the average torsional motions of the filament; a

(such thatfiga + fra = 1), then theoretical treatment3@) indicates that it also provides a
measure of the torsional rigidity of the filament.
rv = foalca t fealra (2) To determine the effect of the tightly bound divalent cation
on the torsional flexibility of F-actin, F-MiJ-actin and
Since we know from experiment thags = O for steady- ~ F-C&*-actin filaments were prepared by polymerizing
state phosphorescenca?], then G-Mg?*-actin or G-C&"-actin with a solution containing
either MgCh and KCI or CaC] and KCI, respectively. The
=f_re.=(1—f)r 2 torsional flexibilities of these filaments at 20C were
' = fealea = ( oA FA (2)

compared to those of filaments prepared from GGactin
monomers, but polymerized with CaCand MgC} and KCl;
we refer to this sample as F-(€4vig?*t)-actin. Additional
filament samples were prepared in the absence of KCI by
polymerizing G-C&™-actin and G-Mg"™-actin in buffers
containing only the respective divalent cation but no KCI.
F-C&"-actin and F-M@™-actin exhibit differences in
critical concentration regardless of the type or concentration
) - ) ] ) ) of polymerizing salt usedl(, 34); since the phosphorescence
Since the crmc_al concentration o_f actin (that is, [G] in the anisotropy of G-actin is 0.Q7), variable amounts of G-actin
above expression) is known to be in the range of about0.01  \yithin a filament solution will introduce artifacts by lowering
0.02 mg/mL 80), at the concentrations of actin used in our he measured anisotropy. The anisotropy was thus deter-
experiments (0.20.5 mg/mL),fea can be approximated by mined as a function of actin concentration so the true

The termfga is a function of the concentrations of G-actin
([G]) and F-actin ([F]) and a terrtka/lca Which represents
the relative phosphorescence emission intensity of F-actin
versus G-actin.

foa = [GIIG] + [FI(Ira/lGa)]

the following equation: anisotropy of these filaments could be determined (see
Materials and Methods, especially eq 4). The steady-state

fon X [GU[AI(1eallGa) 3) phosphorescence emission anisotropies at°@0of the
various actin samples determined as a function of actin

where [A] is the total concentration of actitiea/lca = 2.81, concentration are shown in Figure 1. Tiéntercepts of

which is estimated from the ratio of mean lifetimes of G-actin the regression lines of the anisotropy versus 1/[actin] curves
(0.099 ms) and F-actin (0.278 ms27j. If the critical provide the true anisotropy of F-actin:£), while the slope
concentration was 0.05 mg/mL and the total actin concentra- provides an estimate of the critical concentration of the actin
tion 0.5 mg/mL, the approximation of eq 3 would introduce solution ) (this procedure provides a novel technique for
a 6% error. determining the critical concentration of an actin solution).
Substituting eq 3 into eq 2, we obtain the following Estimates of the critical concentrations of G-actin in each
expression relating the measured anisotropy to the total actinof these solutionsc{) and of the true anisotropy of each of
concentration [A] these types of actin filamentgs:f) are summarized in Table
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Table 1: Influence of Divalent Cation, KCI, and Phalloidin on the Steady-State Phosphorescence Emission Anisotropy of Erythrosin-Labeled

F-Actin
phosphorescence emission phosphorescence critical
F-actin buffer anisotropy £ra) lifetime (ms) concentrationgM)
F-C&*-actin Ca"-FB 0.083+ 0.002 0.3064+ 0.00% 1.6+ 0.39
F-Mg?*-actin Mgt-FB 0.066+ 0.002 0.263+ 0.00% d
F-(C&"/Mg?")- FB 0.084+ 0.002 0.2814+ 0.008 0.62+ 0.8
actin
F-C&*-actin Ca*-FB 0.0834 0.002 0.3344 0.008 1.8+ 0.14
(no KCl)
F-Mg?™-actin Mg+-FB 0.0664 0.002 0.3054+ 0.007 0.39+0.34
(no KCl)
Ph-F-C&*-actin Ca&*-FB 0.098+ 0.005 0.293+ 0.004 d
Ph-F-Mg*-actin Mgt-FB 0.080+ 0.005 0.27H4- 0.00% d
Ph-F-(C&"/Mg?")- FB 0.102+ 0.006 0.276+ 0.004 d

actin

2 From intercept on thg-axis of the regression line in Figure 1Mean+ standard deviation over the actin concentrations in FiguféViean
=+ standard deviation of at least three replicatddnable to determine the critical concentration due to zero skllean 4 standard deviation

based on propagation of errors calculated from the slopes of lines in

Figures 1 and 2.
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G-actin prior to polymerization directly influenced the
torsional flexibility of the resultant actin filament; filaments
polymerized from G-Mg"-actin had a lower anisotropy and
thus exhibited more torsional flexibility than filaments
polymerized from G-CH-actin. The comparable values of
anisotropy obtained for F-C&actin and F-(C&/Mg?")-actin
indicate that the presence of either a single species of divalent
cation (C&" in the case of F-Cd-actin) or a heterogeneous
mixture of cations [C& and Mg" in the case of F-(Cd/
Mg?")-actin] in the polymerizing buffer had no measurable
effect on the torsional flexibility of F-actin.

Possible Ambiguities in the Interpretation of the Phos-

FIGURE 1: Measured steady-state phosphorescence emission anifphorescence Anisotropyl he steady-state phosphorescence

sotropy (m) of various F-actin solutions plotted as a function of
the reciprocal of the actin concentration (see Materials and Methods,
eq 4, and the text for details)c) F-(C&*/Mg?")-actin polymerized

in FB, (O and®) F-C&"-actin polymerized in Cd-FB and C&"-

FB (no KClI), respectively, andyanda) F-Mg?"-actin polymerized

in Mg2t-FB and Mg@*-FB (no KCI), respectively.

1. The critical concentration of F-€aactin polymerized
with CaCb and KCI was 1.6uM, and that of F-C#& -actin
polymerized with only CaGlwas 1.8«M; both values were
considerably larger than the critical concentration of F*Mg
actin polymerized with only MgGl (0.4 uM) or that of
F-(Ca&*/Mg?*)-actin polymerized with Cag| MgCl,, and

KCI (0.6 uM). (The critical concentration of F-Mdg-actin
polymerized with M@" and KCI could not be determined
from this analysis; however, the absence of a concentration
effect in the presence of Mg indicates that the concentration
of free monomer is probably0.2 uM.) These critical
concentration values are consistent with previously reported
values for actin 4).

For both F-C&"-actin and F-Mg"-actin, the presence of
KCl in the polymerizing buffer had no effect on the filament
anisotropy (Table 1). The true emission anisotropy of
F-C&*-actin was 0.083; this value was essentially identical
to the anisotropy of F-(CGa/Mg?")-actin polymerized with
both MgCh and CaC (rra = 0.084) and significantly larger
than the anisotropy of F-Mg-actin (ra = 0.066). Since
both F-C&"-actin and F-(C&/Mg?")-actin were polymerized
from G-C&"-actin while F-Md@"-actin was polymerized from
G-Mg?*t-actin, this result suggests that the type of divalent
cation (C&" or Mg?") bound to the high-affinity site in

anisotropy is sensitive to spectroscopic properties of the
probe in addition to the torsional twisting of F-actin; these
include independent motions of the probe on the surface of
actin, the phosphorescence lifetime of the probe, and the
orientation of the triplet emission dipole of the probe with
respect to the long axis of the filamer( 31). Although
fluorescence anisotropy measurements indicate that eryth-
rosin is tightly bound to the surface of F-(€&Vg?t)-actin

(27), we tested the possibility that the divalent cation
modulates the probe mobility by measuring the steady-state
fluorescence emission anisotropy of the erythrosin probe in
F-Mg?"-actin, F-C&"-actin, and F-(C&/Mg?")-actin; the
results, shown in Table 2, suggest that the type of cation
bound to actin did not modulate the independent motions of
the probe. This conclusion was also supported by phospho-
rescence excitation and emission intensity scans (data not
shown); these scans, which were identical for all forms of
F-actin, showed no measurable influence of divalent cation
on the local polarity and chemical environment of the probe.
Measurements of the fluorescence anisotropy of the four actin
tryptophans (Table 2) also suggested that the divalent cation
did not modulate the internal dynamics of domain 1 of actin
(where these residues are locate?)) the domain to which
erythrosin is attached (at Cys-374).

The steady-state phosphorescence anisotropy of a rod-like
molecule undergoing torsional twisting motions (that is,
F-actin) is indexed by the ratio of the phosphorescence
lifetime (z) to a torsional twisting timeg) which is directly
proportional to the torsional rigidity«{) (33); changes in
the lifetime will thus modulate the measured anisotropy. We



Microsecond Torsional Flexibility of F-Actin Biochemistry, Vol. 37, No. 41, 19984533

Table 2: Influence of Divalent Cations on the Steady-State Fluorescence Emission Anisotropy of Extrinsic Erythrosin Probe and Intrinsic
Tryptophans in F-Actin

erythrosin anisotropy tryptophan anisotropy

F-actin polymerizing buffer (rs at 560-570 nm¥} (rf at 340-350 nm}
F-Mg?*-actin Mg ™-FB (no KClI) 0.340+ 0.004 0.159+ 0.004
F-Ca&t-actin C&*-FB (no KCI) 0.340+ 0.003 0.153t+ 0.005
F-(Ca&/Mg?™)-actin FB 0.339+ 0.004 0.162+ 0.004

@ Mean 4 standard deviation of at least three replicates averaged over the emission wavelength range indicated.

Table 3: Influence of Added Cagbn the Phosphorescence Emission Anisotropy of Preformed #-Mgtin in the Presence and Absence of
KCI

phosphorescence phosphorescence
sample buffer emission anisotrogy lifetime? (ms)
Mg2t-FB
F-Mg?*-actin 0.069%+ 0.004 0.268t 0.003
F-Mg?*-actin and 0.6 mM CagGl 0.069+ 0.004 0.272+ 0.004
F-Mg?*-actin and 2 mM CaGl 0.072+ 0.004 0.277 0.003
Mg?*-FB (no KCI)
F-Mg?*-actin 0.068+ 0.003 0.290t 0.005
F-Mg?*-actin and 2 mM CagGl 0.072+ 0.002 0.293+ 0.003

aMean =+ standard deviation of at least three replicates; anisotropy displayed no concentration dependence.

measured the average phosphorescence lifetime of F-actirwere higher than that of phalloidin-stabilized Ph-Fag
under various solution conditions; the results are summarizedactin fra = 0.080); phalloidin had little or no effect on the
in Table 1 for all of the conditions discussed above. The phosphorescence lifetime of the probe (compare data in Table
average lifetime varies slightly depending upon the specific 1). These results indicate that although phalloidin binding
conditions of polymerization; F-C&-actin, for example, has  increased the torsional rigidity of F-€aactin and F-M§g"-

a longer lifetime than F-Mgj-actin, and the presence of KCI  actin, it did not eliminate their inherent differences in
in the polymerization buffer appears to increase the probe torsional flexibility brought on by the presence of different
lifetime on both F-C&"-actin and F-M§"-actin. Although divalent cations.

these changes complicate any absolute interpretation of Effect of Addition of CaGlto Preformed F-Mg?-Actin
changes in anisotropy in terms of changes in torsional rigidity Filaments. To determine whether the presence of Gagl
(33), the differences in anisotropy cannot be explained away solution modulates the flexibility of preformed F-Kigactin,

as differences in lifetime only. For example, the shorter we studied the effect of added Ca®@in the anisotropy of
lifetime of F-Mg?*-actin compared to that of F-€aactin F-Mg?*-actin prepared from G-Mg-actin and polymerized
(0.263 vs 0.306 ms) would, the torsional rigidities being with either MgCh and KCI or only MgC}. The results,
equal, result in an increase in phosphorescence anisotropysummarized in Table 3, indicate that the addition of GaCl
rather than the decrease seen; this argument suggests thad preformed F-M§™-actin filaments does not increase the
the difference in anisotropy in this case is actually an phosphorescence anisotropy of FAigctin either in the
underestimate of the difference in torsional motion. How- presence or in the absence of KCI, and thus suggests that
ever, the increases in lifetime induced by KClin both PCa  addition of CaC] to performed F-M§™-actin filaments
actin and F-Mg*-actin (Table 1) suggest that the similarities cannot decrease the torsional flexibility of the filament. This
in anisotropy actually obscure possible differences in tor- result is consistent with the known very slow exchange

sional motion between the filaments.
Effect of Phalloidin on the Torsional Flexibility of F-Nt:
Actin and F-C&"-Actin. Phalloidin, a fungal toxin that binds

kinetics of the tightly bound divalent cation in F-actit(
36, 37).
Influence of the Bound Nucleotide on F-Actin Dynamics.

to the surface of the actin filament, reduces the critical To determine whether the torsional flexibility of F-actin was

concentration to very low value8%) and appears to stabilize

dependent on the state of the nucleotide bound at the high-

the actin filament by strengthening the bonds across andaffinity site in actin, G-Mg@"-actin with bound ADP was

along the two-start helixd). Previous studies indicate that

polymerized with MgC and KCI to form F-Mg"-ADP-

phalloidin induces an increase in steady-state anisotropy andactin filaments, with MgGl, KCI, and R to form F-Mg?*-

thus decreases the torsional twisting motions of F-affiy (

ADP-R-actin filaments, and with MgGJ KCI, and Bek™

to determine the effect of phalloidin stabilization on the to form F-Mg"-ADP-BeR-actin filaments; Bef is thought

torsional flexibility, F-C&"-actin and F-Mg"-actin were

to mimic the phosphate group in F-actiB8-40). The

prepared in the presence of a 3-fold molar excess of anisotropy of these filaments was independent of the actin

phalloidin.

The steady-state phosphorescence emissionconcentration (Figure 2), indicating that the critical concen-

anisotropies of these two types of filaments were comparedtration was too small to determine using this technique; the

to that of phalloidin-stabilized F-(C&Mg?")-actin; the
results are presented in Table 1. Phalloidin-stabilized-Ca
containing actin filaments, Ph-F-&aactin with anrga of
0.098 and Ph-F-(Ca/Mg?*)-actin with anrga of 0.102, had

values reported in Table 4 are thus the averages of the
measurements made at three different concentrations. Al-
though ADP-actin is expected to have a higher critical
concentration than ATP-actiB(@), the similarity in the slopes

similar phosphorescence emission anisotropies, and bothof the plots of the F-Mg-actin solutions polymerized in
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0.09 probe phosphorescence lifetime, indicating that the differ-
z 0085 ences in anisotropy reflected real differences in filament
£ ooso | torsional flexibility.
E 0.075
; 0070 | DISCUSSION
d 0065 1 i T 4 Effect of Dvalent Cations. Orlova and EgelmartQ, 12),
g oot T I ‘%‘ - —P — on the basis of image analysis of electron micrographs of
B 0055 ] actin filaments, observed structural differences in actin
£ goso ——————— + ——————— % ——————— i’ ——————— filaments differing in the nature of the tightly bound divalent
0.045 - cation (C&" or Mg?"). On the basis of these structural
! z ’ ‘ s differences, they proposed differences in bending flexibility
ViActnl (miimg) associated with cation binding. However, dynamic studies

FicURe 2. Measured steady-state phosphorescence emission aninf actin filament bending flexibility based upon either video
sotropy () Of various F-actin solutions plotted as a function of ,pq0ation of the bending of individual fluorescence-labeled

the reciprocal actin concentration (see Materials and Methods, eq_. . . . -
4, and the text for details):@) F-Mg?*-ADP-actin polymerized fllaments (6, 17) or bending of negatively stained filaments

in Mg2+-ADP buffer, () F-Mg?"-ADP-P-actin polymerized in in electron micrograph$g) do not confirm these proposals.

Mg?"-ADP buffer containing 30 mM Pand @) F-Mg?*-ADP- Since the observed structural differences do not appear to
5923(1‘&0“(1” fglyn;ﬂetillzeléj in Mg -ADP buffer containing 10pM show up as bending flexibility differences, we were interested
esldan mi Nar. in investigating the extent to which the structural differences

Table 4: Influence of Nucleotide, Nucleotide Analogue, and ”;1 F_aCtIIn observed b.y OrI|0\;|a a.?)c.jl.Egiinaﬂ’(lz) mangeSL
Phalloidin on the Steady-State Phosphorescence Emission t.emse_ Ve_S as torsional flexibility differences. . u_c _a
Anisotropy of F-Actin viewpoint IS supported by recent measurements |nd|cat|ng
that the torsional rigidity of F-Cd-actin was nearly triple

phosphorescence phosphorescence

F-actin emission anisotropy lifetime (ms) that of F-Mg*-actin (L6).
F-Mg?"-ADP-actin 0.05H 0.003 0.271+ 0.009 The tqrsional flgxibility of actin filaments under a yariety
F-Mg?*-ADP-P-actin 0.063+ 0.003 0.2724 0.007 of solution conditions was evaluated by monitoring the
EhM'ngAPig‘;E"?C“” g-gg‘?&i 8-8% 8-%%; 8-883 steady-state phosphorescence emission anisotropy of eryth-
-F-Mg"-ADP-actin : ' : ' rosin-labeled actin. We observed that the anisotropy and

Ph-F-Mg*-ADP-P-actin 0.077+ 0.002 0.277+ 0.002 ; g L .
vy g?i : dl 3 devial he th . ations i hence the torsional flexibility of actin filaments are sensitive
ean+ standard deviation over the three actin concentrations in ; ; . pn
Figure 2. Mean + standard deviation of at least three replicates. :)or;ggr;??ne (gfat.lcgtihrilil)rti)c?rutrz)dpdo“llyari]e;rizczftil)onn (sv?;r?ﬂ%gé

the presence of either ATP (Figure 1) or ADP (Figure 2) Present at the high-affinity site, the actin filaments have a
Suggests that divalent cation p|ays a dominant role in lower anisotropy and are thus torSiona”y more flexible than
determining the Criticai Concentratiomjo_ The anisotropy when Cé+ is present. These torsional ﬂeX|b|I|ty differences
of F-Mg?t-actin polymerized from G-Mgf-actin in the can be reconciled with the observed structural differences
presence of ADP (F-Mg-ADP-actin, rea = 0.051) was as follows. Orlova and Egelmad@ 12) proposed that the
significantly lower than the anisotropy of the same filaments greater bending flexibility of Mg'-containing actin filaments
polymerized in the presence of ATP (F-Rigactin, rea = was due to a loss of structural connectivity between
0.066, Table 1). However, the binding of either inorganic Monomers both across and along the two long-pitch helical
phosphate (iPor Bel:‘): at the active site of actin increased strands. We Speculate that this reduction in structural
the anisotropy to 0.063 and 0.060, respectively, values nearlyconnectivity in the case of F-Mg-actin would result in there
identical to that found for filaments polymerized in the being a greater possible extent of angular disorder of the
presence Of ATP and thus Containing predominateiy ADP monomers in the filament. A greater extent Of monomer
and Rat the active sitergs = 0.066). Control experiments ~ disorder in F-Mg*-actin would manifest itself in an increase
indicated that the probe phosphorescence lifetimes (compardn torsional flexibility.
data in Table 4), fluorescence anisotropy (data not shown), Our conclusions are consistent with those of Yasuda et
and phosphorescence excitation and emission scans (data natl. (16), who concluded, on the basis of observations of
shown) were identical within the measurement error in the rotational fluctuations in video images of actin filaments held
different filament forms. These data thus indicate that the in an optical trap, that rhodaminghalloidin stabilized
state of the nucleotide bound to actin modulates the torsionalMg?*-containing actin filaments were three times less
flexibility of actin filaments; specifically, the presence qf P torsionally rigid than C#-containing filaments. Our data
at the active site appears to decrease the torsional flexibility clearly support their conclusions that the torsional flexibility
of actin filaments. of actin filaments depends on the type of tightly bound
The influence of phosphate bound at the active site on divalent cation bound at the high-affinity site in G-actin prior
the torsional dynamics of F-actin persisted in the presenceto polymerization. Itis important to note, however, that the
of a 3-fold molar excess of phalloidin. The addition of conclusions of Yasuda et al. are based on video observation
phalloidin to either F-Mg"™-ADP or F-Mg"™-ADP-P, fila- of large-scale rotational fluctuations on the millisecond to
ments increased their phosphorescence emission anisotropgecond time scale, while the conclusions reported here are
(Table 4), indicative of an overall decrease in their torsional based on measurements made on the much faster micro- to
flexibility, yet did not eliminate their inherent differences millisecond time scale and thus probably reflect more
in flexibility. Once again, phalloidin had no effect on the localized rotational motions of the actin filament.
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In the preparation of actin filaments from monomers populations would be dictated by the relative amounts of
containing different divalent cations, various polymerization each of the two types of divalent cations in solution. Our
buffers can be used. The monomers can be polymerizedresults indicate that when €amonomers are polymerized
with millimolar concentrations of the respective divalent in the presence of either a single species of divalent cation
cation, with physiological concentrations of monovalent (F-C&"-actin) or a heterogeneous mixture of divalent cations
cations (KCl), or by using a combination of both monovalent [F-(Ca&t/Mg?*)-actin], the resulting F-actin filaments have
and divalent cations. Strzelecka-Golaszewska e dl.Have similar values of steady-state anisotropy and hence torsional
noted that the choice of the polymerization buffer could flexibility. The similarity of the anisotropy of F-(C&/
influence the flexibility of the resulting actin filament. In  Mg?")-actin and F-C# -actin leads us to the conclusion that
particular, they observed that the flexibility of the actin no exchange of G4 for Mg?* occurred when Cd mono-
filament is sensitive to not only the divalent cation present mers were polymerized in a medium containing a mixture
in solution but also the ionic strength of the solution. of divalent cation, and hence the F-@&C#Vg?t)-actin
However, our results indicate that the torsional flexibility filaments contained Ca at the high-affinity site.

of both C&"-containing and Mg -containing actin filaments This apparent, albeit slight, disparity between the structural
is similar irrespective of the presence or absence of 100 mM studies of Egelman and colleagues and our dynamical studies
KCl in the polymerizing buffer. could be due to the fact that the buffer used here to

Although we observed changes in the probe lifetimes for polymerize F-(C&/Mg?*)-actin contained 0.2 mM Cagl
filaments polymerized in the presence or absence of KCI, in addition to 100 M KCIl and 2 mM MgGl The presence
and these lifetime differences could obscure possible realof 0.2 mM CaC} probably prevented the €ain G-actin
differences in torsional flexibility as detected by phospho- from being exchanged with the Mygin solution during the
rescence anisotropy29), we believe that these marginal polymerization process. In addition, it is known that the
changes in lifetime do not impact significantly our interpreta- presence of monovalent cations in the buffer can influence
tion for reasons outlined in the Results. These small changeghe exchange kinetics of the divalent cation. When only
in lifetime could arise from subtle changes in the actin Mg?" is used to polymerize G-C&actin, more than 90%
monomer conformation as a consequence of different cationsof the tightly bound cation is Mg (43), whereas when both
being bound to the low-affinity sites. Selden et 4R)(have KCl and Mg are included in the polymerizing buffer, the
observed that monovalent cationst(kand divalent cations  extent of exchange drops to 66%6j. Thus, the combined
(Ca&* or Mg?") compete for the low-affinity sites in  presence of KCl and Cagalong with MgC} in the buffer
monomeric actin and this in turn influences the affinity of possibly precluded any exchange of divalent cation in the
actin for the divalent cation at the high-affinity site. Thus, case of F-(C&/Mg?")-actin. Our conclusions indicating that
the presence or absence of monovalent cations in solutionthe presence of a heterogeneous mixture of divalent cations
(rather than their concentration) could result in local con- in the buffer does not affect the exchange of tightly bound
formational differences which show up as lifetime changes C&* in actin filaments are similar to those of Yasuda et al.
but not as global differences in torsional flexibility. How- (16). They observed that in the preparation of F*Gactin
ever, these conformational differences did not manifest filaments, the presence of 1 mM MgGh the polymerizing
themselves as differences in the fluorescence emissionbuffer did not result in an exchange of Tdor Mg?" in
anisotropy of either the triplet probe or the four intrinsic these filaments.
tryptophans or in the excitation or emission spectra of the Once filaments are formed, however, could the tightly
triplet probe. bound divalent cation exchange with the divalent cations

Isambert et al.X7) observed the bending fluctuations of present in the medium? In the answer to this question, the
fluorescently labeled filaments using video microscopy and structural data are equivocal. Orlova and Egelma®) (
found that in the range of KCI concentrations from 0 to 100 observed that small amounts ofCCawhen added to flexible
mM the actin bending flexibility was not dependent on the F-Mg?t-actin filaments, increased the rigidity of these
ionic strength of the solution. Our results indicate that the flexible filaments, probably via exchange of the tightly bound

torsional flexibility of both C&"-containing and Mg'- divalent cation. However, studies by Kasai and Oos&va (
containing actin filaments also does not depend on the and Gershman et a3§) have indicated that there is virtually
concentration of KCl in solution over this range. no exchange of the tightly bound divalent cation in F-actin.

In addition to the type of divalent cation present in G-actin Our results demonstrate that addition of either 0.6 or 2 mM
prior to polymerization, and to the ionic strength of the CaCk to preformed F-Mg"-actin filaments (polymerized
buffer, structural studies have indicated that the presence ofwith or without 0.1 M KCI) did not affect the steady-state
two types of divalent cations (€a and Mgt) in the phosphorescence emission anisotropy of these filaments, and
polymerizing buffer can also affect the torsional flexibility thus did not modulate their torsional flexibility. This
of the resulting F-actin filament. Orlova and Egelmag)( suggests that over a period of-2 h there is virtually no
and Orlova et al. {3) observed using electron microscopy exchange of the tightly bound divalent cation in the actin
that when G-C&-actin monomers are polymerized in a filament.
buffer containing MgGJ, which results in there being two Effect of Phalloidin. Structural studies have determined
types of divalent cations in solution, the resulting F-actin that the binding of phalloidin to actin filaments stabilizes
solution has two populations of actin filaments. One group the filaments by strengthening monom&nonomer bonds
of filaments exhibited structural features similar to those of both across and along the two-start hel&. ( However,
flexible F-Mg?™-actin filaments, and the other group had dynamic studies of the effect of phalloidin on F-actin
structural features similar to those of F2Cactin filaments. flexibility are not unanimous in their conclusions. Ludescher
The relative proportions of each of these two filament and Liu 7) found that the binding of phalloidin increased
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+Cation +KCl1 +Phalloidin

G-Mg"-ADP - —  F-Mg?-ADP-KCI —>  Ph-F-Mg2-ADP-KCI
r=0.0 r=0.051 r=0.064

™ +pi T +Pior BeF,”

G-Mg"-ATP —>  F-Mg"-ADP-Pi —  F-Mg”-ADP-Pi-KCl —  Ph-F-Mg'*-ADP-Pi-KCl
r=0.0 r=0.066 r=0.066 r=0.080
T\L slow exchange »L no exchange J/ no exchange

G-Ca"-ATP —>  F-Ca™-ADP-Pi —  F-Ca-ADP-Pi-KCl —  Ph-F-Ca-ADP-Pi-KCl
r=0.0 r=0.083 r=0.083 r=0.098

Ficure 3: Dynamical states of the actin filament. The steady-state phosphorescence anisotropy of each state is indicated.

the steady-state phosphorescence anisotropy, thus decreasirexhibited structural, mechanical, and dynamical properties
the torsional flexibility of erythrosin-labeled F-actin. How- different from those of filaments polymerized from ATP
ever, measurements in the micro- to millisecond time range monomers. Similar conclusions regarding actin filament
of the transient absorption anisotropy of eosin-labeled F-actin flexibility as a function of the bound nucleotide were reached
(23) and of the time-resolved phosphorescence emissionby Orlova and EgelmanlQ) in their structural studies.
anisotropy of erythrosin-labeled F-acti?4j showed thatthe =~ However, their findings were ambiguous because their ATP
binding of phalloidin to actin filaments either had little effect monomers and ADP monomers had different divalent cations
on the torsional twisting motions of the filameri23j or present at the high-affinity site. However, Pollard et &8)(
actually increased the torsional flexibility of the filameRdy. arrived at different conclusions on the basis of a comparison
Our steady-state measurements clearly indicate (this workof electron micrographs and the rheological properties of
and ref 27) that phalloidin decreased the microsecond F-actin polymerized from either ATP- or ADP-G-actin; they
torsional flexibility of actin filaments irrespective of whether observed that actin filaments polymerized from either ATP
Ca&" or Mg?" was bound at the high-affinity site. This or ADP monomers did not exhibit any gross structural or
suggests that phalloidin rigidifies the actin filament, probably mechanical differences. However, they did not rule out the
as a result of the strengthened monommonomer bonds  possibility that there could exist subtle differences in the
mentioned above. We have no ready explanation for the packing of the monomers in the actin helix in the case of
discrepancy between our work and that previously reported filaments differing in the type of bound nucleotide. In
(23, 24). addition, Isambert et al1{) observed that video images of
Orlova and Egelman1Q) have indicated a differential Mg?-containing actin filaments exhibited similar persistence
stabilizing effect of phalloidin on actin filaments depending lengths independent of the bound nucleotide, suggestive of
upon whether Cd or Mg?t is present at the high-affinity = comparable bending flexibilities.
site. Phalloidin-stabilized Mg-actin filaments exhibited Our results indicate that Mg-containing actin filaments
structural features different from those of unstabilized®™Mg  polymerized from ADP monomers have a lower steady-state
actin filaments, but similar to those of unstabilized?Ga  phosphorescence emission anisotropy and hence greater
actin filaments. This suggests that the addition of phalloidin torsional flexibility than filaments polymerized from ATP
to Mg?*-containing actin filaments increased the structural monomers. This suggests that the type of nucleotide present
stability of these filaments so it resembles that of'Ga  in monomeric actin prior to polymerization directly influ-
containing filaments. However, their image analyses indi- ences the torsional flexibility of the resulting filament. In
cated that the binding of phalloidin to &aactin filaments addition, we have observed that the binding pdRts high-
produced no structural changes, indicating no net stabilizing affinity analogue Bef induced an increase in the anisotropy
effect of phalloidin on C&-containing filaments. Ourresults of these flexible ADP-containing filaments to a value
agree with the structural studies of Orlova and Egelni®) (  comparable to that of the ATP-containing filaments. These
in that the phalloidin-stabilized F-Mg-actin (Ph-F-Mg*- conclusions are in agreement with previous structural studies
actin) had an anisotropy and hence a torsional flexibility wherein it has been proposed that the release of phosphate
comparable to that of unstabilized F&actin. Although following ATP hydrolysis leads to destabilization of the
Orlova and Egelman (1993) proposed that the structural filament 30, 43), and that the binding of phosphate to F-ADP
differences they observed would manifest themselves asfilaments stabilizes the filamen89, 44). Our results here
bending flexibility differences, their results are actually in indicate a stabilization of the actin filament (via a reduction
good agreement with our torsional flexibility results. in its torsional flexibility) upon binding of phosphate or its
Effect of Nucleotide. The influence that the bound high-affinity analogue Bef. These results agree in part
nucleotide (ATP or ADP) has on F-actin flexibility has been with those of Combeau and Carli€39), who observed that
under scrutiny ever since Janmey et a5)(first reported although both phosphate and Befstabilized F-ADP fila-
that actin filaments polymerized from ADP monomers ments, the stabilization induced by Bekvas different from
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that of phosphate. On the basis of this observation, they of the tightly bound divalent cation exhibit a differential

proposed that BeF may be an analogue of the F-ADP-P*

interaction with myosin fragments (S1 and HMM). Much

transition state rather than the F-ADP-P state. However, ourwork on unraveling the complexity of actin filament dynam-
results indicate a comparable degree of stabilization inducedics and the specific role it plays in force generation remains

by either phosphate or BeF from the perspective of to be done.
torsional flexibility, these two anions produce the same state
in the presence of ADP. REFERENCES
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the tightly bound divalent cation and the nucleotide present
in the monomer prior to polymerization, the presence of
inorganic phosphate (or BgH, and the binding of the
stabilizing ligand phalloidin. The measured differences in
torsional flexibility in most cases closely agree with the
differences in structural connectivity seen in electron mi-
crographs of negatively stained actin filaments by Egelman
and colleagues. This suggests that the observed structural
changes may provide the mechanistic basis for modulating
the torsional flexibility of the filament; a looser correlation
between structural differences and the bending flexibility 10.
suggests that there may only be an indirect, or a more
complex, connection between these properties. Variability 11-
of torsional rigidity in the absence of comparable changes
in bending ridigity suggests that the actin filament does not
behave as a uniform elastic cylinder, and thus, dynamical 13.
models based on such a simplified physical model are
inadequate. Our results also suggest that chemical hetero- 14-
geneity within an individual filament, due to differences in 5
the nature of the bound nucleotide or divalent cation, for
example, could lead to torsional heterogeneity along the 16.
filament axis.

Functional Significance of Torsional Flexibility Differ-
ences. The functional importance of torsional flexibility of
the actin filament for contractility is not adequately under-
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elasticity in the muscle is due to the extensibility of the actin
filament. Wakabayashi et al47) observed slight changes
in actin’s helical structure during isometric contraction, and
Grazi et al. 49) observed changes in the orientation of the
actin monomer in the filament upon interaction with rigor
S1. These helical rearrangements of monomers in the
filament would occur predominantly via angular rather than ~ 26-
via axial changes of monomer orientation in the filament.
Such angular changes would be manifest as torsional motions
in the filament. This suggests that torsional motions in the
actin filament could be intimately involved in the mechanism
of force generation; our previous studies of actin torsional
motion in the presence of S1 during ATP hydrolys29)(
also provide evidence of this phenomenon. Studies by Miki
et al. 60) and more recently by Orlova and Egelmdi)(
have demonstrated that actin filaments that differ in the nature

2.

4.

5.

8.

17.

18.

21.

23.
24.

25.

28.
29.
30.

31.

York and London.
Kabsch, W., Mannhertz, H. G., Suck, D., Pai, E. F., and
Holmes, K. (1990Nature 347 37—44.

3. McLaughlin, P. J., Gooch, J. T., Mannherz, H.-G., and Weeds,

A. G. (1993)Nature 364 685-692.

Schutt, C. E., Myslik, J. C., Rozycki, M. D., Goonesekere, N.
C. W., and Lindberg, U. (1993)lature 365 810-816.

Holmes, K. C., Popp, D., Gebhard, W., and Kabsch, W. (1990)
Nature 347 44—49.

6. Lorenz, M., Popp, D., and Holmes, K. C. (1993Mol. Biol.

234, 826—-836.

7. Schroder, R. R., Manstein, D. J., Jahn, W., Holden, H.,

Rayment, |., Holmes, K. C., and Spudich, J. A. (198@&}ure
364, 171-174.

Rayment, ., Holden, H. M., Whittaker, M., Yohn, C. B.,
Lorenz, M., Holmes, K., and Milligan, R. A. (1993cience
261, 58—-65.

9. Orlova, A., and Egelman, E. H. (1992) Mol. Biol. 227

1043-1053.

Orlova, A., and Egelman, E. H. (1998)Mol. Biol. 232 334—

341.

Estes, J. E., Selden, L. A., Kinosian, H. J., and Gersham, L.
C. (1992)J. Muscle Res. Cell Motil. 1272—-284.

12. Orlova, A., and Egelman, E. H. (199B)Mol. Biol. 245 582—

597.

Orlova, A., Prochniewicz, E., and Egelman, E. H. (1995)
Mol. Biol. 245 598-607.

Egelman, E., and Orlova, A. (1996)rr. Opin. Struct. Biol.
5, 172-180.

15. Janmey, P. A., Hvidt, S., Oster, G. F., Lamb, J., Stossel, T.

P., and Hartwig, J. H. (1990 ature 347 95-99.

Yasuda, R., Miyata, H., and Kinosita, K., Jr. (1996Mol.
Biol. 263 227-236.

Isambert, H., Venier, P., Maggs, A. C., Fattoum, A., Kassab,
R., Pantaloni, D., and Carlier, M.-C. (1993) Biol. Chem.
270 1143711444,

Burlacu, S., Janmey, P., and Borejdo, J. (1998) J. Physiol.
262 C569-C577.

Pollard, T. D., Goldberg, I., and Schwarz, W. H. (1992)
Biol. Chem. 26728), 20339.

20. Oosawa, F., Fujime, S., Ishiwata, S., and Mihashi, K. (1973)

Cold Spring Harbor Symp. Quant. Biol. 3277—285.

Stokes, D. L., and DeRosier, D. J. (1987)Cell Biol. 104
1005-1017.

Tsuda, Y., Yastake, H., Ishijima, A., and Yanagida, T. (1996)
Proc. Natl. Acad. Sci. U.S.A. 932937-12942.

Yoshimura, H., Nishio, T., and Mihashi, K. (1984) Mol.
Biol. 179 453-467.

Prochniewicz, E., Zhang, Q., Howard, E., and Thomas, D.
(1996)J. Mol. Biol. 255 446-457.

Pardee, J., and Spudich, J. (198@thods Enzymo65, 164—
181.

Thomas, D. D., Seidel, J. C., and Gergely, J. (197¥ol.
Biol. 132 257-273.

27. Ludescher, R. D., and Liu, Z. (199Bhotochem. Photobiol.

58, 858-866.

Horie, T., and Vanderkooi, J. M. (198Bjochim. Biophys.
Acta 670 294-297.

Ng, C.-M., and Ludescher, R. D. (199B)ochemistry 33
9098-9104.

Korn, E. D., Carlier, M.-F., and Pantaloni, D. (19&®8ience
238 638-644.

Ng, C.-M., and Ludescher, R. D. (199joc. SPIE-Int. Soc.
Opt. Eng. 2137448-455.



14538 Biochemistry, Vol. 37, No. 41, 1998

32. Kas, J., Strey, H., and Sackmann, E. (1994{ure 368 226—
229.

33. Ludescher, R. D., and Ludescher, W. H. (19BBptochem.
Photobiol. 58 881—-883.

34. Selden, L. A., Gershman, L. C., and Estes, J. E. (1986)
Muscle Res. Cell Motil. ,7215-224.

Rebello and Ludescher

. Carlier, M.-F., Pantaloni, D., and Korn, E. D. (1986)Biol.

Chem. 26110778-10784.

. Carlier, M.-F. (1991)). Biol. Chem. 2661—4.
. Tanaka, Y., Ishijima, A., and Ishiwata, S. (19%ipchim.

Biophys. Acta 115994—98.
Nishizaka, T., Yagi, T., Tananka, Y., and Ishiwata, S. (1993)

35. Faulstich, H., Zobeley, S., Heintz, D., and Drewes, G. (1993) 46.
FEBS Lett318 218-222. Nature 361 269-271.
36. Gershman, L. C., Selden, L. A, Kinosian, H. J., and Estes, J. 47. Wakabayashi, K., Sugimoto, Y., Tanaka, H., Ueno, Y.,

E. (1994) inActin: Biophysics, Biochemistry, and Cell Biology

(Estes, J. E., and Higgins, P. J., Eds.) pp-89, Plenum Press,
New York.

37. Kasai, M., and Oosawa, F. (19@&ipchim. Biophys. Acta 172
300—-310.

38. Bigay, J., Deterre, P., Pfister, C., and Chabre, M. (18&BS
Lett. 197 181—-185.

39. Combeau, C., and Carlier, M.-C. (198B)Biol. Chem. 263
17429-17436.

40. Lepault, J., Ranck, J.-L., Erk, 1., and Carlier, M.-C. (1994)
Struct. Biol. 112 79-91.

41. Strzelecka-Golaszewska, H., Wozniak, A., Hult, T., and

Lindberg, U. (1996Biochem. J. 316713-721.
42. Selden, L. A, Estes, J. E., and Gershman, L. C. (1989)
Biol. Chem. 2649271-9277.

Takezawa, Y., and Amemiya, Y. (199Bjophys. J. 672422~
2435.

48. Huxley, H. E., Stewart, A., Sosa, H., and Irving, T. (1994)

Biophys. J. 672411-2424.

. Grazi, E., Magri, E., Schwienbacher, C., and Trombetta, G.

(1994) Biochem. Biophys. Re€ommun. 20058—64.

. Miki, M., Wahl, P., and Auchet, J.-C. (198Bjochemistry

21, 3661-3665.

. Orlova, A., and Egelman, E. H. (199¥)Mol. Biol. 265 469—

474.

. Steinmetz, M. O., Goldie, K. N., and Aebi, U. (1997)Cell

Biol. 138 559-574.
B1981240I



