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Site-Specific Mutations in the Myosin Binding Sites of Actin Affect Structural
Transitions That Control Myosin Bindirig
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ABSTRACT. We have examined the effects of actin mutations on myosin binding, detected by cosedimen-
tation, and actin structural dynamics, detected by spectroscopic probes. Specific mutations were chosen
that have been shown to affect the functional interactions of actin and myosin, two mutations (4Ac and
E99A/E100A) in the proposed region of weak binding to myosin and one mutation (I341A) in the proposed
region of strong binding. In the absence of nucleotide and salt, S1 bound to both wild-type and mutant
actins with high affinity Kq < uM), but either ADP or increased ionic strength decreased this affinity.
This decrease was more pronounced for actins with mutations that inhibit functional interaction with
myosin (E99A/E100A and 1341A) than for a mutation that enhances the interaction (4Ac). The mutations
E99A/E100A and 1341A affected the microsecond time scale dynamics of actin in the absence of myosin,
but the 4Ac mutation did not have any effect. The binding of myosin eliminated these effects of mutations
on structural dynamics; i.e., the spectroscopic signals from mutant actins bound to S1 were the same as
those from wild-type actin. These results indicate that mutations in the myosin binding sites affect structural
transitions within actin that control strong myosin binding, without affecting the structural dynamics of
the strongly bound actomyosin complex.

Force generation in muscle results from cyclic interactions catalytic efficiency of actin, supporting the model-indicated
between actin and myosin heads in the presence of ATP. Arole of the sequence at the extreme N-terminus of actin in
major step toward understanding the mechanism of thesethe function of actomyosingj. The functional effects of
interactions was the solution of X-ray crystal structures for mutations inDictyosteliumandDrosophilaactins were also
the actin monomerl) and the myosin head (S1(2), and explained in terms of changes in the regions of interaction
models of the actirmyosin interface were created by fitting  with myosin, as proposed by the structural modéls1().

these high-resolution structures into the low-resolution  However, the specific sequences in the proposed regions
electron density maps of acto-S1 obtained from cryoelectron of interaction with myosin, indicated in the structure of the
microscopy 8, 4). actin monomer, are not sufficient for effective functional

These structural models gained support from functional interactions, as indicated by the requirement of actin polym-
effects of mutations in the proposed myosin-binding regions erization for activation of myosin ATPase. Observations in
of actin from yeast. The mutation E99A/E100A, localized the electron and optical microscopes have shown that the
in the N-terminus, which is proposed as the region of weak actin filament is flexible {1—-13) and inspired studies that
interactions, was shown to inhibit functional interactions with demonstrated the importance of actin’s dynamics in the
myosin (activation of myosin ATPase and sliding in the in  mechanism of functional interactions with myosin. Actin’s
vitro motility assay); this inhibition was attributed to the flexibility is affected by binding of myosin in rigor (no
altered electrostatic charge of actib—7). The 1341A nucleotide) as well as during active interactiod®,(14),
mutation, localized in the hydrophobic helix 33848, which and these changes are probably related to myosin-induced
is proposed to contribute to strong binding, also has changes in the rates and amplitudes of internal motions in
significant inhibitory effects §. On the other hand, the actin, detected in numerous spectroscopic studis 17).
change of the yeast sequence MSIE into the muscle-like ~ The complex relationship between actin’s structural dynamics
sequence M-CE-D-E by the 4Ac mutation increased the and the function of actomyosin has been supported by the

effects of chemical cross-linking, which inhibited sliding

T This work was supported by a grant to E.P. from the Muscular movement in the in vitro motility assay and sigr_1ificantly_

Dystrophy Association and by a grant to D.D.T. from the NIH decreased the amplitude of the rotational motions in the actin

(AR32961). filament without inhibiting activation of myosin ATPask§
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mechanism of these mutations involves effects on structurala high ratio of phosphorescence to fluorescence, which, in

transitions in the actomyosin ATPase cycle §, 8, 20). In

combination with the high sensitivity of our TPA instrument,

the present study we use optical spectroscopy (transientallows us to measure signals at submicromolar concentrations
phosphorescence anisotropy, TPA, and fluorescence) to tes{16). IAEDANS is an environmentally sensitive probe that
this possibility by measuring the effects of mutations on the reacts specifically with Cys 37424, 25). Actin (24 uM)
structural dynamics of yeast actin alone and in complexeswas polymerized with 2 mM MgGland 20 mM Tris, pH

with myosin heads isolated from rabbit muscle. The experi-

7.5, and the dye, freshly dissolved in DMF, was added at a

ments on actomyosin complexes are limited to the strongly concentration of 12@M (ErlA) or 240 uM (IAEDANS) to
bound states in the absence of nucleotide (rigor) and in theactin. After 1.5 h incubation at 28C, the reaction was

presence of ADP. The effect of ADP was of particular
interest, since studies on the skeletal aetimyosin system
suggest that actinS1—ADP complexes play an important
role in the cross-bridge cycll). By measuring quantita-
tively the binding of S1 to actin under the conditions of the

stopped by addition of 5 mM DTT, actin was ultracentrifuged
1 h at 200009, pellets were suspended in M& buffer
and clarified by 10 min centrifugation at 300@f)@nd actin
was polymerized with 2 mM MgGl After ultracentrifugation
1 h at 200000, pellets were suspended in M§ buffer (1

spectroscopic measurements, we were able to determinenM MgCl, and 10 mM Tris, pH 7.5, containing additionally

independently the effects of the mutations on actin binding,

0.2 mM ATP), and the labeled F-actin was immediately

on the structural dynamics of isolated actin filaments, and stabilized by addition of a 1.5 molar excess of phalloidin to

on the structural dynamics of the bound ternary complex,

actinr—myosin—ADP.

MATERIALS AND METHODS

Preparation of Proteins from Muscl&keletal muscle actin
was prepared as described previously)(by extracting
acetone powder of rabbit skeletal muscle with cold water
polymerizing with 30 mM KCI f@ 1 h atroom temperature,
and centrifuging fo 1 h at 20000@¢. The pellet was
suspended in 6Mg buffer (5 mM Tris, pH 7.5, 0.5 mM
ATP, 0.2 mM MgC}). Myosin subfragment 1 (S1) was
obtained byo-chymotryptic digestion of myosin from rabbit
skeletal muscle22).

Preparation of Yeast ActinYeast strains were generous
gifts from P. Rubenstein (4Ac) and E. Reisler (E99A/E100A,
I341A). Wild-type yeast actin and mutant actins were purified

prevent denaturation. Complete removal of free dye was
confirmed by precipitating the labeled actin with acetone,
centrifuging the precipitate, and measuring the absorbance
(538 nm) of the supernatant; no difference with a blank
containing acetone only was found. The extent of labeling,
expressed as moles of dye per mole of actin, was 0.3 (ErlA)
and 0.7 (IAEDANS). This low extent of labeling with ErlA

' was essential to prevent aggregation of the E9Q9A/E100A

mutant, and this was applied to all actins. Samples of
unlabeled actin were prepared in parallel and were also
stabilized with phalloidin.

Protein Concentration The concentration of unlabeled
proteins was measured by ultraviolet absorption, assuming
molar extinction coefficients of 0.63 mg mkcm™? for actin
at 290 nm and 0.75 mg mi cm! for S1 at 280 nm. The
concentration of labeled actin was measured using the
Bradford protein assay26) with unmodified actin as a

using DNase affinity column chromatography, as described standard.

previously 3). One hundred ten grams of a wild-type yeast

Remaal of Free Nucleotide from F-ActinCommercial

cake or 120 g (wet weight) of mutant yeast cell pellets was powex 1 anion-exchange resin was regenerated by sequential

added to an equal volume ofG buffer (10 mM Tris, pH
7.5, 0.2 mM CaCJ, 0.2 mM ATP) with protease inhibitors
(20 uM PMSF and 1Qug/mL each of aprotinin, leupeptin,

washes wit 1 N NaOH, HO, 2 N HCI, and HO, and just
before use it was equilibrated with Mg~ buffer. F-Actin
stabilized with phalloidin was treated for 2 min at@ with

antipain, pepstatin, chymostatin, TLCK, TPCK, and BAAE). 1/3.5 volume of Dowex 1 suspended 1:1 (v/v) in theMg
An equal volume of acid-washed glass beads was addedpuffer, centrifuged 2 min in a microfuge, and immediately

and cells were lysed at in a bead beater by 12 cycles of
beating (20 s beating followed by 3 min break). Cell debris
was pelleted % 1 h centrifugation at 2000@Q and the
supernatant containing actin was applied on the Affi-Gel
DNase column equilibrated with-YG buffer with protease
inhibitors. The column was sequentially washed with®
buffer with protease inhibitors, with ¥G buffer with 0.4

M NacCl, and with Y=—G buffer. The outlet of the DNase
column was then connected &8 1 mL Whatman DE-52
column equilibrated with ¥-G buffer, and actin was eluted
directly onto the DE-52 column with 50% formamide in
Y —G buffer. After exhaustive washing with-YG buffer,
yeast actin was eluted from the DE-52 column with 0.3 M
KClin Y —G buffer, dialyzed overnight againstG buffer,
polymerized with 2 mM MgGJ, and ultracentrifuged for 1

h at 20000@, and pellets were suspended ir-@g buffer,

supplemented with phalloidin (0.3 mol of phalloidin/mol of
actin) to compensate for removal of free phalloidin by Dowex
1. The presence of excess phalloidin in the nucleotide-free
actin was particularly important in the case of yeast F-actin,
where the lower phalloidin affinity, more open nucleotide-
binding cleft, and faster rate of nucleotide exchange than
muscle actin could make it more susceptible to denaturation
(27). Dowex 1 treatment resulted in removal of about 99.6%
of free nucleotide, as tested with the Mg buffer containing
0.2 mM ATP, and the remaining nucleotide was equivalent
to no more than 3% of total S1 in the acto-S1 samples.
Binding of S1 to Actinincreasing concentrations of S1
(0.05-0.3 mg/mL) were added to 0.1 mg/mL phalloidin-
stabilized unlabeled or labeled actin in the Vg buffer in
the absence and presence of 1 mM ADP and 0.1 M KCI.
Samples were ultracentrifuged for 15 min at 80000 rpm at

the same as used during preparation of skeletal muscle actings °C (Beckman TL 100 ultracentrifuge) to pellet actin-

Labeling with Optical ProbesVild-type and mutant yeast

bound S1. The concentration of the unbound S1 in the

actins were labeled with the phosphorescent dye ErlA or the supernatant was determined by measurement of thg NH

fluorescent dye IAEDANS. The main advantage of ErlA is

CI—CDTA ATPase activity; we have found that CDTA was
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more effective than EDTA in removing free ¥igions from
the buffer. Pwas measured by the malachite green method
(28). Control experiments showed that binding of S1 in the

presence of ADP was not affected by adding hexokinase and

Ap5A,; i.e., the dissociating effect of ADP is not due to the
presence of contaminating ATP in the samples. The dis-
sociation constant of S1 binding to actiky(= [A][S1]/[A -

S1]) was calculated by fitting data to the equation:

Shoua_ (S+A+ KIS + A+ K — 4452
A 2A

where Sl.undAr = molar ratio of S1 bound to actif; =

total concentration of actin, arfdd = total concentration of
S1. Data were obtained in two or three independent experi-
ments, each of which included six to eight different S1
concentrations. Uncertainties f&g were determined from
statistical analysis of the fit using Origin 6.0.

Samples for Spectroscopic ExperimefRisr time-resolved
phosphorescence anisotropy (TPA) experiments, phalloidin-
stabilized ErlA-F-actin was diluted in Mg F buffer to 0.06
mg/mL; to prevent photobleaching of the dye, oxygen was
removed from the sample by 5 min incubation with glucose
oxidase (5%ug/mL), catalase (3@g/mL), and glucose (45
ug/mL) (29). For fluorescence measurements, phalloidin-
stabilized IAEDANS-F-actin was diluted in the same Mdr
buffer to 0.1 mg/mL. Fluorescence experiments did not

1)
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Ficure 1: Binding of S1 to WT ©) and mutant actins, 4AdJ),
E99A/E100A ¢€), and 1341A ), in the absence (top, empty
symbols) and the presence (bottom, filled symbols) of 1 mM ADP.
Buffer: 1 mM MgCkL and 10 mM Tris, pH 7.5, 28C. Error bars
represent standard deviation in two to five independent measure-
ments. Curves show the fit of the data to eq 1.

in the 400-500 us time range, indicating that the decay
reached a plateau level within the analyzed time window.

ReagentsThe phosphorescent dye ErlA and fluorescent

require oxygen removal, as fluorescence intensity remaineddye IAEDANS were purchased from Molecular Probes

at a constant level during at least 30 min illumination by
excitation light.

Fluorescence and Phosphorescen&duorescence was
measured in the ISS K2 fluorometer at 25. Phosphores-
cence was measured at 25 as described previousiLg).

The actin-bound ErlA was excited with a 10 ns pulse of
vertically polarized light at 540 nm, followed by detection
of the time-dependent phosphorescence emission (650 nm

(Eugene, OR) and stored at20 °C. Protease inhibitors,
ATP, phalloidin, and Dowex 1 were obtained form Sigma
(St. Louis, MO). All other chemicals were of reagent grade.

RESULTS

Properties of Mutant Actins Used for Spectroscopic

)Experiments The functional properties of mutant actins

with a time resolution of 50 ns/channel. PhosphorescencePréPared in this study are in agreement with previous reports

signals were digitized with a transient recorder (dwell tim

0.666 us/channel resolution), and repeated transients were —

averaged by the microcomputer. The time-resolved phos-
phorescence anisotropy (TPA) was calculated as

r() = [Iw(® — Glu®OVILO + 2G40 (2)

where |,,(t) and Iy (t) are the vertically and horizontally
polarized components of the emission sign@l.is an
instrumental correction factor, determined by performing the
experiment with a solution of ErlA-labeled bovine serum
albumin in 98% glycerol and adjustir@ to give a residual
anisotropy value of zero, the theoretical value for an
isotropically tumbling chromophore. The rotational correla-
tion times®d;, amplitudes;, and the final anisotropy. were
determined by fitting the anisotropy to a sunrmaxponential
terms and a constant:

n

r = ;ri(t) exp(-tid;) +r,, 3

The data were fitted in the time window from 3 to 506.
The fit was optimal fom = 2, with the residual less than
1.5% of the maximum anisotropy. The fitted residual
anisotropyr. was within 10% of the calculated averad®

e (5 8, 20). The actin-activated ATPase was increaségh{

9.3+ 24 st Ky, =114+ 5.9,n = 3) by the 4Ac
mutation in comparison with wild-type (WT) yeast actin
(Vmax = 4.8 £ 0.3 s, K, = 17.3+ 5.6, n = 3) and
decreased by mutation 1341A/{.x = 1.4 1, K, = 58.3).
The E99A/E100A mutation resulted in such substantial
inhibition of the ATPase that precise determinatiorVgfi
andKn, was not possible, as described previously7( 19).
These functional differences were not affected by labeling
with spectroscopic probes ErlA and IAEDANS, as we
reported previously23).

The nucleotide removal procedure, described in Materials
and Methods, was accompanied by control experiments to
ensure that activation of myosin ATPase and binding to S1
(in the presence of ADP) were not affected. Control
experiments on actin preparations before and after Dowex
treatment showed that the microsecond time scale dynamics
(TPA) and appearance of filaments in electron and optical
microscopy were not affected.

Binding of S1 to WT and Mutant Actins: Effect of ADP.
To determine the effects of S1 binding and ADP on actin
structural dynamics, it was necessary to measure S1 binding
to actin under conditions of spectroscopic experiments. The
binding was determined directly by cosedimentation (Figure
1). Labeling did not have significant effects on binding, so
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Table 1: Kq (M) of S1 for Yeast WT and Mutant Actifs

1 mM MgCl, and 1 mM MgCl,and 1 mM MgCl, 1 mM
actin 1 mM MgCh 0.1 M KCI 1 mM ADP ADP, and 0.1 M KClI
WT 0.02+0.01 0.11+ 0.03 0.10+ 0.03 2.18+0.30
4Ac 0.04+ 0.02 0.09+ 0.02 0.09+ 0.02 0.93+ 0.07
E99A/E100A 0.09+ 0.01 0.38+ 0.05 0.55+ 0.06 5.85+ 1.07
1341A 0.17+0.03 1.29+ 0.09 1.47+0.30 75.4+ 38.59

aKq of S1 for yeast WT and mutant actins obtained by fitting data to eq 1. The data are shown as th& Bleasbtained from two to five
independent measurements.

the results are presented as averages of several measurements
on labeled and unlabeled actin. The dissociation constants 012+
Kgq were obtained by fitting the data to eq 1 (Table 1). In the
absence of nucleotide and at low ionic strength (1 mM
MgCl,, no KCI), S1 bound to all actins nearly stoichiomet-
rically. Slightly higherKy values were observed for the EQ9A/
E100A and I341A actins than for the WT and 4Ac actins
(Table 1), showing that the inhibitory mutations decreased
the affinity of actin for S1, as previously reporte@, @). WT '
Since those previous studies measured the affinities only at apc  E9SA/E100A
higher ionic strength (0.1 M KCI), we repeated our measure- 0.00 '|341A , . .
ments under those conditions and obtained essentially similar 100 200 300 400 500
results (Table 1). Control experiments with muscle actin gave Microseconds
Kg = 0.03uM, which was also within the range of previously Ficure 2: TPA of ErlA-labeled yeast WT and mutant actins,
reported valuesKy = 0.004-0.03 M) (27, 28). compared to TPA of ErlA-labeled muscle actin. Buffer: 1 mM
We observed that the addition of ADP increasegfor MgCl and 10 mM Tris, pH 7.5, 25C.
S1, and the differences between dissociation constants for
functionally impaired mutants (E99A/E100A, 1341A) and  {ime scale (Figure 2). Yeast actin exhibits greater rotational
WT or 4Ac became more clear than in the absence of nopjlity, in terms of both amplitude (which decreases the
nucleotide (Figure 1, Table 1). This ADP-induced decrease fing| anisotropyr.,) and rate (decreasing the correlation times
in affinity of S; for yeast actin was much more pronounced ®;), as we have shown previousd), and mutations cause
than that previously reported for muscle acti,(32-35), significant effects on these motions (Table 2). The correlation
especially at higher ionic strength (1 mM ADP 0.1 M times of actins with the two inhibitory mutations E99A/
KCI). In the presence of ADP, the affinity of S1 for E9Q9A/ £100A and 1341A were similar to each other but significantly
E100A was about 36 times weaker than for WT actin, and - greater (slower) in comparison to WT actin (Table 2),
the affinity for I341A actin was several times weaker still showing that the observed changes in actin’s dynamics are

(Table 1). i , i i correlated with inhibitory functional effects. The slower
The results obtained in the sedimentation assay Werep,qtiong in the functionally impaired mutant actins are

independently confirmed by measuring light scattering of qngjstent with our previous results§( 23) showing that
acto-S1 complexes. The ADP-induced decrease in light gy cyyral perturbations inhibiting functional interaction with

scattering was much more prpnounced f_or the 1341A acto- myosin affect the microsecond rotational dynamics of actin.
S1 than for WT acto-S1, and light scattering of the 1341A

S1 complex in the presence of 0.1 M KCl and 1 mM ADP On the other h.and, the §timulating mutation_4Ac, which
became close to that obtained by dissociating the complexMakes yeast actin more similar to muscle actin at least at
in 1 mM ATP. The light scattering measurements were also the N-terminus, did not have a significant effect on the
consistent with weaker binding of S1 to the E99A/EL00A dynamics. The final anisotropy, and correlation times of
than to WT actin, as indicated in the sedimentation assayn€ rotational motions®, and @, of the 4Ac mutants
(Table 1). remained essentially the same as for WT actin (Figure 2,
The observed inhibitory effect of the E99A/E1000A Table 2).
mutation on strong binding to S1 (Figure 1, Table 1) is  The inhibitory mutations only slightly increased the
similar to the effect of the E93K mutation iDrosophila phosphorescence lifetim¢®f actin-bound ErlA:t = 93.6
actin (10). This suggests that mutations in the region of weak + 5.3us for I341A andt = 90.5+ 3.1us for E9Q9A/E100A
binding may have allosteric effects on regions of actin crucial were less than 20% higher in comparison witl 78.2 +
for strong interactions. Another possibility is that the regions 1.91 us for the WT actin ort = 81.8 & 7.8 us for 4Ac,
of weak interactions proposed for skeletal muscle actin may indicating that the exposure of the dye to the solvent was
be only partially applicable to yeast actin: the 3D analysis only slightly affected. The maxima of the fluorescence
of electron micrographs of negatively stained filaments emission spectra were the same (461 nm) for all
showed that the amino acid substitutions in yeast actin IAEDANS-labeled actins, indicating that the mutation-
monomers result in subtle structural changes in F-a8t ( induced changes in the environment of the C-terminus were
Effect of Mutations on the Structure and Dynamics of not very significant. We concluded that changes detected by
Actin. TPA experiments showed that mutant actins, like WT TPA reflect changes in actin dynamics rather than changes
and muscle actin, are rotationally mobile in the microsecond in the probe environment.
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Table 2: Effect of Mutations on the Microsecond Dynamics of Actin Detected by?TPA

no S1 +S1
actin Dy, us Dy, us I Dy, us Dy, us lo
WT 10.6+3.1 59.8+ 17.9 0.031+ 0.004 25.6+ 0.80 275.3+ 6.81 0.061+ 0.007
4Ac 8.13+3.10 46.6+ 13.45 0.036t 0.008 22.93t 0.67 283t 31.7 0.065+ 0.001
E99A/E100A 15.45+ 0.21 102.1+ 4.10 0.033+ 0.003 23.1+ 1.50 290+ 21.82 0.059+ 0.005
I341A 16.4+0.91 100.32+ 4.09 0.03%- 0.002 25.06+ 3.34 304.4+ 35.08 0.071t 0.004

2+S1: 1 mol of S1 added/mol of actin. Buffer: 1 mM Mg@Gind 10 mM Tris, pH 7.5, 28C. The data are shown as the meai$D obtained
from fitting two to five independent data files to eq 3.

0.14
0.12 5 +S1
-
0.10 g
2 1.0 o ]
- 0.08- 08 by
= 0.5 o
O 0.06-] 02 5
g 8 no S1
< 0044 no $1 o
o
0.02 =
i
0.00 . : —~ . , . ; .
100 200 300 400 500 400 450 500 550 600
Microseconds Wavelength, nm

Ficure 3: Effect of S1 on TPA of ErlA-labeled I341A actin. The  Ficure 4: Effect of S1 on fluorescence emission spectrum
molar ratio of S1 added to actin is indicated. Buffer: 1 mM MgCl  (excitation at 345 nm) of IAEDANS-labeled 1341A actin. Arrows
and 10 mM Tris, pH 7.5, 28C. show emission maxima in the absence and presence of S1 (molar
ratio 1:1). Buffer: 1 mM MgC} and 10 mM Tris, pH 7.5, 28C.
Effect of S1 on the Dynamics and Structure of WT and

Mutant Actins Measured by TPA and Fluorescentke @

addition of increasing amounts of S1 to WT and mutant 300

actins in the absence of nucleotide decreased actin’s micro- E

second rotational mobility, as evidenced by decreased angular < 200

amplitude (increased the TPA final anisotrapy and rates S

(increased the TPA correlation timas) of ErlA-labeled %100 P

mutant actins (Figure 3, Table 2), as reported previously for 'g ’

muscle and WT actins16, 23). We have demonstrated O o4 , . , .
previously that this is due to the restriction of intrafilament

motions, not to changes in the overall rigid-body rotations ©16

of the actin filament15, 16). This S1-induced restriction of Q

actin’s dynamics was accompanied by a significant change Q14

in the local environment of Cys 374, as indicated by a 2

substantial increase in IAEDANS fluorescence intensity, a o2

blue shift of the fluorescence emission maximum from 476 u—:f 1.0

to 471 nm (Figure 4), and a more than 2-fold increase in the [ A ; . ———
phosphorescence lifetime of ErlA to= 220.8+ 28.8us (n 00 0z 04 06 08 10
= 15). $1 bound, mol/mol actin

Since actin mutations had profound effects on S1 binding, Ficure 5: Effect of bound S1 on TPA correlation timk; (top)
the effects ofbound S1 on the structural dynamics were and fluorescence intensity (bottom) of W) and mutant actins,
compared by expressing the observed spectroscopic param#Ac (@), 99A/E100A ), and 1341A @), showing fits to the linear

. : : lattice model. Buffer: 1 mM MgGland 10 mM Tris, pH 7.5 (open
eters as a function of bound S1 per actin monomer (Figure symbols), plus 1 mM ADP (closed symbols). Each point represents

5). The effects of mutations on the correlation times tpe meant SD (n = 2—5). Bound S1 was determined as in Figure
decreased with increasing amounts of bound S1; above 0.51.

mol of bound S1/mol of actin botkb, (Figure 5, top) and

@, (data not shown) were unaffected by mutation. The effect induced decrease in affinities. The data were fitted to the
of increasing amounts of the bound S1 on fluorescence “linear lattice” model 87), Y = Ymax — (Ymax — Yacin(1 —
intensities (Figure 5, bottom) and final anisotropies (data not x)N, wherex is moles of S1 bound per mol of actilactin
shown) was the same for all actins. Furthermore, the resultsand Ynax are the data values observedxat= 0 and 1,
obtained in 1 mM MgGl and the absence of nucleotide respectively, andl is the number of actin monomers affected
(Figure 5, open symbols) were essentially the same ashy one bound SIN > 1 indicates cooperativity, where
obtained in the presence of 1 mM ADP, both in TPA and changes induced in one monomer are propagated along the
fluorescence experiments (Figure 5, closed symbols), indicat-filament to the neighboring monomers. The change®in

ing that the structural changes were independent of the ADP-showed a high degree of cooperativity for all acting:=
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6.3+ 1.0 for WT and 4Ac, andN = 7.0 + 0.9 for E99A/ tional changes must be sufficiently mild to support the life
E100A and 1341A. SimilaN's were obtained fo®; (N = of the cell. For example, the known toxicity of muscle actin
10 £+ 4 for WT and 4Ac, andN = 5.7 &+ 1.2 for E99A/ for yeast cells is probably due to structural differences
E110A and I341A; data not shown). Lower cooperativity between the two actins. On the other hand, since in vitro
was observed for the changes in fluoresceri¢e=(2.4 + modifications are not limited to those with mild physiological
0.2, Figure 5) and final anisotropyN(= 2.8 + 0.9), as effects, that approach permits the study of larger structural
reported previously for skeletal muscle actit6). These and functional perturbations.
results suggest that S1-induced changes in the local environ- The present experiments with mutant actins allowed us to
ment of the probe and angular amplitudes of motions are test the proposallg, 23) that functionally effective modi-
propagated along shorter segments of the filament thanfications and amino acid substitutions affect actin’s structural
changes in the rates of motions. Interestingly, the extent of dynamics, as detected by probes at the C-terminus, via
cooperativity was not affected by mutations, indicating that allosteric changes in the myosin-binding sites. The crystal
mutation-induced changes in structural dynamics of actin structure of actin clearly indicates that the mutated myosin-
filaments are less pronounced that changes previouslybinding regions are distant from the labeled Cys 374 at the
induced by extensive chemical cross-linking and antibody C-terminus. Assuming that distances in yeast actin are similar
binding (16). to distances in muscle actin, Cys 374 is about 26 A from
Figure 5 shows the effects of bound S1 only at low ionic 1341 and 22-23 A from E99 and E100, and these distances
strength (no added KCI). At higher ionic strength (0.1 M are greater than the sizes (106 A) of our optical probes.
KCI), the results were inconclusive, since binding was weak Thus, the Cys 374-bound probes are too distant from the
and there were slow time-dependent changes, probably duesites of mutations to be affected directly. The lack of

to filament aggregation, as previously observi6, 38). structural effects due to mutation 4Ac is puzzling, since this
mutation seems to increase the catalytic efficiency of actin-
DISCUSSION activated ATPase without a detectable effect on actin’s

structure. A possible explanation is that the transmission of

Effects of Mutations on Strong Binding to Myasithe  structural changes to Cys 374 (about 24 A) is impaired by
present study confirms the previously reportéd €, 8) the high degree of disorder within the extreme N-terminus
inhibitory effects of specific actin mutations on affinity for  (where the 4Ac is located), as indicated in electron micro-
myosin, under conditions normally associated with strong scope reconstruction89). However, this disorder did not
actomyosin binding (no nucleotide or ADP bound to myosin). prevent a decrease in the rates of the microsecond motions
In previous studies on the skeletal muscle aetiryosin measured at Cys 374 upon binding a specific antibody to
system 21, 35), the dissociating effect of ADP has been the first seven residued ). Since that antibody inhibits
attributed solely to nucleotide-induced changes in the activation of myosin ATPaset(), while the 4Ac mutation
structural state of S1, but the present study provides evidencestimulates the ATPase, our data suggest itfigibitory and
that the affinity of SIADP for actin is also dependent on  stimulatory perturbations of actin’s structure b@opposite
the structural state of actin, as characterized by structuraleffects on actin’s dynamic®n the other hand, the molecular
dynamics of the actin filament. Thus, our data support the mechanism of the effects of the 4Ac mutation may be related
proposal 6, 8) that mutations in actin affect functional to the mechanism of increasing,, which is not the
interactions by perturbing equilibria among the major equivalent of binding affinity but rather reflects the equi-
structural states of the actomyosin ATPase cycle. librium among the structural states of the rate-determining

Effects of Mutations on the Structure and Dynamics of transient complexes at the end of the actomyosin ATPase
Actin Alone and in the Complex with Slihe present study  cycle @1). This possibility has been previously proposéy (
applied site-specific structural probes of actin under condi- but it has not yet been tested.
tions where point mutations affect actimyosin affinity to The Structural Changes Obsed by Spectroscopy in the
test the role of structural dynamics of mutant actin in the Absence of S1 Were Eliminated by S1 Binding, in both the
absence and presence of bound S1. TPA experimentsAbsence and Presence of ADFhe TPA and fluorescence
revealed that mutations decreasing the catalytic efficiency were independent of mutation once saturating amounts of
of actin (E99A/E100A and 1341A) decreased the rates S1 were bound (Table 2, right side; Figure 5). This
(increased the correlation times) of microsecond rotational conclusion is consistent with our previous studies on the
motions (of actin in the absence of S1; Table 2, left side). effects of structural perturbations of actin, where the TPA
Thus the present work, consistently with our previous results decays (correlation times and anisotropies) of strongly bound
obtained with modified actinl, 23), supports a correlation  acto-S1 complexes were independent of structural and
between changes in structural dynamics of actin, measuredfunctional perturbations of actin and were similar to that
by the probe at Cys 374, and inhibition of functional observed for unmodified muscle acto-S6,(23). In those
interactions. The difference between the present and previousstudies the main effects of perturbations were changes in
results is quantitative: the mutation-induced changes are lesghe structural dynamics of actin alone and in decreasing the
pronounced than changes induced by chemical modificationsextent of the S1-induced changesthout changing the end
in vitro or by the multiple amino acid substitutions between point obsered at saturating Slas observed in the present
yeast and muscle acti, 23). Such quantitative differences study (Table 2, Figure 5).
in the structural effects of the in vitro and naturally induced  In the absence of a mutation-induced change in the
functional perturbations are consistent with the differences structural dynamics of the strongly bound complex (right
in their biological impact. Actin is an essential protein for side of Table 2) despite a substantial change in the absence
yeast, and therefore, mutation-induced structural and func-of S1 (left side of Table 2), we suggest that the functional
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perturbations caused by mutations are due to a shift in
equilibrium between dynamic structural states of actin. The
results of binding assays and spectroscopic measurements
can be explained if we assume that actomyosin affinity
depends not only on the state of the myesiucleotide
complex (weak vs strong) but also on the state of actin. The
hypothesis is that actin has two (or more) structural states
that bind myosin heads with different affinities or that have
differential affinities for the weakly and strongly bound
complexes of the myosimnucleotide complex. The proposal
that actin filaments can assume multiple structural states has
received support recently from electron microscof3),(and

our previous work has shown that structural changes detected
by electron microscopy correlate with changes in dynamics
detected by TPA43). If structural effects of mutations
detected by our TPA measurements represent a shift of
equilibrium toward structural states characterized by lower
affinities for myosin, this would decrease the apparent affinity
of strong binding (Figure 1) without affecting the structure
of the strong complex (Figure 5).

On the other hand, a direct effect of mutations on the
structure of the strongly bound actomyosin complex cannot
yet be eliminated. There is still a possibility that results
obtained by monitoring probes located at only one site and
detecting allosteric effects still cannot provide all information
concerning the relationship between the structure of actin in
the strongly bound complex and the functional state of
actomyosin. Furthermore, the present spectroscopic measure-
ments were limited to the strong-binding states at the final
stage of the actomyosin ATPase cycle, but the effect of
myosin on actin at the preceding weak-binding states (M
ATP, M-ADP-P) of the cycle remains unknown. There have
been efforts to detect the effect of myosin on actin during
these weak interactions, but the reported effects are contro-
versial. Experiments that measure global dynamics of actin,
e.g., microscopy and TPA, indicated that myosin perturbs
actin structure in weakly bound statel?( 44). Saturation
transfer EPR studies of the microsecond dynamics of actin
indicate equal effects of myosin on actin during weak and
strong interactionsA(7). On the other hand, the fluorescence
of actin labeled with pyrene iodoacetamide at Cys 374
indicates that myosin perturbs the local environment of this
probe only in the strongly bound, but not in the weakly
bound, states4), while experiments with the same pyrene
attached to a different site, Cysl in mutant yeast actin,
indicated that the effect of myosin is more pronounced in
the weakly bound than in the strongly bound std®).(Thus,
understanding of the role of myosin-induced changes in actin
structure in the mechanism of functional interactions with
myosin requires more studies, including structural transitions
in weakly bound states.
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