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ABSTRACT The decrease in amplitude of the electron
spin resonance spectrum of the cysteine-bound spin-label, 3-
maleimidomethyl)-2,2,5,5-tetramethyl-1-pyrrolidinoxyl,

rought about by the magnetic interaction with tightly
bound manganous ion, was used as a probe of conformation-
al change in actin on binding myosin. The magnitude of this
“spin-spin” interaction first decreased then increased on in-
creasing saturation of the actin filament with heavy meromy-
osin subfragment-1. That the “spin-spin” interaction oc-
curred between spins within a single actin monomeér and not
between spins of adjacent monomers was demonstrated by
the observation that the change in magnitude of the “spin-
spin” interaction was maintained on binding of heavy mer-
omyosin subfragment-1 to copolymers in which actin mono-
mers containing both manganous ion and spin label were di-
luted 7-fold with native actin monomers. These data provide
evidence for a conformational change in actin on interacting
with heavy meromyosin subfragment-1. Further, the fact that
not only the magnitude but also the sense of the change in
the “spin-spin” interaction is a function of increasing satura-
tion with heavy meromyosin subfragment-1 indicates that
the monomers of the actin filament are capable of coopera-
tive interaction in the absence of tropomyosin. i

Much evidence has been accumulated to show that during
muscle contraction the force propelling the actin filaments
toward the center of a sarcomere is generated during the in-
teraction of myosin active sites (“myosin heads”) with actin
(1-4). It is likely, though not certain, that the stable interme-
diate, myosin-ADP-P (5, 6), forms a complex with actin
which, after the release of ADP and phosphate, is trans-
formed in such a way that the myosin heads form an acute
angle with the actin filaments, producing the so-called ar-
rowhead formation first demonstrated by Huxley (7) in acto-
myosin mixtures free of ATP (commonly referred to as the
rigor state) and found by Reedy and his colleagues in insect
flight muscle in rigor (8). In the relaxed, as well as in the
rigor state, the myosin heads produce an x-ray diffraction
pattern characteristic of a high degree of order, though the
patterns are very different for each state (9). During con-
traction, however, this order is very markedly disturbed
(10).

Despite the obvious gross structural differences among
these different states, relatively little information has been
obtained about specific protein conformational changes oc-

Abbreviations: subfragment-1, heavy meromyosin subfragment-1;
G-actin, monomeric actin; F-actin, polymeric actin; SL-NEM, 3-
(maleimidomethyl)—2,2,5;5-tetrameth2yl-l-pyrrolidinoxyl; "~ Ca?t/
Mg2?*-actin and SL-NEM-Ca2?*/Mg2*-actin, actin and SL-NEM-
actin, respectively, containing Ca%* or Mg2* at each monomeric di-
valent cation site; Mn2+-actin and SL-NEM-Mn2*-actin, actin and
SL-NEM-actin, respectively, containing Mn?* at each monomeric
divalent cation site; ESR, electron spin resonance; T, longitudinal
relaxation time. '
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curring during the various stages of actomyosin interaction.
It is not known, for example, what the angle is when the my-
osin bridge first forms an attachment, what the specific con-
formational changes of the myosin molecule are, or whether
any such change occurs in actin.

Direct evidence for a conformational change of actin in
response to myosin binding has not even been obtained for
the rigor state. We present evidence for a conformational
change of actin as a result of binding of heavy meromyosin
subfragment-1 in the absence of ATP, using as an indicator
changes in the spin-spin interaction between Mn2* bound to
the unexchangeable (in the actin polymer) divalent cation
site and a cysteine-bound nitroxide label. This conforma-
tional change does nat seem to be restricted to the single
actin monomer complexed with a myosin active site (“myo-
sin head”), but apparently includes a response of the whole
filament since the sense of change of the spin-spin interac-
tion depends upon the extent of myosin saturation.

MATERIALS AND METHODS
Protein preparations

Heavy Meromyosin Subfragment-1 (Subfragment-1) was
prepared according to Margossian and Lowey (11) with
slight modifications. Myosin, precipitated by dilution, was
incubated for 14 min with 15 units of papain per g of myo-
sin in the presence of 0.2 M KCl, 5.0 mM imidazole, pH 7.0,
and 0.1 mM dithiothreitol. The incubation was terminated
by addition of 1.0 mM iodoacetate after lowering the pH to
6.4. Subfragment-1 was collected by ammeonium sulfate pre-
cipitation between 50 and 65% saturation and dialyzed over-
night against 5.0 mM imidazole, pH 7.0, and 0.2 mM di-
thiothreitol. These preparations routinely give a potassium-
stimulated ATPase activity (in the presence of 5 mM EDTA)
of 15-20 sec™! and have a binding constant for actin of
about 5 X 107 M~ (12). S

" Actin was extracted in the monomeric state (G-actin)
from an acetone powder of rabbit skeletal muscle prepared
according to Straub (13) at 4° with 10 mM Tris buffer, pH
8.5, 0.2 mM CaCl,, 0.5 mM ATP, and 0.2 mM dithiothreitol.
The extract was clarified, polymerized with 0.1 M KCl and
2.0 mM MgCl,, purified from the tropomyosin-troponin
complex by centrifugation at 105,000 X g in the presence of
0.8 M KCl (14), 10 mM Tris, pH 8.5, and depolymerized
again by 3-day dialysis against the extraction solution.

Actin was spin-labeled in the monomeric state in the ex-
traction solution without dithiothreitol, using a 4-fold molar
excess of 3-(maleimidomethyl)-2,2,5,5-tetramethyl-1-pyrro-
lidinoxyl (SL-NEM) at 4° for 2 hr. The solution was subse-
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quently dialyzed extensively against extraction solution, con-
taining dithiothreitol, to remove unbound label. Under these
labeling conditions, the SL-NEM:actin stoichiometry was
determined as 0.95:1.00 by denaturing the labeled actin
with 5% 1 M NaOH and comparing the spectrum with those
of free label standards.

Half of the SL-NEM-actin was used, after repolymeriza-
tion, as the manganous ion-free control (SL-NEM-Ca?*/
Mg?*-F-actin). The other half was converted to manganous
ion-containing actin by the following treatment. First, to re-
move unbound calcium and magnesium, wet cation-ex-
change resin in the sodium form (about 10% of the actin vol-
ume) was added to the spin-labeled G-actin present at a con-
centration of 20 uM, in 0.1 mM ATP, 40 uM CaCl,, 0.2 mM
dithiothreitol, and 10 mM Tris buffer, pH 8.5 (4°). The
actin was then incubated with 0.15 mM MnCl; for one hour
at 4°. Polymerization with 0.1 M KCI, followed by a second
cation-exchange resin treatment to remove unbound Mn?*
and displaced Ca?* and Mg?*, resulted in the formation of
SL-NEM-Mn2?*-F-actin without free divalent cations. This
F-actin was then pelleted ds above. As determined by liquid
scintillation counting of 54Mn added as 54MnCl; at the in-
cubation step (about 3.5 uCi/ml), the pelleted SL-NEM-
Mn2*-F-actin contained maximally 80% Mn?*, more often
40-60%. That the exchange is less than 100% is presumably
due to the tendency for the actin to polymerize on addition
of Mn2*,

Copolymers of different actin species were made by rap-
idly and vigorously mixing the two actin populations in the
monomeric state and subsequently polymerizing with 0.1 M
KCl and a small amount of F-actin, added as centers for po-
lymerization (10% of the total final actin concentration)
(15).

Determinations

Protein Concentrations were determined according to
the method of Lowry et al. (16) after standardization of
actin and myosin solutions by micro-Kjeldahl analysis, using
the myosin standard curve for subfragment-1.

Inorganic Phosphate was determined according to the
method of Taussky and Schorr (17).

Viscosity Measurements were performed in a water bath
at 23.2°, using an Ostwald viscometer having an outflow
time for water of about 60 sec, and a total volume of 10 ml.

Electron Spin Resonance (ESR) Spectra were recorded at
9.1 GHz (X-band) with a Varian E-3 spectrometer. The lon-
gitudinal relaxation time of water protons (T;) was mea-
sured by the pulsed nuclear magnetic resonance procedure
of Carr and Purcell (18) at 15.0, 24.3, and 40.0 MHz. The
temperature for both ESR and proton relaxation rate mea-
surements was regulated with a Varian model V-4340 vari-
able temperature accessory.

The Off-Rate of Mn2* from G-Actin was estimated by in-
cubating 20 uM 54Mn-containing Mn2*-G-actin (treated
with about 10% of its volume of wet mixed-bed ion-ex-
change resin to remove free Mn?2* and ATP) with a 20-fold
excess of Ca2* (as CaCly) for increasing periods of time.
After each incubation, free Mn2* (and 34Mn) was removed
by rapid mixing with about 10% of its volume of wet mixed-
bed ion-exchange resin and centrifugation to pellet the resin.
Since the Mn?* remaining in the supernatant was all bound,
i.e., less than 1 uM free (as determined by the disappearance
of the spectrum of free Mn?* by ESR), the amount of Mn2*
released was given by the difference of actin-bound 54Mn
before and after incubation with Ca2*.
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FIG. 1. ESR spectra of SL-NEM showing the influence of
binding of subfragment-1 to actin filaments on the spin-spin inter-
action between Mn2+ and SL-NEM. All samples contained 38 uM
F-actin in 10 mM Tris buffer, pH 8.0, 0.1 M KCl, and 0.2 di-
thiothreitol. 60% Mn2*+ was incorporated in the SL-NEM-Mn?*-
F-actin. A, B, and C refer to 0, 30, and 100% F-actin saturation
with subfragment-1, respectively. 1 and 2 identify spectra of SL-
NEM-Ca?*/Mg2*-F-actin and SL-NEM-Mn?*-F-actin, respec-
tively, at each level of saturation. Spectra were recorded at 23°
with a modulation amplitude of 2.5 G and 50 mW microwave

power.

RESULTS

The spin-spin interaction between SL-NEM and Mn2*
bound to G-actin persisted after the actin polymerization, as
observed previously by Burley and his colleagues (19). Fig.
1A shows that the SL-NEM ESR signal amplitude was
quenched in the presence of Mn2* relative to that of Mn?*-
free F-actin. Addition of subfragment-1 to 30% saturation
increased the signal amplitude substantially (Fig. 1B). At
complete saturation, the signal amplitude decreased again,
returning to a value lower than that observed before sub-
fragment-1 addition (Fig. 1C). Fig. 2 indicates this biphasic

RELATIVE CENTRAL PEAK AMPLITUDE
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FRACTION OF F-ACTIN SATURATED
WITH SUBFRAGMENT-1
FI1G. 2. Relative central peak amplitude of SL-NEM ESR
spectra as a function of F-actin saturdtion with subfragment-1 for
SL-NEM-Ca?*/Mg2*-F-actin (X) and SL-NEM-Mn2*-F-actin
(®). Same experiment as in Fig. 1.
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FI1G. 3. The response (relative central peak amplitude) of ran-
domly mixed copolymers to increasing saturation with subfrag-
ment-1. Curve 1: (B) copolymer containing 14% doubly labeled
actin (60% Mn2* substitution) and 86% control (unmodified) actin
at 7.0 relative gain to correct for the concentration difference of
SL-NEM-Mn2*-actin between curves 1 and 2. Curve 2: (®) pure
SL-NEM-Mn?2*-F-actin used for the copolymer of curve 1, 1.0 rel-
ative gain. Curve 3: Mn2*-free controls for curves 1 (O) and 2 (O)
at relative gains of 7.0 and 1.0, respectively; copolymer of an equi-
molar mixture of Mn2*-actin and SL-NEM-Ca2*/Mg2*-actin (A)
and the control curve with Mn2*-free actin (4) at a relative gain of
2.0 to correct for the reduction in the SL-NEM concentration.

change in the central peak height of the SL-NEM ESR spec-
trum of SL-NEM-Mn?*-F-actin relative to that of SL-NEM-
Ca?*/Mg?2*-F-actin on increasing filament saturation with
subfragment-1.

The changes in peak amplitude are not due to changes in
correlation time for spin-spin interaction. The dominant
correlation time for the spin-spin interaction is probably the
electron spin relaxation time of Mn2* (20). The correlation
time for the interaction of Mn2* with water protons is also
dominated by the electron spin relaxation time. The fre-
quency dependence of water proton relaxation rates shows
that there is virtually no change in the correlation time on
addition of subfragment-1 in increasing concentrations
(Table 1). In addition, the ESR spectrum for the SL-NEM
indicated that subfragment-1 binding did not result in an
observable change in the rotational freedom of the label
(Fig. 1).

The effect of the unpaired spin of Mn?* on the ESR spec-
trum of the SL-NEM is governed by the separation of the
two spins and a “structural” angle (20). The fact that the
amplitudes of all three peaks in the SL-NEM spectrum were
influeniced by the same relative amounts at each level of
subfragment-1 saturation suggests that subfragment-1 bind-
ing changes the extent of the spin-spin interaction primarily
by altering the distance between the two spins (Fig. 1).

From the experiment of Fig. 2, one cannot ascertain
whether the Mn?* and SL-NEM on the same or on two
neighboring actin monomers interact. If the magnetic inter-
action occurs between spins on adjacent monomers, changes
in peak height would not be observed if each SL-NEM-
Mn?*-actin molecule were surrounded by Ca2*/Mg2*-actin
monomers in the filament. However, the change in peak
height would persist in actin filaments consisting of a mix-
ture of Mn?*-actin and SL-NEM-Ca2*/Mg2*-actin mole-
cules. The preparation of actin filaments consisting of two
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Table 1. Mn?*-water proton correlation time (7,)
for Mn?*-F-actin with increasing subfragment-1 saturation.

Saturation (%) Te X 10° (sec)

0 5.1
30 5.0
100 4.9

7. was determined according to the method of Peacockeetal. (21)
from plots of the difference of 1/T; for Mn2+-F-actin and 1/T.for
Mn2+-free F-actin against (2xf)2 for each level of saturation with
subfragment-1.

randomly mixed populations of actin monomers was possible
because the loss of Mn?* from the divalent cation site of G-
actin has a half-time of >24 sec (see Materials and Meth-
ods). This provides ample time for mixing and polymerizing
the two populations of actin monomers before appreciable
exchange of Mn?* occurs.

Fig. 3 shows that the changes in the amplitude of the ESR
signal were maintained when SL-NEM-Mn?*-actin was di-
luted 7-fold by copolymerization with Ca2*/Mg2+-actin and
lost when filaments consisted of an equal amount of Mn2+*-
actin and SL-NEM-Ca?*/Mg2*-actin.

These observations indicate that Mn?* and SL-NEM of
the same monomer interact, provided that truly random co-
polymers form and the two species of actin do not segregate
to form two sets of homogeneous polymers. That the pertur-
bation created by the presence of Mn2* or SL-NEM in an
actin monomer does not affect the process of polymerization
is suggested by the observation that the rate of polymeriza-
tion, as measured by viscosity increase as well as inorganic
phosphate release, was not significantly different from that
of unlabeled actin. Both phosphate release [due to hydrolysis
of ATP bound to the actin monomer (22)] and specific vis-
cosity changes follow exactly the same time course (Fig. 4).
Fig. 4 shows identical polymerization rates for Ca2*/Mg2*-
actin, SL-NEM-Ca?*/Mg2*-actin, Mn2*-actin, and SL-
NEM-Mn2*-actin.

DISCUSSION

A spin-spin interaction between tightly bound Mn?* and a
maleimide spin label was first demonstrated by Burley and
his colleagues (19) and later confirmed by Burley and Sleigh
(23). Assuming the maleimide spin label binds exclusively to
a single cysteine [as suggested by previous reports on cyste-
ine labeling of actin (24)], an extrapolation to 100% Mn2* in-
corporation gives about 85% maximal reduction in the
height of the central peak of the SL-NEM ESR signal in the
absence of subfragment-1, and clearly indicates the proximi-
ty of the Mn2* and the SL-NEM.

Since a reduction in peak height was observed under con-
ditions where actin is usually present in the monomeric state
(19), it was considered likely that in the actin polymer the
Mn2* and the SL-NEM of the same monomer interact.
However, in view of the significance of the change in the
spin-spin interaction on subfragment-1 binding, it seemed
important to check whether this remained entirely an in-
trasubunit interaction after actin polymerization. The data
with randomly mixed copolymers, which show a change in
the spin-spin interaction when doubly labeled actin mono-
mers are surrounded by unlabeled molecules and no spin—
spin interaction between the two spins on neighboring actin
molecules, indicate that the spin—spin interaction is, indeed,
entirely intrasubunit, provided that the copolymerization is
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FIG. 4. Viscosity increase and inorganic phosphate release as a
function of time of polymerization of actins containing different
kinds of labels. The polymerization of control Ca2+/Mg2+-actm
was followed by viscosity increase (X) as well as inorganic phos-
phate release (O), while the polymerization of Mn?*-actin (a),
SL-NEM-Ca?*/Mg2*+-actin (0), and SL-NEM-Mn2*-actin (¢)
were all followed by viscosity increase. All actins were prepared
from the same stock solution, and all final concentrations were 22
M in 10 mM Tris buffer, pH 8.0, 0.1 M KCl, 0.2 mM dithiothrei-
tol, and 0.1 mM ATP.

truly random. The latter, although not certain, is likely be-
cause the kinetics of actin polymerization were not altered
by the presence of either of the labels.

The above data, coupled with the observations that there
is no appreciable change in either the correlation time for
the interaction between Mn?* and SL-NEM (as approximat-
ed by that between Mn2* and water protons) or the line
shape of the SL-NEM bound to F-actin on subfragment-1
binding, indicate a conformational change in actin on sub-
fragment-1 binding. This change seems to involve a change
in the distance between manganous ion and the nitroxide
label rather than a change in structural angle (20) since par-
allel and perpendicular components of the SL-NEM spec-
trum were influenced to the same extent on subfragment-1
binding (Fig. 1). It is too early for any quantitative state-
ments concerning the extent of the conformational change.
That must await 100% Mn2* incorporation and analysis of
the SL-NEM-containing actin peptide for homogeneity.

However, the biphasic nature of the response suggests
cooperativity of some kind, since binding of subfragment-1
molecules elicited quite different responses at different de-
grees of saturation of the actin filament with subfragment-1.
This biphasic behavior of the spin-spin interaction on in-
creasing saturation with subfragment-1 is very similar to the
biphasic change in ultraviolet absorption and elastic light
scattering on increasing saturation with heavy meromyosin
observed by Tawada (25) and Fujime and Ishiwata (26), re-
spectively.

These ESR studies establish that the biphasic response
originates from conformational changes within the actin
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molecules in the filament. They also provide evidence that
not all of the cooperative behavior within the actin filament
is dependent on tropomyosin. Tropomyosin simply adds ad-
ditional protein-protein interactions to a filament already
capable of cooperative interactions among monomers. Fur-
thermore, the observation that conformational changes in
actin molecules can be cooperative should make one hesitant
to ascribe all cooperative phenomena in the presence of tro-
pomyosin to positional changes of tropomyosin. In this re-
spect, it is interesting that Yanagida and his collaborators
(27) interpret their linear dichroism data to mean that in
regulated filaments calcium causes conformational changes

in actin.
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