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The separation between Cys 697 (SH,) and Cys 707 (SH) of the heavy chain of myosin subfragment-1 was previously measured by
fluorescence resonance energy transfer with a donor linked to SH; and an acceptor to SH,. In the present study the distribution of
the distances between the two thiols was recovered from frequency-domain fluorometry. In the native state and in the presence of
ligands such as MgADP, pyrophosphate, orthovanadate (V;) and actin, we found wide distributions of the separations between SH,
and SH, (11-16 A) comparable to that found in the random-coil state (20 A). These results suggest that the SH,-SH, segment has a
high degree of conformational flexibility even in native S1. The flexibility is not much affected by the physiological state of S1.
However, the ligands MgADP, V, and MgADP + V, decrease significantly the mean SH,-SH, distance from 27 to 17 A with the effect
of MgADP+V; being the most pronounced. The anisotropy decay of donor-labeled S1 is biphasic with two rotational correlation
times. The long component is decreased by these ligands from 289 to 93 ns, suggesting a more compact symmetric structure of S1 in
the presence of the ligands. The complex S1 (MgADP)V, has been shown to be a stable analogue of SIIMgADP)P,, an unstable
intermediate that is generated in the actomyosin ATPase cycle during muscle contraction. Since the power stroke of muscle is
accompanied by release of P, from SI{MgADP)P,, the present results are consistent with a model in which force generation can be
accompanied by transition of S1 from a highly symmetric or compact structure to a more extended structure.

1. Introduction myosin head (subfragment-1, S1) may be an im-
portant feature of energy transduction in muscular

Several lines of evidence have made it increas- contraction [1,2]. The sites involved in the putative
ingly clear that intersite communication within the communication are the actin-binding sites and the

ATPase site. Isolated S1 heavy chain is susceptible
to tryptic digestion into three segments with
molecular masses 27, 50, and 20 kDa starting from
* To whom correspondence should be addressed. the N-terminus. In intact native S1 these segments
Abbreviations: S1, myosin subfragment-1; AEDANS or appear to be contiguous at or near the ATPase site
IAEDANS, N-(iodoacetyl)-V "«(5-sulfo-1-naphthyl)ethylene- [2]. One can envision an ‘energy transduction loop’
diamine; DDPM, N-(4-dimethylamino-3,5-dinitro- i & - h gy ucuc p
phenyl)maleimide; FRET, fluorescence resonance energy w1'thm S1 in which molecular information is trans-
transfer; D-A, donor-acceptor. mitted as a part of the transduction mechanism.
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Within or close to the loop are located two re-
sidues (Cys 697 and Cys 707) which are located
within the 20 kDa tryptic segment and can be
easily and selectively alkylated. The SH;-SH, re-
gion of the heavy chain may play a role in the
communicaton process. Early studies showed that
alkylation of the thiol SH, (Cys 707) activates the
Ca-ATPase [3]. Subsequent modification of the
other thiol SH, (Cys 697) in the presence of
nucleotides completely abolishes the Ca-ATPase
activity [4]. Chemical studies indicated that SH,
and SH, can be cross-linked by a variety of bi-
functional reagents with different spans from 12—
14 A [5] down to 3-5 A {6]. These results suggest
that the polypeptide backbone of S1 heavy chain
between Cys 697 and Cys 707 is highly flexible.
Recent studies [7,8] showed that the fluorescence
resonance energy transfer between a domor
(AEDANS) linked to SH, and an acceptor
(DDPM) attached to SH, was significantly en-
hanced upon addition of MgADP, suggesting a
decrease in the SH;-SH, distance of 6-8 A in-
duced by the binding of the nucleotide. This de-
crease in distance was recently shown [9] to occur
in two first-order kinetic steps with rate constants
in the range 2-30 s™!. The fast step is associated
with a 4-5 A decrease of the donor-acceptor dis-
tance, while the slow step is associated with with a
further decrease of approx. 2 A
. The amino acid sequence of S1 heavy chain
between Cys 697 and Cys 707 is generally con-
served from nonmuscle to muscle myosins, This
sequence is in fact identical in rabbit skeletal,
rabbit cardiac, chicken skeletal, and chicken
smooth muscle myosins. Since in nonmuscle
myosins Cys 697 or Cys 707 (or both) are replaced
by other residues, the essential nature of the cy-
steine residues can be questioned. On the other
hand, it is relevant to consider in what way the
flexibility of this region of S1 heavy chain may
play a role in energy transduction. To address this
problem, it is important first to obtain direct
confirmation of the extreme flexible nature of the
Cys 697-Cys 707 segment that has been suggested
by various lines of evidence.

Macromolecular flexibility arises from the in-
trinsic flexibility of the peptide and Brownian
displacements due to thermal energy. The putative

flexibility of the SH,-SH, segment of S1 must
reflect conformational heterogeneity and fluctua-
tions in the ‘end-to-end’ distance of the segment
between the two residues. In a series of recent
papers [10,11], we have demonstrated the feasibil-
ity of recovering distributions of molecular dis-
tances in proteins by using frequency-domain flu-
orcmetry. This method of FRET and frequency-
domain fluorometry was used in the present work
to determine the distributions of the Cys 697-Cys
707 distances. The recovered distributions provide
direct evidence that this segment in native S1 is
highly flexible. Ligand binding at various sites
does not significantly affect this flexibility but
decreases the mean distance by up to 10 A

2. Theory

A detailed description of the basis for the re-
covery of distance distributions from frequency-
domain FRET data has been published elsewhere
[11]). A summary of the theory pertaining to the
present work is given in this section.

If the fluorescence decay of a FRET donor in
the absence of an acceptor is single-exponential
with decay time T, its intensity decay is given by

In(1) = I exp(—1/p) (1)

If a single energy acceptor is located at a unique
distance r from the donor, the donor decay is
expected to remain a single-exponential with de-
cay time T, <7y The intensity decay of the
donor is then given by

Ina(r, t) = I, exp(—t/7p4)
=1Ipa exp(—1/7p — kpat) (2)

where R, is the Fbrster critical distance, and
kpa=1/mp[R,/r]% is the rate of energy transfer,
and T, is related to 7, and the donor-acceptor
separation r by

1 1. 1[RT°
R ®

—_— + J—
TDA ™ T

We note that in general I3 =13,, i.e, the initial
intensity of the donor and the donor-acceptor pair
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will be identical. This is because these initial in-
tensities refer to the same molecular species and
because the absorption coefficient and radiative
decay rate of the donor are assumed to be unaf-
fected by the presence of acceptor. The transfer
efficiency (E) can be related to the decay times
using the time-integrated values of the intensity
decays (Ip(7) or I, (2)). Hence,

E=1--22
I, ™ R§+rE

If the single acceptor is not rigidly fixed in
space with respect to the donor coordinates, there
will be a range of donor-acceptor distances. While
the decay of the donor corresponding to each
donor-acceptor distance will still be a single-ex-
ponential, the overall observed donor decay will
contain contributions reflecting the range of all
possible donor-acceptor distances and is thus more
complex than a single exponential. It is this devia-
tion from single-exponential behavior that pro-
vides a measure of the donor-acceptor distance
distribution. In this case, both the intensity decay
of the donor in the presence of energy transfer
and the transfer efficiency are each given by the
average of the individual decays and transfer ef-
ficiencies weighted by the normalized distance
probability distribution P(r) of the donor-accep-
tor pair

Ioalt) = 130 [“P(r) exp(—1/mop) dr  (5)
_ (2 P(r)Rjdr
E—-/; Rg+(;6 (6)

In frequency-domain fluorometry, the mea-
sured quantities are the frequency-dependent
phase shift (¢,,) and modulation (m ). These val-
ues can be calculated from the sine (N_,) and
cosine (D, ) transforms of the intensity decay
function

$.., = arctan(N,,/D, ) (7
me,=(N2+D2)"* (8)

For a donor that decays monoexponentially in the
absence of energy transfer and a donor-acceptor

pair that can be characterized by a probability
distribution of donor-acceptor distances, the two
transforms are given by [12]

1 o P(r)wria
NPA = — 7 PAy 9
¢ JDA-/; 1+ wid, r )
1 o P(r)ma
DPA=— [ DAy 10
@ JDA-[() 1+ o’ria g (10)

where Jp,, is a normalization factor and is given
by

Jon = fowp(r) drfOOOIDA(t) dt

= /(;OOP(r)'rDA dr (11)

These transforms can be calculated numerically.
In practice the range of distances of the integrals
is from a minimum distance s, near 5 Atoa
maximum distance r,,, near 50 A. The recovered
distance distributions are not sensitive to the pre-
cise value of ;. and r,,, as long as the range is
adequate to account for the experimental data.

If the donor decay in the absence of energy
transfer is multiexponential, then eqs 1 and § will
be sums of exponential terms

ID(‘)=IgZaDi exp( —¢/7p;) (12)
Ipa(t) =18A_/(; P(r)Y ap;
i
t t (Ry\®
Xexp[—a—T—m(T) ]dr (13)
where ap,; are the pre-exponential factors and 7p;

the associated decay times in the absence of
acceptor (energy transfer),

Lol L&y (14)

r

Di Tpi

The sine and cosine transforms of the intensity
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decay function weighted by the probability distri-
bution P(r) are

pa_ 1 o P(r)apiorda;
= —_— g 15
No AN j(‘) 1+ w?rda g (13)
© P . .
DPA = Ji Plr)oniton 4, (16)
pavo 7 14w THaAi
o N
JPA =f ZP(r)aDiTDAi dr (17)
0

The parameters describing the intensity decay
(eq. 5 or eq. 13) and the probability distribution
P(r) can be estimated from the experimental (¢,
and m_) and calculated (¢, and m_,) values of
the phase shift and the modulation by using a
nonlinear least-squares procedure [13] in which
the chi-square ratio is minimized

s 1y (=) 1y (mome)

Xszw 8¢ v~ 8m

(18)

where v is the number of degrees of freedom and
8¢ and 8m denote the experimental uncertainties
in the measured phase and modulation values. For
the present study a Gaussian function was used as
the probability distribution of donor-acceptor dis-
tances

P(r)=ﬁexp —%(’;7)2] (19)

where 7 is the mean distance and o represents the
standard deviation of the untruncated Gaussian.
The standard deviation is related to the half-width
(hw, full width at half-maximum height) by hw =
2.3540. Outside the interval between r,;, and 7,
the probability P(r) is set equal to zero. Depend-
ing upon the values of r and hw the distance-in-
tegrated value of P(r) may be less than unity.
This occurs when part of the distribution occurs
below r=0. The integral in eq. 17 normalizes
P(r) and corrects for this missing part of the
distribution. In practice, the integration is per-
formed over a limited range, from about 5 A to
3_5-times the Forster distance. In general, the
results of the analyses are unaffected by the cho-

sen limits. For calculation of x}, and for simula-
tions of experimental data, the uncertainties in the
phase (8¢) and modulation (8m) were taken as
0.2° and 0.005, respectively.

Suppose the donor-to-acceptor separation is
characterized by a single distance r. It is interest-
ing to note the relationship between the intensity
decay parameters (ap,; and 1p,;) and the transfer
efficiency. Integration of eqs 12 and 13 over time
and eq. 4 yields

i zaDiTDAi
E=1-DPA_q__+ (20)
D ZaDiTDi

To be more explicit, use of eq. 3 with the decay
times is only valid if the decay is a single-exponen-
tial, and there is a single donor-to-acceptor dis-
tance. If the decays of the donor or donor-accep-
tor pair are multiexponential, or if there exist
multiple D-A distances, then calculation of the
transfer efficiency requires use of the relative
quantum yields, which are given by the sum of the
a;7; products.

3. Experimental

3.1. Frequency-domain measurements

Fluorescence lifetimes were determined from
the frequency response of the emission using the
instrument previously described by Lakowicz et
al. [14]. The cavity-dumped output of a synchro-
nously pumped pyridine 2 dye laser was used to
generate a laser pulse train with a repetition rate
of 3.79 MHz and a pulse width of about 5 ps,
which was then frequency-doubled to 355 nm.
This source is intrinsically modulated to many
gigahertz and used to excite directly the samples.
The intensity decays were measured using rota-
tion-free magic angle polarized conditions. The
donor emission was isolated by a 480-nm inter-
ference filter and detected by a Hamamatsu
R1564U microchannel plate photomultiplier tube,
which allows detection of the modulated emission
to 2 GHz [14].
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3.2. Correction for incomplete labeling by acceptor

In the determination of distance distributions it
is critical to know the extent of labeling with the
acceptor; the extent of donor labeling is less criti-
cal. If the acceptor is present at a fractional label-
ing (L) of 1.0, and the donor labeling is less than
unity, all the donor-labeled molecules participate
in energy transfer. Since we are using the donor
decay, the results are unaffected by incomplete
donor labeling. In contrast, if the extent of accep-
tor labeling is less than 1.0 then some of the
donors do not have a nearby acceptor. These
acceptor-free donor molecules are unquenched by
energy transfer, and hence the observed donor
emission contains a component which is unaf-
fected by energy transfer. Additionally, these
acceptor-free donors contribute to the observed
fluorescence in excess of their molar proportion
because of their higher relative quantum yield. In
order to calculate the distance distributions one
must correct for this nonstoichiometric labeling
(under labeling) of the protein by acceptor. For
this correction we assume that the observed inten-
sity decay of the donor results from the emission
of the donor alone [I;(z)] and from the emission
of the D-A pairs [ I, (1)], weighted by the relative
proportion of each species in the sample. The
observed intensity is given by

Iobs(t)z(l_L)ID(t)+L'IDA(t) (21)
Ips(2) =(1- L)IlgzaDi exp(—1¢/7p;)

a e o]
+L'IDA/; P(r)Y ap,
;

t t {Ro\®

XCXpl:—'T—Di-;];(T) :idr (22)
In this last expression we used equivalent values
of I3 and I3,. One observes in eqs 21 and 22 that
the donor-alone molecules contribute in excess of
their molar proportion due to the higher relative
intensity of I2(1) vs IDA(?). In our procedure the
extent of labeling (L) can be determined by vary-
ing L to yield the minimum value of x%. Once
this was done for a given preparation, L was held
constant in all subsequent analyses. Alternatively,

the extent of labeling can be determined by chem-
ical and /or spectroscopic analysis of the samples.
In the present paper the extent of labeling was
found to be 0.96 by absorbance measurements and
0.94 from the xx minimum. The value of L was
held fixed at this latter value for all analyses.

3.3. Frequency-domain expressions with incomplete
labeling

A complete description of the procedure to
correct for incomplete labeling, along with an
experimental verification of the procedure, will be
published elsewhere [15). The frequency-domain
expressions for the observed emission are

Nev = S [(1 = L)JPND + LIPANDA] (23)
obs
1
D> = v~ [(1-L)JPDP +LJP DDA (24)
J¥=(1-L)JP+LJPA (25)

where NP, DP* and JP* are given by egs
15-17,

waDlTDl
26
N JD Z 1+ o), (26)
aDlTDl
27
D, JD Z 1+ o, (27)
JP = ZaDiTDi (28)

i

3.4. Anisotropy decays

Anistropy decays were obtained from the
frequency response of the polarized emission [16].
The data were fitted to a biexponential decay law

r(1) =L 8, exp(=1/0) (29)

where 7, is the limiting anisotropy in the absence
of rotational motions, 6, denote the rotational
correlation times, and g; the associated ampli-
tudes. In our analyses the total anisotropy was
taken as a variable parameter, so that the ampli-
tudes were obtained as values for 7 g, = r,.
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3.5. Protein preparations and chemicals

Myosin was prepared from rabbit skeletal
muscle as previously described [17]. Myosin sub-
fragment-1 was obtained by digestion of myosin
with chymotrypsin, followed by purification on a
DEAE-cellulose (DE 52) column as described by
Weeds and Taylor [18]. The two isozymes S1(Al)
and S1(A2) were pooled for subsequent labeling
with fluorescent probes. Actin was prepared from
an acetone powder according to Spudich and
Watts [19] and polymerized as described previ-
ously [20]. Polymerized actin was extensively di-
alyzed against 60 mM KCl and 30 mM Tes at pH
7.5 for 24 h and used immediately to obtain
actosubfragment-1. The modification of SH; by
AEDANS and SH, by DDPM was carried out
using the same procedure as in our earlier work
[8]. The degree of SH, and SH, labeling was
determined by absorbance measurements [8]. The
degree of acceptor labeling was found to be 0.96
from the absorbance.

The concentration of S1 was estimated from an
absorbance of 0.75 g™ cm ™' at 280 nm [21] and a
molecular weight of 115000. An absorbance of
0.63 g”! em™! at 290 nm [22] and a molecular
weight of 42000 were used to determine the con-
centration of actin. IJAEDANS was purchased
from Molecular Probes (Eugene, OR) and DDFM
from Aldrich Chemicals (Milwaukee, WI). V,0s
obtained from Aldrich Chemicals was used to
prepare a stock solution of sodium vanadate (V;)
as previously described [17]. All other chemicals
were of reagent grade.

4. Results
4.1. Simulation of distance distributions

Simulated data which demonstrate the sensitiv-
ity of the frequency-domain data to the width of
Gaussian-distributed donor-acceptor distances are
shown in fig. 1. A single donor decay time () of
20 ns and a value of 30 A for R, were used in the
simulations. These values are comparable to the
experimental values of the S1 system reported in
this paper. For the simulations we used 30 fre-
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Fig. 1. Simulated frequency response for a donor-acceptor pair
with 7, =20 ns, Ry=30 A, #=20 A. The phasc angles
increase and the modulation decreases with increasing
frequency. (Upper panel) Gaussian distribution with half-width
(hw) =1 A is used in the simulation. The solid curves are the
best single-exponential fits to the simulated values (@). (Lower
panel) hw is 15 A. The dashed curves are the best single-ex-
ponential fits to the simulated data (@), and the solid curve is
the best fit using the distance distribution model.

quencies in the range 3-300 MHz. The data con-
tain random noise of a level comparable to our
experimental data (0.2° in phase and 0.005 in
modulation). In fig. 1A the half-width (hw) of the
distribution is assumed to be 1.0 A, which is
equivalent to a single donor-acceptor distance.
The simulated data are well-fitted to a single-ex-
ponential decay. When hw is increased by 15-fold
to 15.0 A (fig. 1B), the simulated data clearly are
not compatible with a single-exponential model.
The large deviation from single exponentiality is a
consequence of the substantial broadening of the
distribution function and reflects the presence of a
range of donor-acceptor distances. A half-width of
15 A corresponds to considerable heterogeneity in
the donor-acceptor distances and such a broad
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distribution is easily detected from frequency-do-
main measurements.

For smaller increases in hw, the departure from
single-exponentiality is less pronounced than that
displayed in fig. 1B and may not be graphically
discernible. However, these smaller deviations can
be revealed from an examination of the x5 ratio
for the fitting of the phase shift and modulation
values to a monoexponential model of donor de-
cay. These results are given in table 1. For hw = 1.0
A the simulated data are very satisfactorily fitted
to a single donor decay time (fig. 1A) with x4 =
0.7. If the same set of data are fitted to a distribu-
tion using a fixed incorrect value of 3.0 A for hw,
the x% value is 22; and if hw is fixed at 6.0 A, x&
is 238. This result demonstrates that a narrow
distribution of D-to-A distances can be resolved.
Importantly, if the donor-to-acceptor distribution
is in fact narrow (i.e, about 1 A), the measure-
ments and analysis will not report a distribution
wider than 1 A due to limited experimental resolu-
tion. If the correct width is 15.0 A, X& increases
by a factor of 35-90 when the data are fitted to
incorrect widths of 10.0 or 20.0 A. If the hw is
fixed at 1.0, xk is elevated to 993. Thus, the
statistical parameter x3 is a sufficiently sensitive
criterion to judge the existence of a distribution of
FRET distances, and to reveal the width of these

Table 1

Sensitivity of x% to changes in the half-width of the distance
distribution

Input value Calculated values Xx

FA  hwt@d)  FA)  hwA)

20 L0 200 1.06 07°
198 3.0° 222
19.8 6.0) 2382
122 (15.0) 1463.7

20 15.0 200 151 12
221 (10.0 106.6
168 {20.0) 40.5
287 (1.0 992.7

* hw is the full width at half maximum height for a Gaussian
distribution.

® ¢ Y indicates that hw was held fixed at the indicated value
during least-squares analysis.

° The x% values were obtained in least-squares analysis using
8¢ =0.2° and dm = 0.005.

7
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Fig. 2. Fluorescence spectra of donor-labeled S1 (D) and $1
labeled with both donor and acceptor (D-A). The donor was
AEDANS attached to Cys 707 and the acceptor was DDPM
linked to Cys 697.

distributions. While the simulations are for mono-
exponential donor decay, similar results were ob-
tained for donor decays which follow a multiple-
exponential decay law. Qur theory and algorithm
do not require that the donor decay be a single-ex-
ponential [11].

4.2. Emission of AEDANS-SI

The emission spectra of donor (AEDANS)-
labeled S1 and S1 labeled with both donor and
acceptor (DDPM) are shown in fig. 2. The large
decrease in intensity due to the presence of the
acceptor provides evidence of energy transfer.
However, the steady-state data can only yield an
average distance between the D-A pair, and can-
not provide the distance distribution unless one
synthesizes several labeled proteins, each with a
different donor-acceptor pair which has a differ-
ent value of R, [23,24]. In contrast, the distance
distribution can be recovered from a single D-A
pair if one can recover the time-resolved decay of
the donor.

We recover the time-resolved.donor decay from
its frequency response. The frequency response of
donor and donor-plus-acceptor labeled S1 was
studied under a variety of conditions. Shown in
fig. 3 are the changes of the phase angle and
modulation as a function of frequency for donor-
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Table 2
Intensity decay parameters for myosin subfragment-1 labeled at Cys 707 (SH;) with AEDANS
Conditions T (ns) a b 75, (ns) x%
Buffer 18.40 1.0 1.0 824
4.02 0.181 0.040
21.36 0.819 0.960 20.67 1.7
MgADP 18.41 1.0 10 694
4.01 0.168 0.037
21.13 0.832 0963 20.50 19
Pyrophosphate 18.40 1.0 10 93.9
2.35 0.180 0.035
21.46 0.820 0.965 20.83 14
Vanadate 18.83 1.0 1.0 68.8
35 0.153 0.029
21.17 0.847 0.971 20.65 19
MgADP + vanadate 19.76 10 10 850
3.93 0.174 0.035
22.61 0.826 0.965 21.96 14
Actin 18.56 1.0 1.0 97.1
2.41 0.185 0.021
20.91 0.842 0.978 20.52 1.6
Gdn-HC1 11.14 1.0 1.0 172.6
4.26 0.36% 0.140
15.14 0.631 0.860 13.60 27

* All samples were in 60 mM KCl, 30 mM Tes (pH 7.5). For the first five samples, the S1 concentration was in the range of 25-30
uM; where applicable, MgCl, was 1 mM, ADP 100 mM, sodium pyrophosphate 150 pM, and vanadate 1 mM. The last two
samples contained 17.4 uM S1 and either 47 uM actin or 6 M Gdn-HCl. All measurements were made at 2° C, with an excitation
wavelength of 355 nm. Each set of decay data was fitted to a one-exponential and a two-exponential function. The results shown
for buffer, MgADP, vanadate and MgADP + vanadate represent an average of two separate experiments, yielding very similar

results.
® Fractional intensity J, was calculated from

fi=an /Y ey, with } fi=1.0

¢ Mean donor lifetime was calculated from 7p = I fi7;

labeled S1 and S1 labeled with donor and acceptor
determined in the presence of MgADP. It is clear
that the decay was not monoexponential for both
samples. The deviation from single-exponential
decay was substantial even for the donor-labeled
sample, and larger for the sample containing both
donor and acceptor. The increased heterogeneity
of the donor decay in the presence of acceptor is
due to the distribution of D-to-A distances, which
in turn results in a distribution of rates for energy
transfer.

The decay data for donor-labeled S1 are sum-
marized in table 2. Each set of the decay data

could be fitted with a biexponential function. No
improvement in the fitting was obtained when the
data were fitted to a three-exponential model. In
the native protein the short decay component con-
tributed 4% or less to the total emission with the
weighted average of the decay times being about
21 ns. The average lifetime was little affected by
the presence of various ligands and increased by
about 1 ns when S1 was complexed to actin. In the
presence of 6 M guanidine hydrochloride the aver-
age lifetime was reduced by 33% to 13.6 ns, and
the contribution of the shorter decay time in-
creased to 14%.
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Table 3

Typical multiexponential analysis of intensity decays of myosin subfragment-1 labeled with both donor and acceptor

Conditions ? T, (ns) o fi Tpa(ns) XR .
1° 2 3
Buffer 1.76 0.269 0.056 12.39
6.31 0.394 0.296
16.10 0.337 0.648 465.8 5.8 1.7
MgADP 0.88 0.447 0.086 10.29
4.49 0.418 0.414
16.75 0.135 0.500 1389.4 46.5 21
Pyrophosphate 1.74 0.359 0.092 11.16
6.36 0.433 0.406
16.37 0.208 0.502 618.4 8.3 1.5
Vanadate 1.42 0.143 0.016 17.12
5.49 0.256 0.108
18.84 0.601 0.876 2914 4.5 24
MgADP + vanadate 2.02 0.359 0.059 18.75
9.27 0.241 0.182
22.32 0.400 0.759 767.4 6.0 1.2
Actin 1.34 0.240 0.035 13.01
6.49 0291 0.204
15.04 0.469 0.761 3538 5.6 22
Gdn-HCI 0.90 0.402 0.080 8.63
3.66 0.362 0.293
11.94 0.237 0.627 10347 94 2.3

* Sample conditions were the same as listed in table 2. The results shown are for three-component fits,
® The x,zz values for one-component (1), two-component (2), and three-component (3) fits are given in the last three columns under

Xk

The decay data of S1 labeled with both donor
and acceptor were fitted with monoexponential,
biexponential, and triexponential models. A typi-
cal set of these results are listed in table 3. In
every case the best fit was obtained with a three-
exponential model and the average lifetime (T, )
was considerably reduced from that of the donor
itself (7). Since the donor decay (in the absence
of acceptor) followed a biexponential decay law,
the departure of the decay in the presence of
acceptor from a biexponential model provides evi-
dence that the D-A separation cannot be repre-
sented by a single distance.

4.3. Anisotropy decays of donor-labeled S1

The anisotropy decays of AEDANS-S1 were
measured in the absence and presence of several

ligands and guanidine hydrochloride. A typical set
of anisotropy data is shown in fig. 4. The frequency
distributions of the differential phase angles were
non-Lorentzian for all conditions studied, indicat-
ing the presence of more than a single rotational
correlation time. The differential polarized phase
and modulated anisotropy data could be ade-
quately fitted with two correlation times. These
results are listed in table 4. In the absence of
bound ligands, 22% of the total anisotropy de-
cayed with a short correlation time of 9.5 ns and
the remainder with a long correlation time of 289
ns. The presence of various ligands did not alter
the total anisotropy, but reduced the contribution
associated with the short correlation time by a
factor of 1.2-3.8, to about 10% of the total ani-
sotropy. The constant value of r, = ryg, .+ 58, and
the constant limiting value of the modulated ani-
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sotropy at high frequencies suggest that all of the
fundamental anisotropy of the probe is recovered
from the data [16]. Denaturation of S1 reduced
the total anisotropy by 14% and shifted the major
contribution to the short component. The de-
creased apparent value of 7, = ryg; + r, g, suggests
the presence of a rapid component in the ani-
sotropy decay which is not recovered from the
data.

The two correlation times were substantially
reduced by all ligands studied. To determine the
extent to which the ligand-induced changes were
statistically significant, we examined the x%
surfaces for the two correlation times (fig. 5). The
surfaces were calculated by holding one correla-
tion time constant at the values indicated on the
horizontal axis and allowing the other correlation
time and both amplitudes to vary so as to mini-
mize x. In these calculations the ranges of both
6, and @, that are consistent with the data are
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Fig. 3. Frequency response of AEDANS-labeled S1, in the
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frequency response of the D-A pair is shifted to the right due
to energy transfer. The solid curves show the best fit of the
observed data to a single decay time. The middle and bottom
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Fig. 4. Differential polarized phase angle data (top panel) and
modulated anisotropy (lower panel) for S1 labeled with
AEDANS: in standard buffer (®) and in 6 M guamdine
hydrochloride (©).

given approximately by the range of values for
which x3 is elevated to the extent possible of 67%
of the time due to random error. The short corre-
lation time was significantly reduced by MgADP
and denaturation of the protein by guanidine-

, °7  S81,2°C
XR,

4 -6MGUMCI Mg B B Mg

1 | I | 1 1 1 |
0 5 10 15 100 200 300 400

© (ns)
Fig. 5. x% surfaces for the two rotational correlation times
calculated from anisotropy decay analysis of S1 labeled with
AEDANS. (Left panel) (------ ) for 8; and #, determined in
guanidine hydrochloride; ( } for 0, determined in buffer
(B) and MgCl, (Mg). (Right panel) 8, determined in buffer (B)
and MgCl, (Mg). The dashed horizontal line shows the upper
value of x} consistent with the x& being due to random error
in 67% of repetitive measurements.




H.C. Cheung et al. / Distance distributions in myosin S1 11

Table 4

Anisotropy decays of AEDANS-Cys 707 in myosin subfrag-
ment-1

8;(ns) b 8 & ° XRrR
Buffer 64.8 1.0 0.270 29.9

9.5 0224  0.062
288.7 0776  0.215 1.2

Conditions 2

MgADP 714 1.0 0.272 19.6
4.4 0103  0.029
1341 0.897  0.253 14

Pyrophosphate 68.2 1.0 0.263 327
5.6 0.183  0.042
178.5 0.817 0.230 23

Vanadate 70.7 1.0 0.271 273
5.6 0.136 0.038
152.1 0.864 0.242 1.6

MgADP + vanadate 735 1.0 0.274 3.6
7.9 0.058 0.016
92.9 0942  0.261 1.1

Gdn-HC1 35 1.0 0.217 23.0
2.1 0736  0.176
123 0264  0.063 0.9

* Sample conditions were the same as listed in table 2; A, =
355nm, A, = 480nm. The results shown for buffer, MgADP,
vanadate and MgADP + vanadate represent an average of
two separate experiments, yielding very similar results.

The first number for each condition was from a one-ex-
ponential fit and the other two numbers were obtained from
a biexponential fit.

 In our analysis the total anisotropy was taken as a variable

parameter.

HCI. The x% surface for the long correlation time,
in the absence of MgADP, indicates we are unable
to resolve the longer correlation time. However,
the calculations suggested that for this sample
6, > 175 ns. In spite of this lack of resolution,
it appears that 8, was significantly reduced
by MgADP. A further decrease (30%) in 8, was
observed upon addition of vanadate to the
S1.MgADP complex.

4.4. Distribution of D-A distances in S1

In order to recover distance distributions it is
necessary to obtain the frequency-response of the
donor in the presence of acceptor. It is frequently
impossible with biochemical samples to obtain

complete labeling with acceptor. Consequently, it
is necessary to correct for the donor emission
which is due to donor molecules without accep-
tors. This is accomplished using the distance dis-
tribution analysis with a component in the donor
decay of the D-A pair which is the same as the
donor-alone decay. The fractional labeling is
varied to obtain the minimum value of x% (fig. 6).
The fractional acceptor labeling of 0.94 is in excel-
lent agreement with that obtained from the ab-
sorbance data.

The intensity decays of the donor and donor-
acceptor pairs can be used to recover the distance
distribution under a variety of experimental con-
ditions. The multiexponential analyses listed in
tables 2 and 3 can be considered to be para-
meterized forms of the donor decays. It is possible
to analyze these multiexponential parameters, or
the mean decay times, in terms of the distance
distributions [25]). However, we prefer to avoid the
intermediate step, and to analyze the frequency
response directly in terms of the distance distribu-
tion. A typical analysis is shown in fig. 7 for the
distribution recovered in the presence of MgADP.

151 S1,2°C
(2 14
13
12

{ 1

1 1
082 096 160

LABELING

Fig. 6. Plot showing minimization of x% on the extent of Sl
labeling by the acceptor DDPM. The hw and 7 were both
variable parameters as the degree of labeling L was varied so
as to obtain the minimum value of x%. The degree of labeling
determined from this plot is 0.94 as compared with a value of
0.96 determined from absorbance measurements. The dashed
horizontal line shows the upper value of x% consistent with the
Xk being due to random error in 67% of repetitive measure-
ments. The values of xj are normalized (x%y) to the lowest
value of x%.
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sponses of donor and acceptor-labeled S1 in the presence of
MgADP. The solid lines represent the best fits to the data
using the Gaussian distance distribution model. This analysis
yields 7 = 20.7 A and hw =13.7 A, x% =1.9. The dashed lines
were obtained when the data were forced fitted to a narrow
distribution with hw =1 A (x& = 509.7).

For this sample the best fit yielded the following
parameters: 7 =207 A and hw=13.7 A with X&
of 1.9. When the same set of data were refitted
with hw fixed to 1 A corresponding to a narrow
distribution, the xf{ value increased by 300-fold
to 509.7, indicating that the data were incompati-
ble with a narrow range of distances. Fig. 8 shows
the recovered distance distributions P(r) for S1 in
the presence of a variety of ligands and actin. The
best fitted parameters characterizing the various
distributions are listed in table 5. As for S1 alone,
the data obtained in the presence of the various
ligands could not be fitted to a narrow distribu-
tion of distances. The mean distance 7 was de-
creased from 27.3 to 20.7 A by MgADP with a
very small narrowing of P(r). In the presence of
pyrophosphate, P(r) was also shifted toward
shorter distances. Vanadate induced a decrease in
7 by about 1 A, but MgADP and vanadate to-

10

05

Pir)

P(r)

0.5

0 L
0 10 20 30 40 50
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Fig. 8. Distributions of distances from Cys 707 to Cys 697.
(Upper panel) donor and acceptor-labeled Sl in buffer (B),
MgADP (ADP), and MgADP+V, (ADP-V,). (Lower panel)
S1 in the presence of actin (Ac), pyrophosphate (PP;), and

guanidine hydrochloride (GuHCI).

gether reduced r to 17.2 A. With the exception of
pyrophosphate, these ligands induced a small or
negligible broadening (1 A) of the distributions.
The presence of actin caused a small shift of P(r)
toward longer distances with a negligible effect on
the hw. Denaturation of the protein resulted in a
shift of P(r) toward shorter distances and a
broadening of the distribution by 5.6 A.

Table 5

Distance distribution between Cys 697 and Cys 707 in myosin
subfragment-1

Conditions * Ry (A F(A)® hmwAd) xi
Buffer 29.3 273 14.1 1.9
MgADP 29.3 20.7 13.7 1.9
Pyrophosphate 293 250 111 2.6
Vanadate 259 25.9 154 21
MgADP +vanadate = 25.2 17.2 155 1.2
Actin 28.6 28.4 140 3.6
Gdn-HC1 243 17.2 19.7 2.0

? Sample conditions were the same as listed in table 2. The
results shown for buffer, MgADP, vanadate and MgADP+
vanadate represent an average of two separate experiments,
yielding very similar results.

The extent of acceptor labeling was held fixed at L = 0.94.
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Fig. 9. Dependence of x% on the mean distances 7 and the
half-widths (hw) of the D-A distributions in S1. (Top panel)
The dependence on r in the presence of actin (Ac), buffer (B),
pyrophosphate (PPi), MgADP (Mg), and guanidine hydrochlo-
ride (GuHCl). (Bottom panel) The dependence on hw in the
presence of guanidine hydrochloride (right) and buffer (left).
The horizontal dashed lines indicate the largest value of x%
consistent with the value of xﬁ being due to random noise in
67% of repetitive measurements.

It was of interest to examine the extent to
which the various recovered distributions can be
distinguished from one another. This was accom-
plished by examining the x% surfaces for 7 and
hw as shown in fig. 9 for several cases. It is clear
that all five distributions had significantly differ-
ent 7 values. Fig. 9 also shows that the 45%
increase in hw upon denaturation was significant.
The range of hw for the denatured sample was
19.0-20.5 A,

Finally, we considered the effect of the orienta-
tion factor «? on the widths of the recovered
distributions. This effect is difficult to evaluate
because the precise value of k2 is unknown. There
are two approaches to this problem. The approach

of Dale et al. [26] to estimate the maximum and
minimum values of x® (and hence FRET dis-
tances) requires measurements of both donor and
acceptor depolarization factors. Since the acceptor
DDPM is not fluorescent, its depolarization factor
cannot be determined. An alternate approach is
based on the knowledge that the donor AEDANS
has multiple transition dipole moments as re-
flected in its anisotropy spectrum. Haas et al. [27]
have shown that the presence of such multiple
transition moments should result in a smaller range
of distances arising from orientation effects. These
effects can be evaluated from the zero time ani-
sotropy r(0). The fact that no r(0) value is availa-
ble for the acceptor does not prevent us from
estimating the maximum possible error introduced
by a mobile acceptor. Using an r(0) value of 0.270
for the donor AEDANS and an assumed value of
0.4 for the acceptor DDPM, we obtained from
Haas et al. [27] a maximum range of distances for
this donor-acceptor pair from 0.83 to 1.19 of the
apparent single mean distance (7). 7 was 27.3 Ain
the absence of ligands and 20.7 A in the presence
of MgADP. The corresponding maximum ranges
were thus 22.6-32.1 and 17.1-24.6 A with maxi-
mum widths of 9.5 and 7.5 A, respectively. The
widths would be slightly reduced if the zero time
anisotropy of the acceptor is comparable to that
of the donor. Also, the range of apparent dis-
tances and widths due to orientation effects would
be decreased further if we considered the rapid
component in the anisotropy decay as described
by Dale et al. [26]. Hence, the observed widths
were in the range of 11-20 A and are too large to
be explained by the uncertainty in the orientation
factor.

S. Discussion

The lifetime of AEDANS attached to Cys 707
(SH;) of myosin subfragment 1 has been previ-
ously determined to be reasonably single-exponen-
tial with a value of about 20 ns [20,28]. The result
was obtained by the time-domain pulse technique.
In the present study we used the multifrequency
method and found the decay to be biexponential
with a minor short component. The fractional
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intensity of this component varies from less than
1% to no more than 4%. While the origin of the
minor component is unclear, it should be noted
that the multifrequency method is more sensitive
to the presence of a minor component with a short
lifetime. The best weighted average of the two
lifetimes is 20.67 ns at 2°C, in excellent agree-
ment with the single lifetime determined by the
time-domain method and reported by different
laboratories. The present anisotropy decay data
show two rotational correlation times and differ
from previous results obtained by the time-do-
main technique which yielded a single rotational
correlation time [28,29]. The short component (6;)
is observed regardless of whether the labeled pro-
tein is in the native or denatured state or in the
presence of ligands. In the absence of ligands,
8, = 288.7 ns. The average of the two correlation
times (8) = g8, + g,0, is 226 ns. This value is
very similar to the single correlation time (220-250
ns) previously determined from time-domain data
under comparable experimental conditions [28].
Since only a single correlation time was previously
reported, it was concluded that the AEDANS
probe attached to SH, was immobile. The present
data do not allow us to establish unequivocally
whether the short correlation time reflects probe
motions or segmental motions of the protein. If it
is associated with probe motions, the order param-
eter [30) of the probe is 8?=ry/ (1o, + ryp) =
0.776, corresponding to a semiangle of 23.3° over
which the probe dipole can traverse within a hy-
pothetical cone. Because 6, is 9.5 ns, the probe
motions are relatively slow. Ligands reduce the
semiangle to the range of 11-19°, indicating that
the probe motions are more restricted in the pres-
ence of bound ligand. The semiangle for MgADP
-+ vanadate is the smallest.

The rotational correlation times of donor-
labeled S1 are sensitive to ligands. In the presence
of MgADP, @, is reduced by 54% to 134 ns and
(8> is decreased by 46% to 121 ns. These results
differ from previous studies [28,29] which reported
essentially identical correlation times for similarly
labeled S1 in the absence and presence of MgADP.
Addition of vanadate to S1.-MgADP further re-
duces 8, to 93 ns, a 30% decrease. In a recent
study, Aguirre et al. [31] reported a single rota-

tional correlation time of 107 ns for native S1
complexed with Mg?* and ¢ADP, a value com-
parable to the present result obtained with labeled
S1 in the presence of MgADP. Their study also
reported a 30% decrease in the correlation time
upon addition of V, to S1-MgeADP. Thus, the
present findings obtained with labeled S1 corrobo-
rate the previous results obtained with native S1
[31]. After this manuscript was completed, an ab-
stract appeared in which the rotational correlation
coefficient of S1.MgADP was shown by electrical
birefringence to decrease upon addition of vana-
date [32], in qualitative agreement with our pre-
sent and previous results [31].

We have recovered the distributions of FRET
distances between extrinsic probes covalently link-
ed to the thiols of Cys 697 and Cys 707 of the
heavy chain of subfragment-1 by using frequency-
domain data. For the calculations we assumed the
distances to be Gaussian-distributed. This choice
of the distribution function (eq. 19) is arbitrary at
this time, We [11] recently showed that the re-
covered distributions for troponin I and several
oligopeptides are each graphically very similar
irrespective of the functional form of the distance
distribution function, and similar results were ob-
tained for S1 in the present case (results not
shown). For these reasons we only reported the
distributions in terms of eq. 19, instead of consid-
ering other functions which might be more ap-
propriate for infinite polymeric chains [33].

The wide distributions which have been re-
covered cannot be easily explained by uncertain-
ties in the orientation factor. Since no narrowing
of P(r) was observed for denatured S1, the ob-
served hw for the native protein must, to a large
extent, reflect an intrinsic distribution of the dis-
tances between the probes. The intrinsic distance
distribution of any protein segment arises from
protein conformational heterogeneity and dy-
namics and is determined by the primary as well
as the secondary and tertiary structures of the
protein segment. At this time we do not com-
pletely understand the effects of dynamics on the
apparent distance distributions, but we expect
donor-to-acceptor diffusion to decrease the width
of the apparent distributions [15,34]. Upon de-
naturation the protein is expected to approach a
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random coil and the segment in question exists in
a large number of conformations. Consequently,
in denatured protein the segment should exist in a
wide range of donor-acceptor distances and the
half width of the P(r) should increase several-fold
relative to native protein. This expectation has
been confirmed in our recent studies of troponin I
[11] and troponin C [35]. However, the observed
increase of hw in the present case is only 45%. The
absence of a large increase in hw upon denatura-
tion of S1 suggests that the Cys 697-Cys 707
segment of the native protein is likely already in
an overall conformation approaching that of a
random coil and its fluctuation dynamics is not
highly constrained. The small increase may be
attributed to disruption of a weak secondary or
tertiary structure upon denaturation. These results
are direct physical evidence that the Cys 697-Cys
707 segment of S1 has an extraordinary flexibility
comparable to a random coil. Recently, Huston et
al. [36] reported that SH, and SH, were the
primary residues cross-linked by either oxidation
with 5,5’-dithiobis(2-nitrobenzoic acid) or treat-
ment with p-phenylene-dimaleimide, and con-
cluded that Cys 697 and Cys 707 can move toward
each other by as much as 10 A in the presence of
nucleotide. Their finding is consistent with the
observed shift of P(r) under the influence of
MgADP.

The amino acid sequence of S1 heavy chain
from residues 694 to 718 is GIn(694)-Leu-Arg-
Cys(697)-Asn-Gly-Val-Leu-Glu-Gly-Ile(704)-Arg-
Ile-Cys(707)-Arg----Ala(718). On the basis of sec-
ondary structure prediction by the program PRE-
DICT which combines seven separate methods,
this segment of 25 residues appears to have no
significant secondary structure except for the
stretch of residues 704-708. The segment of re-
sidues 694-703 includes the thiol SH, of Cys 697.
A sheet or reverse turn is indicated for the five
residues Ie(704)-Arg-lle-Cys(707)-Arg by four of
the seven methods. Peptide segments between re-
sidues 694 and 703 and between 708 and 718 have
little or no secondary structural constraint, but
Cys 707 is relatively constrained within a sheet or
turn structure. In the absence of bound nucleotide
the thiol SH, of Cys 697 is not readily accessible
to chemical modification. Under this condition,

Cys 697 is likely shielded or structurally con-
strained from exposing itself to the protein surface.
This constraint would make the residue relatively
static. It would seem likely that certain structural
elements within the segment containing Cys 697
and Cys 707 serve as flexible joint(s) to bring Cys
707 toward the relatively static Cys 697. In the
presence of bound nucleotide the structural con-
straint imposed on Cys 697 is diminished, render-
ing its SH, accessible to chemical modification
and allowing the two residues to come closer to
each other by an average of 6-7 A, This decrease
of the mean separation is not accompanied by an
appreciable change of the distribution half width.
The effects of V; and MgADP on r appear to be
additive. The mean distance in the complex
S1.MgADP.V, is 10 A smaller than in
S1.MgADP, although their distribution widths
differ by less than 2 A.

The observed rotational correlation times have
biological implications. In terms of the relation-
ship between the contractile cycle and the inter-
mediate states of myosin, the power stroke of the
cycle occurs concomitantly with the release of
phosphate [37] as a product of ATP hydrolysis.
The power stroke begins with myosin states such
as A-M.ATP and A-M.ADP.P, and ends with
A-M.ADP and A-M (where A is actin and M is
the S1 moiety of myosin). The preferred orienta-
tion of S1 in A.-M.ADP-P, is usually taken as
90° and in A.M.ADP as 45°. It has been sug-
gested that there is a direct correspondence be-
tween the conformation of S1 in A-M-ADP and
M.ADP and that in A-M.-ADP.P, and
M.-ADP.P, [38]. Thus, the transition of myosin
from M. ADP.P, to M. ADP would correspond to
the power stroke. Since P, has a very small affinity
for M or M.ADP, it is difficult to study the
conformation of S1 in a state at or near the start
of the power stroke. This difficulty can be cir-
cumvented by using the orthovanadate ion V; to
form the complex M.ADP.V, (or S1-ADP.V,)
which is considered to be a good, stable analogue
of M.ADP.P, (or S1-ADP.P,) [39]. The present
work has taken advantage of this stable vanadate
analogue. If S1 is approximated by a prolate el-
lipsoid of revolution, its two rotational correlation
times (@, and ©,) can be calculated from the
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Perrin equation using appropriate frictional coeffi-
cients for different axial ratios y [40]. For this
purpose we use a partial specific volume of 0.720
ml ¢! for 81 [41] and assume water of hydration
between 0.3 and 0.4 g water/g protein. The
harmonic mean of 8, and ©, is in the range of
108-246 ns for y=2-5. When compared with
these calculated harmonic means, the observed
long correlation time 0, of S1 suggests an axial
ratio of about 4-5. The smaller values of O, for
the S1 complexes are consistent with a decrease of
vy to 2-3 for S1- MgADP and to a value below 2
for S1.MgADP-V,. These smaller values could
also be explained by a more flexible structure of
S1 in the complexes. Taken together these results
suggest considerable global perturbations of the
S1 structure during its hydrolysis of ATP. The
single rotational correlation time of a rigid spheri-
cal equivalent of S1 is in the range 60-90 ns with
hydration from 0 to 0.4 g water /g protein. Thus,
S1.-MgADP .V, may have a hydrodynamic shape
that is highly symmetric. Coupled with this hydro-
dynamic shape is a considerably smaller mean
separation between SH; and SH, in the
S1.MgADP .V, complex. These results provide a
basis for suggesting a model in which myosin
cross-bridges undergo conformational transitions
from an elongated or relatively rigid structure to a
compact or less rigid structure during its hydroly-
sis of ATP. Upon release of hydrolysis products,
the cross-bridges return to a more elongated con-
formation. Since the putative elongation likely oc-
curs at the end of the power stroke at which
mechanical force is produced, this structural
change can, at least in part, be responsible for
development of contractile force. This mechanism
would allow the S1 moiety of myosin to accom-
modate changes in interfilament spacing known to
occur during contraction by changing its dimen-
sions. The extent to which the transitions within
S1 may be sufficient for this purpose is unclear at
this time. This model differs from others in which
contractile force is thought to be generated through
rotational motions of the cross-bridges. These two
types of structural changes, however, need not be
mutually exclusive as components of an overall
mechanism of energy transduction in muscle.

The ligand-induced decreases in the mean

FRET distance likely reflect structural perturba-
tions that are induced at the S1 active site and
transmitted to other regions of the heavy chain,
and do not seem to be accompanied by significant
alteration of the dynamic fluctuations (distribu-
tion width) of the polypeptide segment between
Cys 697 and Cys 707. Even in actin-S1, the hw is
within 2 A of that for other species. While the
global perturbations identified here can be a com-
ponent of the energy transduction mechanism,
preservation of the dynamics of a short segment of
the heavy chain in different myosin intermediate
states may be an important structural feature for
force generation. It is a working hypothesis [42]
that a localized distortion of the S1 structure
induced by formation of an enzymatic inter-
mediate can be mechanically transmitted to the
distant actin-myosin S1 interfaces. Such a trans-
mission is thought to be a central part of the
transduction mechanism. Structural dynamics pro-
vides a means by which transmission of reversible
distortion of local structure can be facilitated. In a
somewhat speculative fashion Botts et al. [42] have
recently attempted to unify a number of structural
and biochemical findings on S1 and discussed the
requirement of structural flexibility within the S1
structure including that of the segment containing
Cys 697 and Cys 707 for transmission of mechani-
cal force in actomyosin. The extreme flexibility of
the short segment between the two residues dem-
onstrated in the present work may be a central
structural feature that acts as a key transducer.
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