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On the relationship between distance information derived from
cross-linking and from resonance energy transfer, with specific
reference to sites located on myosin heads
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ABSTRACT The techniques of fluorescence resonance energy transfer (FRET) and cross-linking can provide complementary
information concerning the relative separation of a pair of sites. Cross-linking experiments provide an assessment of the distance
of closest approach between a pair of sites. FRET measurements, by contrast, yield information about the average distance
between the pair of sites. We have taken advantage of hybrid myosins to understand the relationship between distances obtained
for a pair of equivalent sites, one on each myosin head, using both FRET (steady-state and time-decay) and cross-linking
techniques. The rigid cross-linker, 4-4'-dimaleimidyl-stilbene-2-2'-disulfonic acid (DMSDS), can efficiently cross-link the two
myosin regulatory light-chains, each at residue Cys5O of the Mercenaria regulatory light chain (Chantler, P. D., and S. M. Bower.
1988. J. Biol. Chem. 263:938-944.), indicating that these sites can come within 18 + 2 A of each other. In a complementary set of
experiments, steady-state and time-decay measurements using fluorescence donor/acceptor pairs located at these same sites
indicate transfer efficiencies of somewhat < 20%, suggesting an average separation of > 50 A between sites (Chantler, P. D., and
T. Tao. 1986. J. Mol. Biol. 192:87-99). Here, we present theoretical calculations which show that efficient cross-linking can be
achieved readily in dynamic systems such as the heads of myosin, even though the necessary subpopulation of proximate
molecules at any instant may be below the detection limits of time-decay-FRET. Therefore, cross-linking experiments can provide
important ancillary information about the extent of motions within a marcomolecular system when used in conjunction with FRET.
As a corollary, demonstration of extensive cross-linking does not necessarily indicate a static proximity; the mean separation
distance should be ascertained by other methods such as FRET.

INTRODUCTION

In recent years resonance energy transfer and cross-
linking have become increasingly popular techniques for
deriving distance information between pairs of defined
sites in macromolecular systems. In the static case, they
represent independent methods of measuring a fixed
distance. In the dynamic case, the relationship is not so
obvious. In practice, the two techniques have appeared
to not always provide independent measurements of the
same separation distance. For example, fluorescence
resonance energy transfer (FRET)1 yielded a distance of
27-40A between the reactive sulfhydryls (SHl and SH2)
in myosin Si, (Dalbey et al., 1983; Cheung et al., 1983,
1985), yet the two sulfhydryls can be cross-linked by a
disulfide bond of 2 A (Wells and Yount, 1980) and by
other cross-linkers ( < 10 A) (Wells and Yount, 1980;
Burke and Reisler, 1977). The same applies to the
distance between Cys98 in troponin-C and Cys133 in
troponin-I in the ternary troponin complex; the two
sulfhydryls can be cross-linked by a variety of cross-
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linkers (Dobrovol'sky et al., 1984; Park et al., 1988)
including a disulfide bond (Park et al., 1988) whereas
FRET yields an average distance of 35-41 A (Tao et al.,
1989). A more dramatic case is the distance between a
pair of equivalent sites on the two heads of myosin. In
this case, probes were attached to CysSO of Mercenaria
regulatory light chain reconstituted with desensitized
scallop myosin. FRET measurements indicate that the
two translationally equivalent sites remained on average
> 50 A apart from each other (Chantler and Tao, 1986):
yet, cross-linking studies showed that the same two
residues could be joined together by an 18 ± 2 A bridge
with high efficiency (Chantler and Bower, 1988).
To resolve these apparent discrepancies between

cross-linking and FRET studies, various workers have
invoked the dynamic nature of proteins. The hypothesis
being that if those protein segments that contain probe-
labeled residues can undergo some degree of segmental
motion, then the sulfhydryls can come close to each
other sufficiently frequently to achieve observable cross-
linking over a period of time, while the average distance
between them remains relatively large as revealed by
FRET. Although such a hypothesis appears to be
qualitatively reasonable, quantitative analysis of the
proposal has been lacking, in part because necessary
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information on the geometry and extent of flexibility of
the protein regions involved is seldom available.

Distance measurements between the heads of myosin
may be an exception because in this case the probe
locations are known to be at a pair of translationally
equivalent Cys residues (so called because the location
of Cys residues on the light chains of each myosin head
will be at equivalent sites in the primary structure of the
light chain and, therefore, would be the same distance
from the head-to-neck junction), and the heads are

known to possess virtually complete segmental flexibility
with respect to each other (Mendelson et al., 1973;
Thomas et al., 1975; Walker et al., 1985). Using certain
simplifying assumptions, we have devised a model for
the myosin system that allowed us to calculate simulta-
neously the energy transfer efficiency and the rate of
cross-linking between such a pair of sites. Both quanti-
ties were found to be strongly dependent on the dis-
tance, L, between the cysteine residue and the head-
neck junction of myosin, the dependence being that both
decrease with increasing L. However, owing to the
inverse sixth power dependence of transfer efficiency on
distance, the decrease with L for transfer efficiency is
much more pronounced than that for the cross-linking
rate. When these calculations were applied with specific
reference to our previous FRET (Chantler and Tao,
1986) and cross-linking (Chantler and Bower, 1988)
studies using Cys5O of Mercenaria regulatory light chain,
we found that at L values of 36 A < L < 48 , less than
-0.5% of the population of myosin molecules are so

disposed that the pairs of probe attachment sites are

within cross-linking distance at any instant, giving rise to
an energy transfer yield that is consistent with the
observed average distance of -50-60 A. At the same

time, the kinetic analysis shows that this small propor-
tion of myosin molecules with proximate cysteines can

adequately account for the observed rate and efficiency
of cross-linking of the two sites by the bismaleimidyl
cross-linker, 4-4'-dimaleimidyl-stibene-2-2'-disulfonic
acid (DMSDS). A preliminary account of these results
has been presented (Chantler et al., 1988).

RESULTS AND DISCUSSION

The purpose of this analysis is to devise a theoretical
model that allows us to predict (a) the efficiency of
energy transfer between probes attached at two transla-
tionally equivalent sites, one on each head of myosin and
(b) the rate of cross-linking between these two sites by
homobifunctional reagents. As far as possible, the mod-
eling results will be applied to previously obtained
FRET and DMSDS cross-linking results. We begin with

a discussion and analysis of energy transfer between two
independently mobile sites which are tethered at a

common point. Results of this analysis will be used in the
discussion of cross-linking between the same two sites.
We wish to determine the distribution of the instanta-

neous distances between probes on the two heads of
myosin and thereby predict the expected degree of
energy transfer. We have chosen to represent a single
myosin head with a simple model consisting of two cones

sharing a base of diameter 60 A (Fig. 1 a); the first,
proximal cone, whose vertex is located at the head, neck
junction, has an altitude of 100 A. The second cone,

meant to represent the distal portion of the head, has an
altitude of 60-90 A. The magnitude of the altitude of

the distal cone is not important for this analysis. These
dimensions are consistent with electron microscopic
observations (Milligan and Flicker, 1987). A vector, S,
drawn along the side of the cone to join the vertex to the
widest point, would subtend an angle of arctan (30
Aioo A) = 16.70 with the head axis A, see Fig. 1 a. The
length of S would be greater than the length of L, the
vector drawn from the head, neck junction to the Cys5O
residue on the light chain. Now, consider the following
model of myosin (Fig. 1 b) in which the swivel point
between the two heads is connected to the probes
(located at the same distance, L, from the swivel on each
head) by vectors L, and L2. In this model the axis of the
first head (Al) is made to coincide with the z-axis
whereas the axis of the second head (A2) is allowed
freely independent motion. Let 0 be the angle between
A, and A2. The vectors L, and L2, would subtend the same
angle, 16.70, with A, and A2, respectively. Therefore, the
angle of closest approach of the head axes (i.e., the angle
at which the heads would just touch at the widest part),
01,min' would be just twice this angle and equal to 33.4°. At
first we will allow only a rotational motion in the y-z

plane about the x-axis by angle 0 to make the develop-
ment conceptually simpler; later, the restriction will be
removed to include rotation around the z-axis as well. In
this orientation, each head is allowed to rotate around
its own axis by angles a1 and a2, respectively (Fig. 1 b and
Fig. 2), so that the vectors L1 and L2 trace out the circular
locus of the Cys5O residues as each head rotates about its
own axis, A. In this model, the myosin tail is allowed to
have completely free motion and is assumed not to
interfere with motion of the heads.
The instantaneous distance between the probes is

given by R = L2- L. For the first head, referring to Fig.
1 b, we can write that:

L, = [r cos (a,)]i + [r sin (a1)]j + [A ]k,

where r is the radius of the circle perpendicular to and
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z-axi projection

I x

FIGURE 2 A z-axis projection of the circular loci of the probes to
show that distances corresponding to only those orientations of the
probes which were on facing sides of the heads were counted as
cross-linkable distances. Cross-linking through the heads (represented
by the dashed vector) was eliminated by this restriction. Distances
between sector I on the left head and sector III on the right head, for
example, were allowed by assuming limited flexibility of the probe
and/or residues on the heads with which they could react. This
approximation will not seriously affect the result.

centered on the head axis A1,A is the length of A1 from
the head-neck junction to the level of the probe, and axl
is the angular position of the probe measured with
respect to an arbitrary reference radius vector perpendic-
ular to the head axis vector A1.
The components of L2, given by rotation of L1 about

the x-axis by angle 0, are obtained by applying rotation
operator RxI to L1 such that L2 = RiL1:

r cos (a2)
r cos (0) sin (a2) +A sin (0)

-r sin (0) sin (a2) + A cos (0)

1 0 0 r cos (al)
=O cos (0) sin (0) r sin (al)
O -sin (0) cos (0) A

Therefore,

FIGURE 1 (A) Simplified conical model of the myosin head showing
the specific geometry used in the calculations and showing the
envisaged relation of the probe location to the overall head geometry.
(B) Diagram showing the coordinate system and the location of the
probes at the ends of vectors L, and L2, respectively. 0 is the angle
between the head axes, A, and A2. The head axes cannot approach any
closer than Ol,i. = 2 arctan (30 A100 A). In the text, we have defined
an angle, f3, of closest approach of the probes so that f3 = 0 when 0 =
omin. The geometry requires that 0 . 13 . 1470. The heads are allowed
to rotate about their axes through angles 0 . a, . 2'rr, and 0 . a2 <
2'rr. R is a vector joining the probes and its magnitude, R, gives the
instantaneous distance between the probes. The other parameters are
explained in the text.

L2= [r cos (a2)]i + [r cos (0) sin (a2) + A sin (O)Jj

+ [-r sin (0) sin (a2) + A cos (0)]k,

where r,A, and a% have the same meaning as for the first
circle. Finally, the instantaneous distance, R(0, a, c2),
between the two probes is given by

R(0, a,, a2) = Jr2[cos (a2) - cos (a1)]2

+ [r cos (0) sin (a2) + A sin (0) - r sin (al)]2

+ [-r sin (0) sin (a2) + A cos (0) -A 1211/2,
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and the instantaneous energy transfer efficiency, E(0, al, over the range, 01 < 0 < 02, is given by
a2), is given by

1

E(O, a, 2) = a1, %)IRO)']

where Ro is called the critical transfer distance and
corresponds to the distance at which the efficiency is
equal to 0.5 (Forster, 1948). Now, at a particular value of
0 = 0', the average distance, (R(0')), between the probes
is given by integration over all angular orientations
(O < a, < 2u, and 0 < a2 21T) of the heads about
their respective axes A1 and A2,

(R(0')) = 4 faio faz R(0 (al, a2) da, da2.
Likewse, he erag efiiec,0Eo') a he s m

Likewise, the average efficiency, (E(O')), at the same
value of 0 = 0' is given by

(E(0 )) = I,..0-o E(0'. a1, a2) da1 dt2.

For any given value of 0 = 0', the value of both (R(0'))
and (E(0')) is independent of 4) (O 4) < 2'n); there-
fore, it is not necessary to repeat the integration over 4),

and so the restriction above to the y-z plane can be
removed.
Because we are allowing unrestricted motion of A2

within the allowed angular limits of 0, it is equally likely
that the tip of A2 will be found within any surface
element of arbitrary size within those limits. Therefore,
the probability density function, dP(O)/dO, of 0 can be
shown to be given by

dP(0)

dO = K sin0,

(R) = R(o) d) dO
dO

1 I'02

(COS (01) - COS (02)) R(0) sin (0)do.

Similarly, again dropping the angle brackets and remem-
bering that (E(0')) has been averaged already over a1
and a2 at each value of 0, the average value of the energy
transfer efficiency, E(0), is given by

(E)=fE(o) d( do
dO

1 02

(COS (01) - COS (02)) ILdE() sin (0)dO.

The numerical integration of these relations was
carried out by the trapezoidal rule in one degree
increments over a specified range of 0 for various values
ofL for a given R0. A set of curves showing the values of
the average efficiency as a function of L for various
values for the angle of closest approach of the probes
with 02 = r, is shown in Fig. 3. For convenience, we will
define as the angle of closest approach between the
probes, L1 and L2 so that when 01 = 01,min' 13 = 0.

The curve for = 00 in Fig. 3 is shown as one extreme
case in which there would be no restriction preventing

1.0

0.8

A

uJ

V

0.6

0.4

0.2
and if 0 is limited to 0 < 01 0 < 02 < rr, the
normalization constant, K, is given by

1 1

sin OdO cos 01 - cos 02'

so that

dP(O) sin 0

dO cosO1 -cos02

Dropping the angle brackets above on (R(0')) and
remembering that it has been averaged already over a,
and a2 at each value of 0, the average value of R(0), (R),

0.0

0 1 0 20 30 40 50 60 70 80

L

FIGURE 3 The efficiency of energy transfer (y-axis) averaged over all
possible orientations of the fluorescence probes attached to equivalent
positions on the myosin heads. The curves correspond to the indicated
angle, 1, of closest approach of the probes to each other. The x-axis is
the distance, L, from the head-tail junction to the probe. If the x-axis
were normalized by dividing by Ro, this curve would be completely
general and could be used with a probe of any value ofR, Therefore,
this curve could be used to choose a probe so that it could give the
maximum amount of information about the limits of L (see Discus-
sion).
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the probes from coming into contact; the curve for ,B =
1470 is the other extreme case for which heads would
always be fully extended. Although these extreme cases

may be unrealistic, they put upper and lower limits on
the amount of energy transfer that could be expected for
this type of system. The companion curves, for several
intermediate values of ,B, were considered in order to
address the likely situation of steric hindrance as the
heads approached each other. This could arise for
several possible reasons. There might be protuberances
near the head neck junction that could interact before
the heads came into contact at the widest point causing

to be significantly larger than zero. Alternatively, the
surface of the head, and therefore the probe, might lie
within the proximal cone so that would be larger than
zero when the heads were touching at their widest point.
These possibilities were considered and treated by
examining what happens to the value of (E) as

increased from zero to its maximum possible value of
1470 (Fig. 3).
At this point the analysis is completely general for a

system of this geometry. There are several features of
the curves in Fig. 3 that are worth pointing out. For any
measured value of (E) with its uncertainty of +8(E), one
may use Fig. 3 or a similarly derived set of curves to set
limits on L. At the higher values of (E) the possible
range ofL becomes fairly narrow and practically indepen-
dent of any restrictions on the motion. At lower values of
(E), the set of curves may be used to set a lower limit on
the value of L. For example, in the case we are

considering here, the observed energy transfer efficiency
was in the range of 15-20%. In Fig. 3, a horizontal line is
shown at each of these values. The upper limit for L is
obtained from the point at which the lower line, at (E) -
b(E), intersects the curve for = 00. The extreme lower
limit for L is obtained from the point at which the upper
line, at (E) + 8(E), intersects the curve for = 1470.
Therefore, without taking the cross-linking results into
account, the possible range for L would be from 25 to 48
A. As will be discussed below, the cross-linking results
will put further restrictions on the lower limit of L.

Obviously, there are values of A for which no cross-

linking would be possible. If one considers a cross-linker
located a distance L from the head neck junction then a

simple geometrical argument shows that the cross-

linking distance between the CysSO residues is given by
R = 2L sin (A/2), where 1, as defined above, is the angle
between L, and 12 at their closest approach. Values of A
larger than P.. = 2 arcsin (R,J2L), where R,, is the
length of a particular cross-linker, would preclude cross-

linking. Therefore, the upper limit for P, Pmax, and the
lower limit for L, Lmin, must be consistent with each
other. The values of and Lmin consistent with Pmax are

found in the following way (Fig. 4): for each curve in Fig.

A

60
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E 30

20

0

B

38.0

37.0

36.0

35.0
26

45 90 135 180

27 28 29 30 31 32 33 34

FIGURE 4 (A) (a) Plot of 1 versus P,. obtained from the values of
L.in corresponding to (E) = 0.2 from intersection with the curve at
each value of P. (b) Plot of ,B = 1w.. The intersection of these two plots
gives the maximum value of ,B that satisfies the requirements of both
the energy transfer results and the cross-linking results. (B) Plot of
Lmi, versus ,B from which the corresponding value of Lmin is obtained.

3 corresponding to a particular value of 1, the value ofL
at the intersection with the horizontal line at (E) = 0.2 is
equal to Lm.n. This value of L., is used to calculate the
corresponding value of P.., using the above equation.
These pairs of values of and Pma are plotted against
each other along with a plot of the straight line = P.m..
The correct value of Pma is obtained from the intersec-
tion of these two plots. For the particular situation we
are considering here (using (E) = 0.2, R = 18 A), the
upper limit for would be 290. The graphical method

just described gives a value 36 A for the lower limit of L,
Fig. 4 b, whereas the curve for = 0 gives a value 48 A
for the upper limit. Thus, the cross-linking results have
allowed us to restrict the range of L even further to
36 A < L < 48 A. A value of L in this range is in
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reasonable agreement with the electron microscope
(EM) observations (15 A < L < 35 A) of Chantler and
Kensler (1989) because EM measurements suffer from
the problem of foreshortening and, in general, are

probably no more accurate than +20 A. Moreover, the
conclusion that A is <300 indicates that the motion of
the heads is probably not severely restricted.
Now we are ready to consider the a priori estimation of

cross-linking rates. Cross-linking between the heads is
viewed as a two step process: a collision followed by a

chemical reaction (Fig. 5). The first step is governed by
the collision constant, kd. The ability of the cross-linker,
already attached to the CysSO site on one myosin head,
to interact with CysSO on the other myosin head will be
controlled, in part, by the rate of diffusion of the two
tethered heads. The second step may be rate-limiting,
for when the two "reactive patches" (i.e., the area on the
surface of the protein within which each reactive ligand
can rotate on its side chain) on each myosin head come

together, they will "hover" near each other for a long
period of time compared with the time taken for a

successful collision to become committed to cross-

linking (rate krL). Alternatively, a rapid attachment-
detachment equilibrium may occur which has on-off
rates much faster than the subsequent steps of the
cross-linking mechanism. In Fig. 5, this would be accom-

modated by the reverse arrow labeled kr having a rate
constant comparable to kd.

First, we develop the theory for the case with com-

pletely free motion of the heads within the volume
defined by their range of relative motion. The diffusion-
controlled rate constant for a bimolecular reaction
between separate globular molecules is given by:

4irN
kd=-07 rl22D 12'

where N is Avogadro's number (6.023 x 102 mol'); r12 is

the sum of the two effective radii (Alberty and Hammes,

1958); and D,2 is the sum of the diffusion coefficients of
the two molecules. Using the Stokes-Einstein and Sved-
berg relationships (Tanford, 1961), a molecular weight
of 115,000 D and a sedimentation coefficient of 5.8S for
free S-1 (Lowey et al., 1969), we calculate the effective
(Stokes) radius to be 48 A giving r,2 = 96 A = 96 x 10-8
cm and D12 = 9.4 x 10-7 cm2 x s-1. Inserting the values
for free S-1, we obtain kd = 6.8 x 10 M-' x s-'.

Simplifying assumptions made in obtaining this value
now need to be addressed. In our case the two S-1 heads
are not free but are tethered together as the two heads
of myosin. Also, as the cross-linking reaction is intramo-
lecular, it should be independent of the overall myosin
concentration. By using a calculated effective concentra-
tion for the tethered heads, we can convert kd to a

pseudo-first order rate constant kd,eff. To obtain the
effective head concentration, assume the two heads are

constrained within a sphere of radius 130 A (maximum
chord of S-1; value obtained from Milligan and Flicker,
1987). This gives an effective head concentration of
[S-1]eff = 3.6 x 10' M. Multiplying kd by this value, we
get an estimate of the maximum effective pseudo-first
order rate constant of -kd,eff = kd[S-1Ieff = 2.4 x 106 s1.

This estimated rate constant will have to be decreased
further because there will be a certain probability that
each of the reactive patches are in the appropriate
orientation for the reaction to proceed. This probability
can be broken down into two components. The closer
the cross-linker is situated to the head neck junction
along the head axis of Fig. 1, the higher its probability of
cross-linking because a smaller diffusion distance will
get it within cross-linking range. The range of L to
consider, in light of the above discussion on the relation-
ship of L to energy transfer efficiency, is 36-48 A. The
probability density function of R, p(R), is needed for a

discussion of the cross-linking experiments so that one

can estimate the fraction of molecules that would be
expected to be within cross-linking distance and orienta-
tion at any one time. In the calculation described above,
the probability density function was numerically com-

puted by counting each calculated distance that fell
within 1 A intervals. Plots ofp(R) versus R for the two
extreme cases (L = 36A; A = 290 andL = 48A; A = 00)
with 02 = r are shown in curve a of Fig. 6, A and B,
respectively. The probability of cross-linking was esti-
mated with the added restriction that cross-linking can

occur only between Cys5O residues that are in favorable
orientations, shown in curve b (Fig. 6, A and B) (i.e.,
cross-linking through the S-1 head is not permitted; see

Fig. 2). The area under the curves in Fig. 6 for 16 A <
R < 20 A gives the probability of cross-linking for the
chosen values ofR and L for DMSDS. Choosing L = 36
A and A = 290, the probability of cross-linking is - 5.0 x

10-4. For L = 48 A and A = 0°, the probability of

Interhead Distances on Myosin 1247

FIGURE 5 The cross-linking reaction is viewed as a two step process
governed in the forward direction by the rate of diffusional collision of
the two heads, kd, and by the rate of the chemical cross-linking
reaction, kXL. The first step is also considered to be reversible with a
rate, kr, comparable to the collision rate.
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A chemical cross-linking reaction. The maleimidyl modifi-
cation of sulfhydryl groups is a relatively slow reaction;
even at pH 7.0, the rate constant is 750 M` s-5
(Gregory, 1955; Smyth et al., 1960; Means and Feeley,

1971). This rate constant is less than our theoretical,
0.08 diffusion-limited second order reaction rate constant by

a factor of the order of 107. Using our estimate of the
0.06 probability of CysSO residues being in cross-linking

m l orientation (5 x 10- < p < 8 x 10-3) and multiplying
0.04 it by the effective head concentration (3.6 x 10' M) and

by the rate constant for reaction of maleimidyl modifica-
0.02 b tion of sulfhydryls, we estimate a first order rate constant

between 1.4 x 10-4 and 2.2 x 10- s-'. The rate constant

, we observed experimentally for the DMSDS cross-

o.oo 20o 40 60 80 100 linking reaction was 2 x i0' s-'. Our rough estimates
R are very close to what was actually observed. Therefore,

B we would expect efficient cross-linking even for our
restricted model with = 290.
Our calculations here show that there is a region for

0.07 :,, the location of CysSO of the Mercenaria regulatory

light-chain, 36-48 A from the head neck junction, where
theory, cross-linking data and FRET data are mutually

0.05 compatible. One notable aspect of our results is their
dependence on L. Both the efficiency of energy transfer

0.04 and the efficiency of cross-linking are predicted to

ffi0.03 a | increase as the distance, L, from the head neck junction
to the probe decreases. Our model is likely to be least

0.02 realistic, and therefore least accurate, at low value of L,

0.01 b where the two heads approach the neck of myosin. In

this region, where all six myosin polypeptides come

0.00 , together, the light-chains may assume a more globular
0 20 40 60 80 100 configuration, thus adding to the mass and thereby, the

R excluded volume, in this region. The lower end of the
range for L falls close to the upper limit ofL values (viz.

FIGURE 6 The differential probability distribution function of the 15-35 A) deduced from electron microscopic localiza-
normalized distances between the probes is shown for two cases; (A) tion of Cys5O using biotin-avidin labeled Mercenana
Curve a: the distance distribution was calculated for L = 36 A with regulatory light chain (Chantler and Kensler, 1989).
A = 290. Curve b includes only those distances from curve a that are However, because of possible foreshortening in the EM,

between cross-linkable sites as defined in the text (See Fig. 2). (B) '
Curve a was calculated for L = 48 A with =0O. Curve b includes only the upper limit obtained from EM measurements iS

the cross-linkable fraction of those shown in curve a. The indicated probably closer to the true distance from the head neck
area under the curves, between the arrows, gives the probability, p junction than the lower end of the range. Thus, our
(16 A < L < 20 A), that a distance will fall between 16 and 20 A. present work highlights the internal consistency between

all three sets of distance determinations, and provides a

quantitative basis for the interpretation of cross-linking
cross-linking is 8.0 x 10-'. Choosing an intermediate and energy transfer results in dynamic systems. The
value of 4 x 10-, this gives a calculated value of the foregoing analysis clearly shows that there is no neces-

effective pseudo-first order rate constant of kCffdCalc = sary conflict between a high efficiency of cross-linking
(2.4 x 106 s-1) (4.0 x 10-3) = 9.6 x 103 s-'. At the same and a low efficiency of energy transfer, in a situation
time, the average distance between the probes would be where probes are placed on constrained yet otherwise
(R) = 55 A assuming L = 36 A and A = 290; and (R) = independently mobile sites, as on each of the two heads
67 A assuming L = 48 A and A = 00. of myosin.
The above calculations determine the theoretical rate When FRET data are used to establish limits on L, as

of entry into the reaction; any estimate of the actual rate in Fig. 3, it is assumed that the efficiency of energy

requires an estimate of k,cL, the rate constant of the transfer has been determined correctly in the sense that
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a suitable value for IC2, the orientation factor, has been
selected. The problem of choosing a correct value of K2
has been much discussed in the literature, and a number
of statistical treatments are available (Hillel and Wu,
1976; Stryer, 1978). As noted by Perkins et al. (1984),
because proteins undergo considerable structural fluctu-
ations on a picosecond time scale, it is unlikely that
significant errors will be introduced by choosing a value
of K(2 = 2/3, corresponding to an isotropic distribution of
dipole moments. In the case of the specific results
described here, the practical and theoretical consider-
ations which led us to choose a value of K12 = 2/3 in our
calculations have been outlined in detail elsewhere
(Chantler and Tao, 1986).
Assuming that correctly determined values of the

efficiency are available (i.e., the correct value of K12 has
been used), the curves presented in Fig. 3 can be used
for any system of similar geometry. For example, if the
x-axis were normalized by dividing by R,, then these
curves could be used with any donor-acceptor pair. If
one were to chose a donor-acceptor pair with a value of
Ro such that the value of (E) was about 0.7-0.9, then a
fairly narrow range for the estimate of L could be
obtained without regard to steric hindrance. Alterna-
tively, these curves could be used to get an idea of the
amount of steric hindrance experienced by the domains
to which the probes were attached. For example, if the
value ofL were known, then a donor-acceptor pair with
a value of Ro could be chosen in the neighborhood of
L/Ro = 0.75 to give values of (E) from 0.1 to 0.4. Values
of (E) < 0.4 would indicate that motion was restricted.
The methods presented here could be extended easily to
systems of other geometry by rephrasing the model and
generating the appropriate vectorial relationships.
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