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Actin—-Heavy Meromyosin Binding. Determination of Binding

Stoichiometry from Adenosine Triphosphatase

Kinetic Measurements”

A. A. Rizzino, W. W. Barouch, E. Eisenberg, and C. Moos

ABSTRACT: Enzyme kinetic measurements of the effects of
actin on the heavy meromyosin adenosine triphosphatase
(ATPase) are used for a study of the binding of heavy mero-
myosin to actin. In the absence of free magnesium ions,
the potassium-activated ATPase of heavy meromyosin is
inhibited by actin, and this inhibition is used as a quantitative

It is generally accepted that the molecular basis for the
contraction of muscle is an interaction between the two
major contractile proteins, actin and myosin (Szent-Gyorgyi,
1951; Huxley, 1960, 1969); however, there is still considerable
question about one of the most fundamental features of the
actin-myosin interaction, namely, the stoichiometric binding
ratio of the actin to the myosin. The number of monomers
in F-actin which interact with each myosin molecule is of
particular interest because myosin probably contains two
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measure of binding. The activation of the heavy meromyosin
ATPase by actin in the presence of magnesium ions is also
used as a measure of binding. Both kinds of data, when
analyzed according to the theory of multiple equilibria,
give simple binding curves with a binding stoichiometry of
1 mole of heavy meromyosin/mole of monomers in F-actin.

active subunits (Stracher and Dreizen, 1966; Slayter and
Lowey, 1967; Lowey er al., 1969; Nauss er al., 1969) which,
when separated from the molecule as subfragment 1, are
both capable of binding actin (Mueller and Perry, 1962;
Young, 1967). The actin monomers, on the other hand,
are single polypeptide chains (Rees and Young, 1967). On this
basis, one might expect that each myosin molecule would
have two binding sites for actin and would combine with two
monomers in the F-actin filament.

Unfortunately, it is difficult to investigate the actin—-myosin
binding directly under physiological conditions because
myosin aggregates at low ionic strength, but experiments
can be carried out at high ionic strength where myosin is
disaggregated, or using heavy meromyosin, an early proteo-
Iytic digestion product of myosin which retains the actin
binding and ATPase-active region of the myosin intact but
does not aggregate at low ionic strength (Szent-Gyorgyi,
1953). On the basis of electron microscope observations
of the actin-heavy meromyosin complex, Huxley (1963)
concluded that each actin monomer could bind one molecule
of heavy meromyosin. However, while some studies of actin—
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heavy meromyosin binding in the ultracentrifuge have sup-
ported this conclusion (Young, 1967; Tawada, 1969), there
have been several light-scattering studies with myosin at
high salt and with heavy meromyosin (Gergely and Kohler,
1958; Ikkai and Ooi, 1969; Tonomura et al., 1962; Finlayson
et al.,, 1969; Sekiya et al., 1967) which have suggested a
binding ratio of one myosin or heavy meromyosin molecule
per two actin monomers. The latter measurements involve
the assumption that the light-scattering intensity is a valid
linear measure of the amount of complex coexisting with
the dissociated proteins in an equilibrium mixture, but on the
other hand, the ultracentrifuge methods may be subject to
various technical difficulties and also to uncertainties due
to the effects of pressure (Ikkai and Ooi, 1966, 1969).

We report here a binding study based on a rather different
approach, In connection with our studies on the ATPase
kinetics of the acto-heavy meromyosin system, it appeared
to us that the extent of actin-heavy meromyosin binding
might be inferred from the effect of actin on the heavy mero-
myosin ATPase. Although this approach also has its share
of assumptions and uncertainties, these are, in the main,
different from those involved in the physicochemical work,
and furthermore, these measurements have the advantage
of being made in the presence of ATP. The actin-heavy mero-
myosin binding is calculated from ATPase measurements
over a range of free heavy meromyosin concentrations,
and a limiting binding stoichiometry is obtained by extrap-
olation according to the theory of multiple equilibria
(Scatchard, 1949). Our first experiments are based on the
finding that actin inhibits the potassium-activated ATPase
of myosin in the absence of free Mg ions (Barron et al., 1966);
for the binding study, we use the inhibition of the heavy
meromyosin ATPase by actin as a measure of the amount
of heavy meromyosin bound to actin. In the second group
of experiments, on the other hand, the more familiar actin-
activation of the heavy meromyosin ATPase in the presence
of Mg serves as the measure of binding. In both cases, a
stoichiometry near 1 mole of heavy meromyosin/mole of
actin monomers is obtained.

Methods

Actin and heavy meromyosin were prepared from rabbit
skeletal muscle and their concentrations measured according
to the customary procedures of this laboratory (Eisenberg
and Moos, 1967, 1968), except that the salt solution used
for washing the F-actin was altered as specified below for the
two groups of experiments. In both cases, the final F-actin
solution was prepared by dispersing the washed pellets,
with the aid of brief sonication, in the specified solvent with
about 0.1 mM added ATP, and then removing the free nucleo-
tides by two treatments with Dowex 1-X4 anion-exchange
resin. The actin and heavy meromyosin were always used
within a week after preparation. The ATPase rates were
measured with an automatic pH-Stat at pH 7, at an initial
ATP concentration of 2 mM, and the relation between the
pH-Stat record and the amount of ATP hydrolyzed was
determined from the amount of titrant used in the complete
hydrolysis of the known total amount of ATP under the
conditions of the experiment.

The binding calculations depend crucially on the molecular
weights of the proteins, and the values we have used are

46,000 for actin and 350,000 for heavy meromyosin. Although
higher molecular weights for actin have been used in the past,
values near 46,000 have been obtained recently by both
physical (Rees and Young, 1967) and chemical (Tsuboi,
1968; Johnson et al., 1967) methods, and consistent with this
value, our actin preparations always contain 20-22 umoles
of bound nucleotide/g of protein. The molecular weight for
heavy meromyosin is less firmly established; we have selected
350,000 (Mueller, 1964) because this value was obtained with
heavy meromyosin prepared by approximately the same
digestion procedure we have used. Our heavy meromyosin
preparation showed no flow birefringence at low ionic strength
when viewed in a hand polariscope, indicating no contamina-
tion with myosin or light meromyosin, and on Sephadex
G-200 chromatography, it moved as a single peak with no
sign of smaller fragments such as might be produced by
overdigestion with trypsin.

Results

Actin Inhibition of the Heavy Meromyosin ATPase in the
Absence of Free Mg*. In the first group of experiments,
estimates of heavy meromyosin-actin binding are derived
from measurements of the actin inhibition of the heavy
meromyosin ATPase in the absence of free Mg. In order
to reduce the free Mg concentration in the final reaction
mixtures to a sufficiently low level for these experiments,
the solvent used in the actin preparation was 0.1 M KCI-10
mM imidazole buffer (pH 7) with no added Mg salts, and the
Mg-chelating agent 1,2-diaminocyclohexanetetraacetic acid
was added to the experimental mixtures.

In Figure 1, we show that the heavy meromyosin ATPase
is indeed inhibited by actin in the absence of Mg?*, just as
was reported previously for myosin (Barron er al., 1966).
At high actin concentrations, nearly 9097 inhibition of the
heavy meromyosin ATPase was achieved. However, there
does appear to be a residual ATPase activity which is not
abolished even at the highest actin concentration we have
used. This residual activity does not appear to be due to free
magnesium ions remaining in the system because, as shown
in Figure 1b, it is observed even at an ionic strength above
0.3, and is abolished by substitution of sodium for potassium
ions in the mixture (cross in Figure 1b), neither of which
would be expected for a magnesium-activated acto-heavy
meromyosin ATPase. Apparently the acto-heavy meromyosin
complex has a small but finite potassium-activated ATPase
activity in the absence of free magnesium ions.

In order to use the inhibition of the heavy meromyosin
ATPase by actin for a quantitative study of actin-heavy
meromyosin binding, we make the assumption that the
extent of inhibition is a linear measure of the fraction of the
heavy meromyosin which is bound to actin. A similar
approach was used by Straus and Goldstein (1943) in deter-
mining the number of binding sites for a reversible inhibitor
on an enzyme, and only a slight modification is required
in our case to take account of the residual ATPase activity
which apparently remains when all the heavy meromyosin
is bound to actin. We assume that the actin-bound heavy
meromyosin exhibits an ATPase activity per mole equal
to Vi, the minimum activity measured at high actin concen-
tration in Figure la, and that the free heavy meromyosin
exhibits an ATPase activity equal to V5, the measured ATPase
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FIGURE 1: Inhibition of heavy meromyosin ATPase by actin. All
samples contained 2 mm ATP, 5 mm | 2-diaminocyclohexanetetra-
acetate. 10 mm imidazole buffer (pH 7), and 1 mum ethylene glycol
bis(aminoethyl ether)tetraacetate. (The latter was not required
for this work, but was added for reasons related to another project
for which these data were to be used.) Temperature: 25°. (a) 0.12 M
KCl, 1.5 mg of heavy meromyosin/ml. (b) O, 0.3 M KCl; X, 0.05
M KCl1 plus 0.25 M NaCl; heavy meromyosin concentration varied
between 0.4 and 1.2 mg per ml.

activity per mole of heavy meromyosin in the absence of
actin. On this basis, if the observed ATPase rate per mole of
total heavy meromyosin (HMM) is called ¢, we can write

L’[HMN,l]totul = VU[HMM]free + Vx[HMM]bouml (l)

Combining this with the statement of conservation of heavy
meromyosin

[HMM]itm = [HMMliee + [HMMyouna (2)
we can obtain the relation:

Vo — ¢
[HMMouaa = [HMMlota l}:_ V. 3)

By means of eq 2 and 3, we can use the measured ATPase
activities, ¢, Vo, and Vi, to derive values for both the free
and actin-bound heavy meromyosin concentrations in the
presence of a given total concentration of F-actin. These
results are then treated according to the theory of multiple
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FIGURE 2: Scatchard plot of actin~heavy meromyosin binding, from
actin inhibition of heavy meromyosin ATPase under conditions
of Figure la. Actin concentration constant at 0.3 mg/ml; heavy
nmeromyosin concentration varied between 1.5 and 3.5 mg per ml.

equilibria (Scatchard, 1949) to obtain a binding stoichiometry.
This theory predicts that, if all of the heavy meromyosin
binding sites on the F-actin are identical and independent

7 1 -
[HMM]“LC = 1;()1 —_ l«) (4)

where 7 is the number of moles of actin-bound heavy mero-
myosin per mole of monomer in the total F-actin added;
A is the intrinsic dissociation constant of the actin-heavy
meromyosin complex; and # is the maximum value of 7 at
infinite heavy meromyosin concentration, /.., the stoichio-
metric binding ratio of heavy meromyosin to actin. According
to eq 4, a Scatchard plot of 7/[HMM]i.. rs. 7 should be
linear if the above assumptions are valid, with a slope equal
in magnitude to 1/4 and an intercept on the abscissa equal to .

For our binding experiments, various amounts of heavy
meromyosin were added to a fixed concentration of F-actin,
and from the ATPase activity of each mixture, the concentra-
tions of free and bound heavy meromyosin were calculated
as described and plotted according to eq 4. Figure 2 shows a
typical example of such a plot, and it does indeed appear
to be linear. The values of 4 and » derived from the slope
and abscissa—-intercept of this plot are shown in Table I,
together with those obtained in two other such experiments
using different preparations of both actin and heavy mero-
myosin. The values obtained by Young (1967) from ultra-
centrifuge measurements in the absence of ATP are also
given for comparison. In all three of our experiments, the
abscissa-intercept, », was near unity, indicating that one
molecule of heavy meromyosin can bind to each monomer
in F-actin. If each heavy meromyosin molecule bound to
two actin monomers, the intercept on the abscissa of our
plots would be 0.5, which does not appear 10 be compatible
with the data; in fact, for most of the experimental points
(sce Figure 2, for example) the total amount of actin present
would not be sufficient to account for the observed inhibition
if the binding ratio were 1 mole of heavy meromyosin/2 moles
of actin monomer.
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TABLE I: Stoichiometry, », and Intrinsic Dissociation Constant,
k, of the Acto-Heavy Meromyosin Complex.=

n (Moles of
Heavy Mero-
myosin/Mole of
Expt Actin) k (uM)

1 1.0 0.8
2 1.1 2.1
3 0.9 1.4
Young (1967) 1.1 2.3

¢ Conditions for our experiments were as described in
Figure 2. Young’s experiments were carried out in the absence
of ATP but in the presence of 0.4 mm MgCl,, at a temperature
of 6-8°, with 0.04 M KCl.

A further point to note is that the one-to-one binding of
heavy meromyosin to actin in our experiments leads to
nearly complete inhibition of the heavy meromyosin ATPase
(Figure 1), which implies that, if heavy meromyosin has
two ATPase sites (Schliselfeld and Bdrdny, 1968; Lowey
and Luck, 1969; Nauss et al., 1969; Eisenberg et al., 1969),
both these sites are somehow affected by the binding of only
one actin monomer.

Actin Activation of the Heavy Meromyosin ATPase in the
Presence of Mg*. In relation to the problem of muscle
contraction, the foregoing study has the drawback that it is
carried out in the absence of Mg?*, so we felt it would be of
interest to use our ATPase kinetic approach to estimate
the actin-heavy meromyosin binding ratio in the presence
of Mg and ATP where actin activates the heavy meromyosin
ATPase as it does in vivo. For this purpose, it was necessary
to find conditions where conveniently measurable ATPase
rates are obtained at concentrations of heavy meromyosin
and actin which are suitable for a binding study. The condi-
tions of our earlier study of acto—heavy meromyosin kinetics
(Eisenberg and Moos, 1968) were not satisfactory because
the effective affinity of actin for the heavy meromyosin—-ATP
complex was somewhat too weak and the maximum ATPase
activity of the acto—heavy meromyosin complex was much
too high. However, we have found that these difficulties
can be overcome by working at very low ionic strength to
increase the affinity of actin for the heavy meromyosin—-ATP
complex and at low temperature to reduce the ATPase
activity. In order to achieve a sufficiently low ionic strength
in the final reaction mixtures in these experiments, the
solvent used for the actin preparation was 3 mMm MgCl,
containing 10 mM imidazole (pH 7) with no added KCI.

The effect of ionic strength on the acto~heavy meromyosin
ATPase system is illustrated by Figure 3, which shows
double-reciprocal plots of ATPase rate against actin concen-
tration at a series of different ionic strengths. The linearity
of the plots indicates that the simple kinetic analysis used
previously is applicable down to ionic strengths below 0.02.
Furthermore, it is clear that, in agreement with our earlier
results (Eisenberg and Moos, 1968) and those of Tawada
and Oosawa (1969), and in contrast to those of Szentkiralyi

r T

o
®

0.8

0.4

1/[Actin ] (mg/mi)™!

FIGURE 3: Effect of ionic strength on acto-heavy meromyosin ATP-
ase system. The total ionic strength is indicated on each line. Sam-
ples contained 2 mMm ATP, 2.4 mM (O, @, A) or 1.0 mm (m) MgCl;,
10 mum imidazole-HCI buffer (pH 7), and KCl to make up the balance
of the ionic strength, Heavy meromyosin concentration was 0.04
mg/ml for O and @, and 0.08 mg/ml for A and M. Temperature 25°.

and Oplatka (1969), the apparent affinity of actin for the
heavy meromyosin-ATP complex increases steadily with
decreasing ionic strength while there is no change in the
maximum ATPase of the acto-heavy meromyosin complex.
Qualitatively, the observed effect of ionic strength on the
apparent affinity is consistent with the view that electro-
static interactions are predominantly involved in the actin-
heavy meromyosin binding.

The effect of temperature is shown in Figure 4. It can be
seen that at 6° the measured ATPase rates, as well as the
extrapolated rate at infinite actin concentration, are roughly
40-fold lower than those at 25° (note the difference in the
ordinate scales of Figure 4a,b), while the apparent affinity
of actin for the heavy meromyosin-ATP complex seems to be
somewhat strengthened at the lower temperature. This large
temperature coefficient of the acto-heavy meromyosin
ATPase rate is reminiscent of the behavior of actomyosin
(Levy et al., 1959; Bardny, 1967) and of myosin modified by
p-hydroxymercuribenzoate or dinitrophenol (Levy et al.,
1962). Since we are dealing here with the extrapolated acto~
heavy meromyosin ATPase rate at infinite actin concentra-
tion, our temperature coefficient cannot be affected by disso-
ciation of the acto-heavy meromyosin. Hence, by analogy,
the large temperature coefficient of actomyosin ATPase
as compared with the temperature coefficient of the myofi-
brillar ATPase or the speed of muscle contraction is probably
not simply due to actomyosin dissociation as was proposed
by Bardny (1967). Actually, as noted above, lower temperature
does not seem to promote dissociation of acto-heavy mero-
myosin. Of course detailed conclusions cannot be drawn
from data at only two temperatures, and further work on the
effects of temperature on the acto-heavy meromyosin ATPase
system is currently in progress.

The reduced ATPase activity at low temperature, together
with the increased actin-heavy meromyosin affinity at low
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FIGURE 4: Effect of temperature on acto-heavy meromyosin ATPase
system. Samples contained 2.0 mm ATP, 2.4 mMm MgCl, 7 mm
imidazole-HCI buffer (pH 7), and 2.3 mM KCl, for a total ionic
strength of 0.017. (a) Temperature, 25°; heavy meromyosin concen-
tration, 0.04 mg/ml. (b) Temperature, 6°; heavy meromyosin concen-
tration, 0.96 mg/ml. The actin concentration in part b was corrected
by subtracting the amount of bound actin, calculated from the
measured ATPase rates assuming a one-to-one molar binding ratio
of actin to heavy meromyosin. This correction is negligible in part a.

ionic strength, provide suitable conditions for the study of
actin-heavy meromyosin binding in the presence of ATP
and Mg. To carry out this study, the ATPase rate was mea-
sured with different amounts of heavy meromyosin added
to a fixed amount of actin, and the bound heavy meromyosin
concentration was calculated from the observed ATPase
rate according to the relation

r — V()
e 5
Vmax - VU ( )

[HMM]bound = [HMM]m:ax
This relation is derived by the same logic as eq 3. Here,
Vwae 18 the maximum ATPase activity of the acto-heavy
meromyosin  complex, determined by extrapolation of a
double-reciprocal plot under the same conditions, and as
before, ¢ is the measured ATPase rate and V, is the ATPase
activity of heavy meromyosin in the absence of actin. The
free heavy meromyosin concentration is again obtained
from eq 2, and the results are plotted according to eq 4.
Figure 5 shows a typical example of a Scatchard plot ob-
tained in this way, and it is evident that the experimental
points obey the linear relationship required by the theory if all
heavy meromyosin binding sites on actin are identical and
independent. There is no evidence of interference between
heavy meromyosin molecules binding at neighboring sites
even when the actin is well over half-saturated with heavy
meromyosin (¢f. Szentkiralyi and Oplatka, 1969). The appar-
ent intrinsic dissociation constant obtained from the slope
of this line is 2.6 X 107% M, which agrees rather well with
the value of 2.0 X 10~® M obtained from the abscissa—intercept
of Figure 4b. Of primary interest, however, is the abscissa—
intercept in Figure 5, which indicates a limiting binding
stoichiometry near 1 mole of heavy meromyosin/mole of

2406 BIOCHEMISTRY, VOL. 9, No. 12, 1970

RIZZINO, BAROUCH, EISENBERG, AND MOOS

I - L T T T ]
S o —
T b
e -
L < 5 —
0.30}- <€ - -
P - J
N o B R
0.25F 20 05 10 15
T I/[Acrin] (mg/mn~!
=
2
5 020 .
]
s olsf- ﬂ
| S—
~
>
0.0 -
0.05 —
0 L | | ] |
0 02 04 06 08 10 12

Moles HMM Bound
Moles Actin Added

7:

FIGURE 5: Scatchard plot of actin-heavy meromyosin binding, from
actin activation of heavy meromyosin ATPase in the presence of
Mg. Samples contained 2 mM ATP, 2.4 mMm MgCl, and 4 mm
imidazole-HCI buffer (pH 7), for a total ionic strength of 0.013.
Binding plot (main graph): Actin concentration fixed at 0.24 mg/
ml; heavy meromyosin concentration varied between 1.26 and 5.82
mg per ml. Reciprocal plot (inset), for determination of ¥wax: heavy
meromyosin concentration fixed at 0.97 mg/ml; actin concentra-
tion varied. Both plots were run the same day with identical con-
ditions.

actin monomers. Repeat experiments also gave essentially
the same result. Thus, not only is a one-to-one combining
ratio obtained in the absence of Mg ions as shown above,
but the binding is also one-to-one in the presence of MgATP
where actin activates the heavy meromyosin ATPase, as it
does in civo.

Discussion

In this paper we have derived a stoichiometry of actin-
heavy meromyosin binding from measurements of the effects
of actin on the heavy meromyosin ATPase kinetics under
two different sets of conditions. We have arrived at the
conclusion that, both in the absence of free Mg where actin
inhibits the heavy meromyosin ATPase and in the presence
of Mg where actin activates the ATPase, heavy meromyosin
binds to F-actin in a ratio of 1 mole of heavy meromyosin/
mole of actin monomers.

It must be remembered, however, that this conclusion
depends on certain assumptions. First of all, as in most
protein—-protein binding studies, we must assume that our
protein preparations are homogeneous and not significantly
denatured, and that we are using correct values for the molec-
ular weights. Our procedures for preparing the proteins
and the basis for our choice of molecular weights have been
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described in previous papers and in the Methods section.
To reconcile our datd with a binding ratio of one heavy
meromyosin per two actin monomers would require that our
molecular weight for actin is too high or that for heavy
meromyosin too low by a factor of two, which does not
seem likely, or that our heavy meromyosin preparation is
half-denatured. The latter also seems rather unlikely because
our maximum MgATPase activities for heavy meromyosin
at infinite actin have been consistent over several years and
are no lower than those obtained in other laboratories
(Tawada and Oosawa, 1969; Lowey et al., 1969).

The major assumption upon which our study rests,
of course, is that the effect of actin on the heavy meromyosin
ATPase can indeed be used as a linear measure of actin-
heavy meromyosin binding. It must be emphasized that this
assumption of a direct relationship between enzymic activity
and actual moles of actin bound could be in error. In principle,
one can only determine stoichiometry when the free concentra-
tion of one component can be determined in an equilibrium
situation, and this condition may not be fulfilled in this
study. Therefore we cannot be at all certain that we are
really determining the true stoichiometry of binding by our
method. On the other hand, a direct measurement of actin-
heavy meromyosin binding, particularly in the presence of
ATP, is an extremely difficult technical problem at the present
time, and consequently we felt justified in approaching
the binding problem in this indirect way.

While it is possible that some complexity of the ATPase
kinetics of our system gives rise to a misleading result for
the binding stoichiometry, our confidence in our conclusion
is strengthened by the fact that the binding plots appear
linear with reasonable slopes, and that the same one-to-one
binding ratio was obtained both in the presence and absence
of Mg in spite of the very different characteristics of the
ATPase kinetics in these two cases. Our result also agrees
with that obtained by Young (1967) in the only previously
published study in which the theory of multiple equilibria
was applied. Furthermore, for the experiments in the presence
of Mg, the simple kinetic scheme which we have previously
used to describe the acto-heavy meromyosin ATPase kinetics
leads to a proportionality between the actin activation of the
heavy meromyosin ATPase at saturating substrate concen-
tration and the amount of heavy meromyosin bound to
actin. While the actual kinetics may of course be more
complex, there is no evidence as yet from our experiments
at varied actin and ATP concentrations (Eisenberg and Moos,
1970) which would require modification of this kinetic scheme.

If we accept the conclusion that the actin—heavy mero-
myosin binding stoichiometry is indeed one-to-one, i.e.,
that every monoincer in F-actin can bind a molecule of heavy
meromyosin, an interesting problem arises in relation to
the fact that heavy meromyosin seems to have two ATPase
active sites per molecule, corresponding presumably to the
two globular heads seen in the electron microscope. First
of all, it must be noted that the result of the actin-activation
studies in the presence of Mg cannot be explained by postu-
lating that the two heads of the heavy meromyosin molecule
bind to two neighboring actin monomers at high actin
concentration whereas only one of the two heads binds
to the actin when heavy meromyosin is present in excess
and crowding occurs. On the contrary, in terms of the actual
data, the value of unity for the abscissa intercept in Figure 5

means that the acto-heavy meromyosin ATPase activity
per mole of actin monomer at infinite heavy meromyosin
concentration is the same as that per mole of heavy mero-
myosin at infinite actin concentration (Vs in the double-
reciprocal plot). Therefore, if both heads bind at infinite
actin concentration and their ATPase is activated, then
likewise at infinite heavy meromyosin concentration there
must be two heads bound and activated per actin monomer.
On the other hand, it may be that only one of the two heads
of a heavy meromyosin molecule can ever bind at a time,
even with excess actin, as was suggested by Young (1967)
to explain his finding that subfragment 1 also binds to actin
in a one-to-one ratio. However, the data on actin inhibition
of the ATPase in the absence of Mg indicate that, if the latter
is the case, the binding of actin to one head of the heavy mero-
myosin apparently influences both since the heavy mero-
myosin ATPase can be almost completely inhibited by actin
under these conditions.
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Structure of «1-CB8, a Large Cyanogen Bromide Produced
Fragment from the a1 Chain of Rat Collagen. The Nature of a
Hydroxylamine-Sensitive Bond and Composition of

Tryptic Peptides”

Paul Bornsteint

ABSTRACT: As a first step in the determination of the primary
structure of an extended sequence in collagen, the 22 peptides
resulting from tryptic digestion of rat collagen «1-CB8 were
separated and their compositions determined. The peptides
accounted for the entire cyanogen bromide produced frag-
ment (mol wt 24,000) and no variant peptides were found.
These observations provide additional support for the iden-
tity of the two «l chains in the rat collagen molecule. The
task of peptide separation was facilitated by the finding
that treatment of «1-CB8 with alkaline hydroxylamine
yielded two fragments which could be separated and analyzed
individually. Although hydroxylamine cleavage resulted in
the formation of a new NH,-terminal glycine, several lines
of evidence indicated that hydroxylaminolysis of a peptide
bond was not involved. The experimental data suggest that
the hydroxylamine-sensitive bond exists as the cyclic imide,

In collagen, a fibrous protein, important intramolecular
interactions appear to be limited to the hydrogen bonds
which form between the polypeptide backbones of the three
intertwined left-handed helical chains (Ramachandran, 1967).
As a consequence of this structure, amino acid side chains
extend radially from the central core of the molecule and are
primarily involved in intermolecular interactions, as might
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anhydroaspartylglycine, which forms by cyclization of an
asparaginyl (or aspartyl) side chain with the subsequent
(glycyl) amide nitrogen in the polypeptide chain. Molecular
models demonstrate that cyclization of an asparaginyl side
chain is sterically hindered by the presence of a side chain on
the subsequent amino acid. Collagen may therefore be particu-
larly susceptible to hydroxylamine cleavage because of its
high glycine content and the increased probability of aspara-
ginyl-glycyl sequences. The elucidation of the nature of the
hydroxylamine-sensitive bond in «l1-CB8 provides an alter-
native explanation for many of the chemical findings previ-
ously believed to result from the existence of ester or other
nonpeptide bonds in collagen. It is therefore probable that
collagen chains are synthesized as single unbroken poly-
peptides, and that intrachain subunits linked by nonpeptide
bonds do not exist in the protein.

be expected in a protein which forms structural aggregates.
However, because of the highly specific packing of molecules
in the collagen fibril and the necessity for interactions with
other macromolecules, the requirements for specificity in
the amino acid sequence of collagen chains are at least as
stringent as those in globular proteins. This specificity is
reflected in the relative constancy of the structure of the
helical regions of the collagen molecule in vertebrate species
(Bornstein, 1968; Bornstein and Kang, 1970).

The determination of the amino acid sequence of a linear
polypeptide such as collagen, combined with knowledge of
the conformation of the peptide backbone, may therefore be
expected to provide much of the information required to
elucidate the relation of structure to function. As a step in
this direction, and in order to ensure that any existing sequen-



