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Low concentrations of p-chloromercuribenzoate (PCMB), Zn**, or Cd** increase
the ATPase and CTPase activities of myosin B but inhibit ITPase and GTPase ac-
tivities. Higher concentrations of these modifiers inhibit the activities of all the nu-
cleoside triphosphates (NTP). Dialysis against cysteine ethyl ester (CEL) increases
the ATPase and CTPase activities of myosin but decreases the ITPase and GTPase
activities. The temperature dependence of the maximum velocities of hydrolysis and
of the Michaelis-Menten constants also differentiate between ATP-CTP and ITP-
GTP. ATP and CTP confer considerable protection against thermal denaturation of
myosin, while I'TP and GTP confer only a small protection. The shape of the PCMB
vs. NTPase activity curve is invariant to the substitution of Mg*+ for Catt in the
presence of 0.3 M KCl or to thesubstitution of Na*, Li*, or NH,* for K+ inthe presence
of Catt. PCMB inactivates myosin at 37° at a rate which is highly sensitive to the
PCMB concentration. The inactivated myosin can be restored to activity by dialysis
against CEE. These and other observations are interpreted in terms of a conforma-
tion change at the active site of myosin.

INTRODUCTION

A wide variety of reagents alter the ATP-
ase? activity of myosin. When the effect of
some of these reagents on the hydrolytic ac-
tivity of myosin toward analogs of ATP has
been examined, it has been found that the

to gain further insight into the mechanism
of action of this enzyme, we have studied the
effects of some sulfhydryl reagents, tempera-
ture, and various cations on the interaction
between myosin and five NTP. A prelimi-
nary report of this work has already ap-

effect of the reagent often depends on the
configuration of the substrate molecule
tested (1-8). In particular it has been sug-
gested (1, 2) that the amino group on posi-
tion 6 of the adenine and cytosine rings plays
an important role in the interaction of myo-
sin with ATP and with CTP. In an attempt

1 Present address: Gerontology Branch, Balti-
more City Hospitals, Baltimore 24, Md.

2 Abbreviations used in this paper are: NTP
and NDP for the nucleoside triphosphates and di-
phosphates: A, U, I, GG, and C representing ade-
nine, uridine, inosine, guanosine, and eytidine,
respectively; PCMB, p-chloromercuribenzoate;
CEE, cysteine ethyl ester; Tris, tris(hydroxy-
methyl)aminomethane; EDTA, ethylenediamine
tetraacetate; DNP, 2,4-dinitrophenol.

peared (9).

MATERIALS AND METHODS

Myosin B was prepared from 5-hr. extracts of
rabbit muscle, as previously deseribed (10), and
was stored at about 3°C. in 0.6 M KCI. Myosin A
was prepared from 1-hr. extracts, which were then
reprecipitated three times exactly as for the prepa-
ration of myosin B. After the third precipitation
the concentration of KCl was adjusted to 0.3 M,
and the solution was centrifuged for 1 hr. at
28,000 X ¢ to remove actomyosin (11). Myosin A
solutions were stored in 0.3 M KCI at about 3°C.

The sodium salts of the NTP were purchased
from the Sigma Chemical Company and from the
Pabst Brewing Company and were used without
further purification. PCMB was purchased from
Sigma and was purified hy the method of Whitmore
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and Woodward (12). CEE was obtained from the
Schwarz Chemical Company and was used without
further purification. Semidine (N-phenyl-p-phen-
vlenediamine monohydrochloride) was purchased
from the Kastman Chemical Company. All other
reagents were analytical grade.

Phosphate was measured by a modified Fiske-
SubbaRow technique, using semidine instead of
aminonaphthosulfonic acid as the reducing agent
(13). One hundred milligrams of semidine was put
into a 100-ml. volumetric flask, moistened with a
few drops of 959 ethyl alcohol, adjusted to vol-
ume by the addition of 15, NaHSO; , stirred, and
filtered. The clear filtrate was kept in a brown-
glass container. Semidine solutions were made
twice a month or oftener. The reaction of myosin
with any of its substrates was terminated by add-
ing 3 ml. of reaction mixture to 2 ml. of 10% tri-
chloroacetic acid. Denatured myosin was removed
by filtration through Whatman #40 filter paper.
A half milliliter of molyhdate reagent (25 g. am-
monium molybdate/l. of 5.6 7 H.80:) was added
to 3 ml. filtrate, and about 80 sec. later a half
milliliter of semidine solution was added. The opti-
cal density was measured at 750 mu in a Beckman
model DU spectrophotometer 600 sec. after the
addition of semidine. Thus all samples were ex-
posed to acid molybdate and to semidine for the
same time, thereby minimizing errors due to acid
hvdrolysis of the NTP. lixcept when otherwise
specified, activity measurements were made at
25.5°C. in solutions containing 0.3 M KCI, 0.05 M
Tris, 5 X 1073 M Ca* at pH 7.5. This buffer will
be referred to as standard buffer. The final concen-
tration of NTP was 107% M.

Myosin concentrations were determined either
by Kjeldahl analysis or by a modification (14) of
the Folin-Biuret procedure described by Lowry et
al. (15).

The spectrophotometric procedure of Boyer
(16) was employed to measure the conecentration
of PCMB and to follow the reaction of myosin—
SH groups with PCMB.

Other experimental procedures will be de-
seribed as necessary.

RESULTS

CuanNce 1IN —SH GROUPS DURING
STORAGE OF MyosiN

Mommaerts and Green (17) found that
during the storage of myosin A there was a
progressive loss of ATPase activity when
measured at pH 9 in the absence of Ca*+.
Botts and Drain (18) observed an exponen-
tial loss of the activity of myosin B when
measured at pH 8 with EDTA. Since it had
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Fra. 1. Effect of PCMB on the NTPase activ-
ity of myosin. The dashed line (solid circles) shows
the change in optical density at 252 mu during the
titration of the —SH groups. The solid lines show
the change in NTPase activity measured ut 0.6 3/
KCl, 5 X 1073 47 Ca**, 0.05 M Tris, pH 7.5, on a
myosin B preparation 21-23 days of age.

already been shown (19-21) that there was a
progressive loss of —SH groups of myosin
during storage, a preliminary study of the
effects of storage on the interaction between
myosin and PCMB was indicated. Figure 1
shows a typical curve of the titration of the
—SH groups of myosin B with PCMB. If
the PCMB to myosin ratio at the end point
is plotted against the time of storage (Fig. 2),
it is found that this ratio decrcases steadily,
indicating a loss of PCMB-titrable groups.
In view of the different effects of -—SH re-
agents on the different NTP (see below),
and, since different myosin preparations may
have different rates of loss of —SH groups
during storage, we have used the data shown
in Vig. 2 to correct only a few of the ATPase
activities reported here. When such correc-
tions were made, they are explicitly indi-
cated. Most frequently we have chosen not
to correct the data, and instead will give the
age of the preparation at the time of the ex-
periment. Much of the work to be reported
here involves comparisons between experi-
ments made a few days apart, and, since such
comparisons have usually been checked on
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Fic. 2. Loss of —SH groups of myosin B during storage at about 3°C. in 0.6 M KCI.

several preparations of varying age, it 1s be-
lieved that the conclusions reported here are
not affected by the age of the myosin.

Errects oF PCMB ox HybrowLyTIC
Activity oF MYOSIN

Low concentrations of PCMB accelerate
the ATPase (22) and CTPase activities of
myosin B up to a maximum (Iig. 1), with
higher concentrations of PCMB then giving
increasing inhibition. The ITPase and GTP-
ase activities are, however, inhibited at all
concentrations, while the UTPase activity is
affected in an intermediate way. Similar re-
sults have been obtained with phenyl mer-
curic acetate and with 2,4-dinitrophenol by
Greville and Reich (8) for myosin A at 0.4 M
KCl, and by W. W. Kielley (personal com-
munication) with PCMB on myosin A at
0.05 M KCl. With myosin B, maximum ac-
tivity generally occurs between 0.03 and 0.04
pmole PCMB/mg. protein, although occa-
sionally, as in Fig. 1, at somewhat higher
ratios. The —SH content of these prepara-
tions is about 0.06 umole/meg. for fresh prep-
arations, falling to lower values during stor-
age (Fig. 2). Myosin A preparations contain
about 0.08-0.09 pmole SH/mg. as measured
by the PCMB titration, a value which is
close to their total half-cysteine content (23),

and their peak activity oceurs at somewhat
higher PCMB to myosin ratios than myo-
sin B,

The results of previous work (1, 2) sug-
gested that any reagents which increased the
rates of hydrolysis of ATP and CTP would
decrease their reciprocal Michaelis-Menten
constants, K. For ITP and GTP, where it
was postulated that relatively little interac-
tion occurred between the purine ring and
the enzymic site, one would expect little
change in K. The velocities of hydrolysis of
these substrates were therefore measured as a
function of substrate concentration, and
values of K and of V, the maximum velocity
of hydrolysis, were obtained in the usual way
from a Lineweaver-Burk (24) graph. It was
found (Fig. 3, Tables T and II) that K(ATP)
rapidly decreased as the PCMB concentra-
tion increased, while K(ITP) remained
nearly constant (possibly increasing at high
PCMB concentrations). When 1/K(ATP) is
plotted against the PCMB concentration, a
linear relation is obtained (I%ig. 4), suggest-
ing that an —SH group(s) is directly con-
cerned in the interaction of ATP and the
enzymic site.

Further evidence concerning the role of
—SH groups of myosin in the interaction
between myosin and the purine or pyrimi-
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3. Effect of PCMB on some kinetic parameters of myosin B. The lower graph shows the spectro-

photometric titration of myosin B by PCMB. The upper graph presents the variation of K (in liters;

mole, dotted lines) and of 17 (in moles P/sec. g., solid lines) for ATP (triangles) and for ITP (circles)

The myosin was aged 13-16 days when the experiments with ATP were done and 20-22 days for the ITP
experiments. The speetrophotometric titration was done on the 14th day. Values of K were obtained
from a Lineweaver-Burk plot, using the initial velocity of the reaction for at least five different substrate
concentrations. Iixamples of such graphs for myosin B have been published (2). Measurements were

made in standard buffer.

dine parts of the NTP was obtained by
studying the effects of different ionie milieux
on the kinetic constants of the enzyme. It is
well known that at high KCI, Mgt+ causes a
considerable inhibition of ATPase activity,
although it slightly accelerates I'TPase ac-
tivity (1). The shape of the ATPase vs.
PCMB curve, however, remains Invariant

(Fig. 5). The large decrease in I~ is accom-
panied by an iucrease in K (Table I).

If one changes the univalent cation (keep-
ing the total concentration at 0.3 M and
maintaining the Catt at 5 X 10~% ), the
changes that occur in the ATPase and CTP-
ase activities are smaller than the change
aused by the substitution of Mg+ for Cat+,
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TABLE I

Errect or PCMB anp oF Matt on THE KINETIC
ConstanTs oF MyosiN B ror
ATP, CTP axp ITP

PCMB, when present, was in a concentration
of 0.0326 wmole/mg. myosin B. The maximum
CTPase activity occurred at 0.037 umole PCMB/
mg. myosin B. Standard buffer except when Mgt
replaced Ca*t.

Age Bé:fil(f;]t PCMB | Substrate | K X 1073 v
days 1./mole y;;zcol.e;./
6 | Ca** — ATP 52.5 7.6
6 Ca*t -+ ATP 7.4 21.3

8 Mg+ + ATP 130. 0.74
13 Ca** — CcTP 11.8 3.4
13 Cat+ + CTP 1.8 12.5
14 | Mgt + CTP 57.8 0.66
19 Catt — ITP 2.2 25.0
20 Catt + ITP ‘ 4.1 | 4.8

and here again it is found (Fig. 6) that the
over-all shape of the ATPase vs. PCMB
curve is invariant. This is also true for the
ITPase activity (Fig. 6). A more sensitive
test of the invariancy of the shape of the
curves of NTPase activity vs. PCMB con-
centration is to examine the ratio of the ac-
tivity at a particular concentration of PCMB
(chosen to give nearly maximal ATPase ac-
tivity) to the activity in the absence of
PCMB for each of the univalent cations.
When this was done with the data of an ex-
periment done at a total salt concentration
of 0.6 M, it was found (Table II) that these
ratios are not appreciably affected by a
change in the type of univalent cation. It
thus appears that the effects of univalent and
bivalent cation substitutions are superim-
posed on an invariant, —SH-dependent fea-
ture of the interaction between myosin and
the NTP. When the PCMB concentration
is enough to give maximal ATPase or CTP-
ase activity, K(ATP or CTP) decreases to
approximately the same level as K for ITP
or GTP (Tables I and IIT and Fig. 3). Al-
though, in the presence of such concentra-
tions of PCMB, K is of the same order of
magnitude for the various NTP, ATP and
CTP are hydrolyzed much faster than are
ITP or GTP, showing that the enzyme can

BLUM

TABLE II

Errects oF UnivaLENT CaTIONS AND OF PCMB
oN THE NTPase AcTiviTY oF
Myosin B

Myosin B, aged 28-30 days, was dialyzed over-
night at 4°C. against a buffer consisting of 0.05 M
Tris, 5 X 1073 M Ca**, 0.6 M KCl, NaCl, LiCl, or
NH,Cl, at pH 7.5. On the following day 1 ml.
myosin was mixed with 1 ml. PCMB and 10 ml. of
1.2 X 1073 M NTP. The final concentration of
PCMB was 0.0418 pmole/mg. myosin, a concen-
tration just below the concentration of PCMB
that would give maximal ATPase activity. The
activity was measured at 25.1°C. and is in units
of micromoles P/sec. g. The numbers in the col-
umns headed ‘ratio”” were obtained by dividing
the activity in the presence of PCMB (+) by the
activity in the absence of PCMB (—).

KCl Na(Cl LiCl NH:Cl
z | 2 | 2 2
- B I O I - T = -
R T = R T O I I
« =4 < =4 < -9 < [~
+ 284 |  126.7 15.3 25.1
ATP 6.4 ( 6.2 5.2 7.2
- 1 4.46] |4.33 2.95 | 3.50
+ | 3.0 7.41 6.45 5.42
CTP 1.8 3.2 3.4 3.3
— ]2.13 2 33| 1.92|  11.65
+ | 6.66 9.13 6.66 7.21
UTP 0.81 11 1.2 1.2
— | 8.24! 8.10 | 5.49 5.84
1 4.46 1.04 3.57 4.05
ITP 0.33 0.39 0.35 0.35
— 135 12.6 10.3 1.7
1+ 1297 2.54 1.30 2.06
GTP 0.25 0.26 0.20 0.23
—~ 1 9.06 9.68 6.5 8.93
. |

still distinguish between these two types of
NTP even after PCMB has more or less elim-
inated the differences in K.

Errecrs oF CEE on THE NTPask
Acrivity or MyosiNn B

Morales et al. (25) have reported that
when myosin B is dialyzed in the cold against
solutions containing CKE, an —SH reagent
that presumably acts rather differently than
PCMB, there is a large increase in the Catt-
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Fic. 4. Effect of PCMB on K(ATP). Condi-
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35 T T L I I v T

pu moles P/ sec gm.

NISOAW bw /252q0V

Lol 2l .
2 4 6 8 10 12

{moles PCMB /mg myosin) X 108

oV 1

I16. 5. Effect of PCMB on ATPase activity of
myosin B in presence of Ca*t and Mg*™. Activities
in the presence of 5 X 1073 M Ca*™t were measured
on 2-day-old myosin. The activities in the pres-
ence of 5 X 1073 M Mg** instead of Catt were
measured at 7 days, and have been multiplied by
30. Measurements were made in standard buffer.

activated ATPase activity. It was obviously
of interest to ascertain the nature of the dif-
ferential effects (if any) of CEE on other
NTPase activities of myosin B. The results
(Kig. 7) show that dialysis against CEE ac-
celerates the rate of hydrolysis of CTP and
ATP, but inhibits the rate of hydrolysis of
ITP and of GTP. Thus treatment of myosin
B with CEE is similar in its effects to treat-
ment. of myosin B with concentrations of
PCMB up to about 0.04 umole/mg.
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Fia. 6. Effect of different univalent ecations
upon the shape of the ATPase and ITPase vs.
PCMB activity curves of myosin B. Solid lines are
for ATP and dashed lines are for I'TP. The experi-
ments with K+, Na*, Li*, and NH," were done
when the myosin was 1, 5, 13, and 15 days old, re-
spectively. Activities were measured at 0.6 M
KCI, 5 X 1073 M Ca**, 0.05 M Tris, pH 7.5, and at
25.5°C.

Errrcr or Zxtt aAxp or Cptt ON THE
ATPasE anp ITPAsSE AcCTIVITY OF
Mrosix A

Gilmour and Griffiths (26) observed that
about 2 X 1075 M Zn*+ slightly accelerated
the ATPase activity of myosin A in 0.1 M
KCI at 25°C., but inhibited at 0°C. A slight
activation is also found at 0.3 M KCI, but
the same concentration of Znt+ which gives
a small increase in ATPase activity causes
considerable inhibition of ITPase activity
(Fig. 8).

Since mercurial compounds and Zntt dif-
ferentially alter the NTPase activities of
myosin, Cd*++, also a member of Group 1IB
of the periodic table and known to bind
tightly to —SH groups, was tested for its
effect on the ATPase and I'TPase activity of
myosin A. As can be seen in Fig. 8 it be-
haves almost identically to Zn*+.
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TABLE III

ErreEct oF PCMB ox K(NTP) 1N THE PRESENCE

oF SEVERAL DIiFrERENT UNIVALENT CATIONS

The units of K are liters/mmole. Total salt
concentration was 0.6 M. The results on GTP,
CTP, and UTP in KCl solution are on one prepara-
tion of myosin B (aged 24, 25, and 28 days, respec-
tively). All the other data are from a different
preparation of myosin B, aged 2, 5-8, and 14-15
days, respectively, for the experiments in KCI,
NaCl, and LiCl or NH,Cl. A plus () sign means
the presence of 0.042 umole PCMB/mg. myosin B.

KCl ! NaCl ! LiCl NH:C1
+ 3.0 6.8 ’ 9.1 1.5
ATP — 71.5 256.0 355.0 73.6
+ 1.5 57 | — —
CTP
— 15.3 16.2 — e
+ 2.3 2.6 1.6 4.2
ITP ~ 1.2 3.2 1.6 10.5
+ 1.8 5.1 — -—
GTP
— 1.3 1.2 — —
A i ] I I I
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F1G. 7. Effect of CEE dialysis on NTPase ac-

tivities of myosin B. A 2-day-old preparation was

dialyzed against 5 X 107t M/ CEL in standard

buffer. Samples were removed at the indicated

times, and their activities were measured in stand-
ard buffer.

BLUM

INTERRELATIONS BETWEEN ATPASE
ACTIVATORS

Under appropriate conditions, PCMB,
CEL, EDTA, DNP, and Zn*t all activate
the ATPase activity of myosin A and myo-
sin B. In the combinations so far tried
[DNP-EDTA (2); PCMB-EDTA (22);
DNP-PCMB (7, 26);® Zn*+-DNP (26)], the
addition of the second activator always
causes an inhibition of the activity obtained
in the presence of the first activator alone.
When PCMB is added to myosin B that has
been dialyzed against CEE, one observes in-
stead of the usual activation by PCMB a
pronounced inhibition (Fig. 9). When Cd*+
is added to myosin A already activated by
PCMB, the Cdt+ rapidly inhibits the ATP-
ase activity (Ifig. 10). Similarly, the addi-
tion of Zn™ to myosin A already activated
by Cdt* causes an inhibition (Fig. 10). At
low temperatures, similarly to Zn*+ (26),
Cd** also inhibits ATPase.

IirrecTs oF NTP on THERMAL
DevaTUrATION OoF Mryosin B

The interaction of myosin with its sub-
strate has consequences not only on the hy-
drolytic stability of the substrate molecules
but also on the thermal stability of the en-
zyme molecule. Ljubimova and Engelhardt
(27) and Ouellet et al. (28) reported that
ATP protected myosin B against thermal
denaturation. We have confirmed this ob-
servation and, in addition, find that whereas
CTP is nearly as potent as ATP in conferring
protection against thermal denaturation,
both ITP and GTP are much less effective
(Ifig. 11). UTP is slightly more effective than
ITP or GTP. When myosin B is heated with
ADP there is also a considerable protection
against thermal denaturation. The observed
protection could not be due to small amounts
of ATP synthesized during the experiment
by myokinase, since a control with the maxi-
mum amount of ATP that could have been
present (had there been no ATPase activity)
denatured almost as fast as a control con-
taining neither ADP nor ATP (Table IV).
Neither DNP, EDTA, substitution of Mgt
for Catt, nor changing the KCI from 0.3 to

3 The mercurial that Greville and Needham (7)
actually used was phenylmercuric acetate.
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Fia. 8. Effect of Zn** and of Cdtt on ATPase and I'TPase activity. Activity measurements were made
under standard conditions on a 7-day-old preparation of myosin A for the experiments with Zn™ and on
a different 3-day-old myosin A for the experiments with Cd*t. Dashed lines refer to I'TP, solid lines refer
to ATP. SBolid symbols refer to Zn**, open symbols to Cd*+,

0.03 M had an appreciable effect on the rate
of denaturation of myosin B at 37°C.

Errecr or PCMB axp CEE ox THERMAL
DeNaTURATION OF Mryosin B

Since the interaction of ATPY and CTP
with myosin involves —SH groups and sta-
bilizes the enzymic site with respect to ther-
mal inactivation, 1t was of interest to study
the effect of PCMB and of CEF on the ther-
mal denaturation of myosin.

When myosin B is heated in the presence
of PCMB, it is found that there is little
change in k7, the apparent first-order rate
constant of denaturation, until the PCMB
concentration approaches a value which
gives maximal ATPase activity (Fig. 12).
Small increments in PCMB then cause very
large inereases in the apparent rate of de-
naturation. In the presence of ATP, the
value of k&7 at each concentration of PCMB
s smaller than the value of k47 for the con-

trol containing the same concentration of
PCMB but no ATP. Thus the protection
conferred by ATP is maintained even during
the apparent sensitization to thermal dena-
turation caused by PCMB. It seemed diffi-
cult to reconeile these two ohservations un-
til it was realized that, although the loss of
activity during heating in the presence of
PCMB obeyed first-order kineties and,
henee, seemed to be the same as a thermal
denaturation, it was possible that the loss of
activity could reflect a first-order reaction
with PCMB. If so, it would probably be re-
versed by dialysis against CEE. In an ex-
periment designed to test the reversibility of
this apparent denaturation, 1t was found
(Table V) that dialysis against CEE could
inerease the activity of the “denatured” en-
zyme by almost 200 times, restoring the ac-
tivity to a level intermediate between the
two control values. Hence, the rapid loss of
activity observed at concentrations of
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F1c. 9. Effect of PCMB on myosin treated with
CEE. A solution containing 3.1 mg./ml. of a 24-
day-old myosin B was prepared. Half of it was
dialyzed against standard buffer for about 80 hr.
The other half was dialyzed against standard
buffer containing 5 X 10~¢ M CEE for 65 hr. and
then against buffer for about 15 hr. The activities
of both proteins were then measured in standard
buffer at the concentrations of PCMB shown.

PCMB just above those required for peak
ATPase activity (Flig. 12) are caused by the
reaction of an —SH group(s) with PCMB.
An attempt was made to analyze the ki-
netics of the reaction between myosin and
PCMB at 37° using a treatment similar to
that of Van Eys, Ciotti, and Kaplan (29),
who studied the protection afforded by cer-
tain substrate analogs against the thermal
denaturation of yeast alecohol dehydrogenase.
The following assumptions were made: (a)
The enzyme (total concentration at time ¢
is E¢) can react with n molecules of PCMB,
this reaction having an equilibrium constant
K. (b) Complexes of enzyme with n-1, n-2,
ete. molecules of PCMB are ignored. (c)
Free enzyme (concentration [K]) loses ATP-
ase activity by thermal denaturation with a
first-order rate constant k.. (d) Enzyme
complexed with n molecules of PCMB (con-
centration [E.nPCMB]) loses activity by
thermal denaturation (first-order rate con-
stant %'¢) and also by a first-order reaction
with all » of the bound PCMB molecules
(rate constant k). These assumptions are
formulated in the following equations:

BLUM

E 4 2PCMB = E.nPCMB;

i« _ [E.nPCMB]
[E] [PCMB]"

[Eo] = [E] + [E.nPCMB] 2)
d[Eo)/dt = —Fk L]
— (4 + k)[E.nPCMB] (3)

(1)

If we now define the relative rate of loss of
activity, RR, as the ratio of the experi-
mentally obtained first-order denaturation
constant for any [PCMB] to the first-order
constant obtained without PCMB, then the
following relation can be obtained from Eqs.

(1)-(3).

1 —1
(ﬁﬁ - 1) R T X —
ka

" (ki ¥ K4 = ko) K [PCMBJ*

Thus a plot of (1/RR — 1) against 1/
[PCMB]" should give a straight line of neg-
ative slope and (since ki and/or k'q are ex-
perimentally greater than kq) a negative in-
tercept of absolute numerical value greater
than unity. When the data shown in Fig. 12
are plotted in this way (Fig. 13), a straight
line of negative slope is obtained. If n is
chosen as 1 or 2, the intercept is positive. If
n is chosen as 3 (Fig. 13), the intercept is
probably negative, but less than unity. The
data are not accurate enough to permit a
reasonable graph to be drawn for n = 4. A
possible interpretation of these findings is
that about three —SH groups on the myosin
B react with PCMB at 37° to cause a loss
of ATPase activity (this assumes that the
intercept is not significantly different from
—1). However, it is also possible that Eq.
(4) is fortuitously homeomorphic to an equa-
tion which would be derived from some other
kinetic scheme.

The effect of CEE on the thermal dena-
turation of myosin was examined in several
preparations of myosin. It can be seen (Ta-
ble VI) that myosin that has been dialyzed
against CEE is less stable with respect to
thermal denaturation than a control. It is
worth noting that myosin A preparations in

a4 ks
(4)
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Fre. 10. Interaction between two pairs of activators of myosin ATPase. The curve with open circles
shows the effect of varying coneentrations of Zn*™ on myosin activated by a fixed (1073 M) concentra-
tion of Cd**; the curve with open squares shows the effect of varying concentrations of Cd** on myosin
activated by a fixed (0.061 umole/mg.) concentration of PCMB. The fixed concentrations of Cd*+ or of
PCMB were chosen to give nearly maximal activation. Solid symbols (placed slightly to the left of the
ordinate for convenience) are the activities in the absence of any activator. The data on the dashed line
part of the Cd**-PCMB curve are from experiments in which the ATPase activity decreased with time.
The maximum rate is plotted here, and the arrows indicate that the true rate may be much smaller. Ac-
tivities were measured in standard butfer on a myosin A preparation that was 9 days old for the Zn**-
Cd++ experiment and 14 days old for the Cd**-PCMB experiment,

general are more thermolabile than are prep-
arations of myosin B (Table VI).

ErreEct oF TEMPERATURE oON NTPask
AcTiviTY OF MYOSIN

The consistently different pattern of hy-
drolytic activities of myosin toward ATP-
CTP as opposed to ITP-GTP and the dif-
ferences between these substrates in their
ability to protect the enzymeagainst thermal
denaturation suggested that the protein
might undergo a conformation change when
reacting with a substrate having an amino
group at position six of the purine or pyrimi-

dine ring. If there were any conformation
changes in the enzyme caused by interaction
with one type of substrate, one might expect
considerable differences in the effects of tem-
perature on K and on V. The absolute reac-
tion rate theory pertinent to an analysis of
the variation of K and of V with tempera-
ture is well known and may be found, e.g., in
the paper by Ouellet et al. (28), who first
applied this type of analysis to the myosin
B-ATPase system. We shall, therefore, only
summarize the meanings of the thermodyna-
mic quantities obtainable.

If k> k., then K is essentially an
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¥ia. 11, Effect of geveral N'TP on the thermal
denaturation of myosin B. FExperiments on two
different preparations of myosin B are combined
in this figure. The solid lines refer to an experi-
ment on a 24-day-old preparation. During the
heating at 37.2°C., the myosin concentration was
0.443 mg./mw!, and the initial ATP and I'TP concen-
trations were 3.0 X 107% M in standard buffer. At
the indicated times, $-ml. samples were withdrawn
and rapidly pipetted into test tubes partially im-
mersed in ice. These samples were then transferred
to separate dialysis sacks and dialyzed against a
total of 1500 ml. cold buffer for 42 hr. Two milli-
liters of dialyzed myosin was then taken from each
dialysis suck and mixed with 10 ml. of 1.2 X 107 M
ATP, and the activity was measured at 25.5°C.
The values of kg7, the first-order denaturation
constant obtained from the slope of the linesg, were:
control, 4.36 X 1074 sec.”1; ATP,0.31 X 107 gec. ™,
and I'TP, 2.41 X 1074 sec.” !. The dotted lines refer
to a similar experiment on a 3-day -old preparation.
The concentration of myosin BB during heating was
1.39 mg./ml.; and 5.0 X 10+ M Mg*"* was present
instead of 5.0 X 1073 M Ca’ . The values of k7
were: control, 1.08 X 104 xec.”'; CTP, 0.61 X 1074
see. 1 TP, 3.70 X 1074 see .

equilibrium constant, and a plot of In K
against 1/7 is hnear with a slope propor-
tional to the heat of formation (AH) of the
enzyme—substrate compound. A knowledge
of AH and of K at any particular tempera-
ture then permits calculation of AS, the en-
tropy change caused by formation of the
enzyme—substrate compound. If £y ~ k.,
the graph may ot be linear, and, if it is, the
values of AH and AS may have no simple
thermodynamic meanings. If Fy < ky then
a plot of In kK against 1/7" gives entropy
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TABLE 1V
Errecrs or ATP axp ADP ox Tur Rarte or
DexaturaTioN or Myosiy at 37°C.

The table presents the first-order constants for
the denaturation of a 19-dayv-old preparation of
myosin B heated at a coneentration of 0.15 mg./
ml. in o buffer consisting of 0.3 W KCl, 0.05 Tris,
50 X 10 3 3 Ca™ at pH 7.5. Samples were taken
from the system with ADP before and after heat-
ing, and the inerease in amount of orthophosphate
was measured and found te be 2.7 X 1079 moles
P/1. in 2000 sec.

Substrate ‘ kg8t X 1071 sect
Control 4.92
ATP, 3 X 1078 0.46
ADP, 3 X 103 W 3.32
ATP,3 X 107° W 4.10

and enthalpy values pertaining to the rate
constant &y . From a plot of In 17 againsg
1/, the enthalpy and entropy of formation
of the aetivated complex, AH . and AS, i, re-
spectively, are obtained. Approximate values
of AH, AS, AH.], and ASe] were computed
from the data shown in Figs. 14 and 15, and
are presented in Table VII. The entropies
(and hence the free energies) were computed
for 25°C., If K for both ATP-C'TP and for
ITP-GTP is an equilibrium constant, then
it is elear that, although ATP and CTP bind
endothermically, ITP and GTP bind exo-
thermically. Henee, the structure of the
purine or pyrimidine part of the NTP mole-
cule is @ major factor in determining the
binding of the NTP to the enzyme, and it
may not be correet to interpret the endo-
thermic value of AH for ATP as due 1o a
charge repulsion between ATP and the en-
Zzvmie site (28, 30).

Although the over-all free energy of for-
mation of the activated complex (AF.f, com-
puted as AH» — TAS:1) is about 17 keal./
mole for all four N'TP, it is evident (Table
VIT) that the mode of attaimment of the ac-
tivated state 1s quite different for the two
types of NTP. For ATP and CTP, AS.f is
negative; while for ITP and GTP, a8, is
positive. The large difference between the
values of AS,] (about 60 keal.,/mole deg.)
for the two elasses of substrate can only be
due to a difference in the interaction of the
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F1e. 12. Effect of PCMB on the apparent rate
of denaturation of myosin B. The titration of the
—SH groups (@) and the effect of PCMB on the
ATPase activity (O), measured in micromoles
P/sec. g., were done when this preparation of
myosin B was 2 days old. The values of k; (0J),
measured in units of see.”1, were obtained by heat-
ing a solution containing 0.684 mg./ml. of 7-day-
old myosin and the indicated amount of PCMB at
37°. Two-milliliter samples were withdrawn at
known times and were added to 10 ml. of 1.2 X
103 M ATP at room temperature, and the ATPase
activity was measured at 25.5°C. The logarithm
of the ATPase activity was plotted against the
time for each concentration of PCMB, and ks was
computed from the slope of the lines so obtained.
To correct for the change in —SH group content
during the 5 days that elapsed between the meas-
urement of the ATPase vs. PCMB curve and the
k4% vs. PCMB curve, the abseissas for each meas-
urement of ¥;4 were multiplied by 1.14 (see Fig. 2)
before they were plotted on this graph. Standard
buffer was used throughout.

purine or pyrimidine ring with the protein;
this suggests that the configuration of the
protein at or near the enzyme site is different
for the two classes of NTP.

DISCUSSION

We have previously (1, 2) emphasized the
importance of the amino group of ATP in
the interaction between this molecule and
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TABLE V

ErrecT oF CEE on ATPasE AcTIvITY OF MYOSIN
“DENATURED”’ BY HEATING IN THE
PreseEnce or PCMB

The concentration of myosin A (9 days’ old)
during heating was 0.200 mg./ml. All activities
were measured at 25°C. in standard buffer and are
in units of micromoles P/sec. g.

Micromoles PCMB/mg.
myosin
0.079 None
Activity
Before heating 0.34 4.6
After 700 sec. at 37° <0.03 3.2
After 66 hr. dialysis 5.5 9.1
against 5 X 10 M CEE

0.1 0.2 03 0.4 05
°y [0-23
{mg. myo/mole PCMB)X 10

F1c. 13. This graph results from the applica-
tion of Eq. (4) to the data presented in Fig. 9. For
further details see text.

TABLE VI

Errect oF CEE DiaLysis oN RATE or THERMAL
DENATURATION OF MYOSIN

Each preparation was dialyzed against 5 X
104 M CEE in standard buffer for about 60 hr.
and then dialyzed against buffer for at least 6
hr. The concentrations of myosin during heating
were 0.584, 0.124, and 0.603 mg./ml. for Prepns. 1,
2, and 3, respectively. ATPase activity was meas-
ured in standard buffer.

. 1.20 da; 2.25 di 3.14 d;
Preparation Myosinyli ‘ Myosi:ylg Myosizyli
kgd" X 1074 (see.™1)
Control 6.77 3.64 7.86
CEE 9.92 5.13 9.84
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F1a. 14. Variation of the reciprocal Michaelis-
Menten constant with temperature. The experi-
ments were done on myosin B in a buffer contain-
ing 0.6 M KCI, 5 X 10 M Ca'tt, 0.05 M Tris at
pH 7.5. The NTP concentrations ranged from
about 2 X 1073 M to 5 X 108 M. The myosin and
the NTP solutions were preincubated for 200 sec.
at the temperature of the experiment and were
then mixed and the reaction rate was measured.
All rates were corrected for the loss due to thermal
inactivation during the 200-sec. preincubation,
using the experimentally obtained values of ks =
2.34 X 107 sec.™, 1.20 X 107¢ sec.™!, and 0.25 X
10~* sec.™! for 34.4°, 31.9°, and 28.0°C., respec-
tively. The age of the myosin is shown in the
legend to Table VII. Units of K are liters/mole.

the enzyme. The differences between ATP-
CTP and ITP-GTP, as reflected in their
changing sequences of K and of V, were as-
sumed to be due to a difference in the de-
gree of binding of the purine or pyrimidine
ring to the site and to a consequent differ-
ence in the rate of desorption of split NDP.
It was also assumed that the P—O—P bond
cleavage step per se was the same for all
the NTP, and that the differential effects
of Mgtt, EDTA, and DNP were due to
changes that these substances caused in the
degree of interaction of the amino group
with the site. The pattern of differences in

Fic. 15. Variation of the maximum veloeity of
hydrolysis with temperature. See legend to Fig. 14.

TABLE VII

SuMMaRY oF ENTROPIES AND ENTHALPIES
PERTAINING TO THE HYDROLYSIS
or NTP BY Myosin B

The entropy and enthalpy values were com-
puted from the data shown in Figs. 14 and 15. The
values indicated with an asterisk are from the
work of Ouellet et al. (28) and refer to 0.6 M XCl,
103 M Ca**, pH 7.0. The value of AS:} obtained
by Ouellet et al. has been recomputed for an en-
zyme molecular weight of 420,000 to make it com-
parable to the other values of AS,} shown in this
table.

Substrate nf;‘,gs‘i’fl AH | AS | aHt | asst | ARt
cal./ cal./

days | Sl | mole | S0 | mole |
ATP 9-10 26 112 6 —37 17
CTP 21-22 4 39 9 —29 18
ITP 15-16| —15 | —23 | 26 33 16
GTP 17-18 —9 -3 |24 26 16
ATP* — 8 49 | 12.4 | —15.3| 17

behavior of myosin with respect to the two
classes of substrates is summarized in Ta-
ble VIII. The most satisfactory hypothesis
to explain these differences is to assume that
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TABLE VIII
ErrecTs oF VARIOUS TREATMENTS ON THE MYOSIN-N'TPASE SysTEM
These effects refer to a system of myosin in standard buffer at 25°C. UTP is always intermediate
between ATP-CTP and ITP-GTP at this high salt concentration. Some of these effects change at low
salt coneentrations and at low temperature. Thus PCMB (26), Zn** (26), DNP (26), and Cd* inhibit
the splitting of ATP at 0° in concentrations which cause acceleration at 25°. UTP is hydrolyzed faster
than the other NTP in the presence of Ca*™ at low ionie strength (3), and EDTA inhibits all the NTP-

ase activities at low ionic strength (40).

Substrate

Reagent

ATP-CTP

ITP-GTP

PCMB, Znt**, Cd*+

Low concentrations accelerate,
high concentrations inhibit

Only inhibition

CEE Acceleration Inhibition

Mgt+ Strong inhibition Slight acceleration
DNP Acceleration No effect

EDTA Acceleration Inhibition

Heating at 37° Large protection Small protection
Temperature K increases with T K decreases with T

ATP and CTP induce a conformation change
in the neighborhood of the enzymic site. In a
sense, then, the enzyme that hydrolyzes ATP
and CTP is not quite the same as the en-
zyme that hydrolyzes ITP and GTP. When
myosin hydrolyzes ITP and GTP, it appears
to be a “simpler” enzyme. Thus —SH re-
agents like PCMB, CEE, Cd**, and Zn*t
inhibit it, Catt and Mg*+ accelerate the
hydrolytic rate in a manner analogous to
their behavior on the non-enzymic rate of
hydrolysis of the NTP (2), and DNP has
no effect. When myosin hydrolyzes ATP and
CTP, however, a different activated complex
seems to be formed (Table VII), in which,
judging from the unusual effects of PCMB,
CEE, Cd*t, and Zn*t, there has been a
change in the conformation of the site and,
in particular, of the configuration of the
—S8H groups. Gilmour and Griffiths (26) in-
terpreted their data on the effects of Zntt,
DNP, PCMB, and EDTA on myosin A
ATPase at 0° and at 25° in terms of changes
of polymerization—aggregation reactions of
the myosin. They emphasized that such
changes in physical state could change the
accessibility of important —SH groups. Con-
currently with the present work, Levy,
Sharon, and Koshland (31) studied the ef-
fects of temperature on the myosin A ATP-
ase-DNP system in the presence of Catt or

Mgt+ and postulated that myosin can exist
in two forms which have different conforma-
tions at the active site, ATP stabilizing one
form and DNP preventing this stabilization.
Guthe and Brown (32) have also suggested
that myosin B can exist in two configura-
tions, the active configuration being sta-
bilized by high pressures.

Although the postulated conformation
change helps clarify the differential effects
of CEE, PCMB, EDTA, Zn*+, Cdtt, and
DNP on the rates of hydrolysis of the two
classes of N'TP, it does not explain the effects
of any of these substances individually nor
does it give any indication of the structure of
the site. The observation (Table IT and Figs.
5 and 6) that the shape of the PCMB-NTP-
ase curve is invariant to changes in ionic
conditions suggests that some of the —SH
groups are concerned in adjusting the over-
all conformation of the site and do not exert a
direct influence on the rate of lysis of the
P—O—P bond. Presumably, concentrations
of PCMB up to about 0.04 pmole/mg. pro-
gressively prevent the conformation change
usually brought about by ATP and CTP, so
that these substrates then have values of K
comparable to the values of K for ITP and
GTP (Fig. 3 and Table 111). Higher coneen-
trations of PCMB appear to fix the protein
in some inactive conformation. CEE be-
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haves like PCMB with respect to the groups
involved in the NTP-dependent conforma-
tion change, but apparently cannot react
with the —SH group(s) associated with the
loss of enzymic activity. Another observation
which may have some bearing on the struc-
ture of the site is that in all pairs so far
tested, the addition of any of these activa-
tors to a myosin—-NTPase system containing
any other of these activators causes only an
inhibition. This cannot be explained on the
basis of competitive binding for activating
sites and probably reflects some important
property of the enzyme which might not be
unrelated to the invariance of the N'TPase
vs. PCMB activity curve. Further work will
be necessary to gain insight into the signifi-
cance of interactions between the various ac-
tivators.

We have so far discussed the effects of all
these reagents as if they acted exclusively on
—SH groups. 1t is clear that this is not neces-
sarily the case, since EDTA and DNP may
not interact with —SH groups at all, while
the metal ions undoubtedly react with histi-
dine residues (33) as well as with —SII
groups. The emphasis placed here on the role
of the —SH groups is not meant to exclude
the participation of other groups in the
postulated conformation change.

The change in the properties of the —SH
groups undoubtedly has significance for the
interaction between myosin and actin, as
has been emphasized by Bailey and Perry
(21). The importance of the conformation
change for the involvement of the —SH
groups in the contraction of the psoas fiber
model is evident from the ability of Cd+,
Znt+, PCMB, and CEE (34, 35) to cause
the relaxation of fibers in the presence of
Mg+t and ATP, and from the ability of vari-
ous other —SH reagents to prevent shorten-
ing (36). It is interesting to note that the
myonemes of Vorticella, which contract upon
the addition of Cat+, are relaxed by ATP
but not by ITP (37). Hoffmann-Berling (37)
has shown that although salyrgan (a mer-
curical —SH reagent) does not affect the
Catt-induced contraction of the myonemal
model, it can interfere with the ability of
ATP to cause relaxation. Thus in this system
also there seems to be an important interre-
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lation between the amino group of ATP and
~—SH groups on the contractile protein.

The change in configuration of the —SH
groups may also be of importance in an un-
derstanding of the initial burst of ATPase
activity characteristic of myosin (38). Tono-
mura and Kitagawa (39) have pointed out
that gross physical changes do not appear to
be involved in the initial burst of activity,
but a change in configuration at the site
could easily escape detection in light-scat-
tering or viscosity experiments.
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NOTE ADDED AFTER MANUSCRIPT
WAS COMPLETE

We have now found that cupric ion (Cu*t) is
comparable to PCMB in its effects on myosin, i.e.,
low concentrations accelerate and high concentra-
tions inhibit ATPase activity, while ITPase ac-
tivity is inhibited at all concentrations.
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