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When saturated with ATP, sea cucumber myosin hydrolyzes ATP about 15 times
more slowly than rabbit myosin, as expected from the slower contraction time of the
muscle. The Arrhenius plots coincide at low temperatures, but only the rabbit plot
changes slope at higher temperatures. This unexpected change in slope apparently
results from the use of veronal buffer. At high substrate concentrations in veronal
buffer, the enzymatic activities of the two proteins depend identically on calecium ion
and on pH. The two myosing are equally inhibited by pressure at low pH and acti-
vated at high, suggesting that structural features common to the two enzymes are
responsible for pressure sensitivity and its pH dependence.

An earlier paper (1) described the effects of
temperature, pH, and pressure on the ATPase
activity of rabbit myosin. According to
absolute reaction rate theory, these effects
measure the changes that occur when the
enzyme combines with reactants to form an
active intermediate in the catalytic process. If
some myosins differ from the rabbit enzyme
in important structural features, they should
show altered responses. Most likely to be
different are myosins from phylogenetically
distant organisms and the less active en-
zymes from slower muscles (2). As a slowly
moving invertebrate to compare with the
rabbit, the sea cucumber Stichopus moebit
was chosen because it is abundant in Ber-
muda. The morphology of muscles of the
related S. mollis (3) and S. japonicus (4)
has been described.

Although this paper compares the re-
sponses of the two myosins, it also investi-
gates the influence of the assay medium on
the effect of moderate hydrostatic pressure
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(up to 500 atm). The effect changes on sub-
stitution of veronal for Tris buffer or on
addition of millimolar concentrations of
calcium salts. This finding is shown to
reconcile the varied reports of pressure
effects on myosin ATPases found in the
literature (1, 5, 6). Although pressure also
favors polymerization of myosin (7) and
alters several properties of fresh and glye-
erinated muscle (reviewed by Brown (8)),
it is premature to relate these effects to the
enzymes.

METHODS

Myosins. After collection, the Stichopus were
cooled for several hours to reduce the mucus
secreted by handling. The thin layer of longitudi-
nal and circular musecle, scraped from the inside
of the thick connective tissue body wall, was
ground in a mortar with extraction fluid and sand.
During and after the grinding, the tissue stood in
cold Guba-Straub extraction fluid (3 ml/g tissue
of KCl-phosphate, pH 6.2-6.3, ionic strength 0.6)
for about 30 min. Centrifugation then removed
debris, and myosin was precipitated by adding 20
vol of water to the supernate. The myosin pre-
cipitate was packed by centrifugation, redissolved
in 0.6 M KCl, and twice reprecipitated. It was
stored in the cold as the precipitate. In the prepa-
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ration of rabbit myosin, a meat grinder was sub-
stituted for the mortar.

ATP. Four-hundred milligrams of ATP (Na
salt, Pabst) were dissolved in 0.07 M recrystallized
sodium veronal, and 0.07 M acetic acid was added
to reach the desired pH. This solution was then
brought to 100 ml by addition of 0.07 M veronal-
acetate buffer of the desired pH.

Activity. To 2 ml of myosin suspension were
added a small amount (usually 0.1 ml) of 0.1 M
CaCl; and 2 ml of ATP buffer. The pH of the mix-
ture was that of the buffer. Hydrolysis of ATP was
stopped after 30 min by addition of 4 ml of 10%
trichloracetic acid. Preliminary tests showed that
hydrolysis was linear at the concentrations used
for at least 40 min, and dilution kept the activity
low enough so that the enzyme was always satu-
rated with substrate. Two milliliters of the TCA-
stopped mixture were used for determination of
inorganic phosphate (Fiske-SubbaRow), which
was corrected for the inorganic phosphate blank.
Protein concentration was determined by micro-
Kjeldahl.

Pressure. The filled and stoppered test tubes
were placed in pressure cylinders connected to a
gauge and a hydraulic jack. Pressure was main-
tained at 6500 psi (442 atm) for 20 min of the 30-
minute reaction time, and phosphate readings
were corrected for 10 min hydrolysis at atmos-
pheric pressure. Pressure was attained in about
15 sec and released in less than 1 sec.

RESULTS

In all experiments the ATP concentration
was 3.1 mM, so that the measurements
apply to Vimax, the activity of the enzyme
saturated with substrate, and not to the
Michaelis constant. As expected, the myosin
from the slower muscle showed less specific
activity. At pH 8.0, 25°, 2.4 mm CaCl, and
3.1 mM ATP, in 0.07 M veronal-acetate
buffer, a milligram of Stichopus myosin
hydrolyzed 0.023 umole of ATP per minute
and rabbit myosin hydrolyzed 0.34. To
show that the rabbit myosin was not grossly
contaminated with actin, a standard test
for its ATP sensitivity (9) was performed.
The myosin extract showed no change in
viscosity on ATP addition, whereas authen-
tic rabbit myosin B (natural actomyosin
prepared by the usual 18- to 24-hr extrac-
tion with Weber-Edsall solution) showed
the expected 100% sensitivity. The Sti-
chopus myosin was not tested, but it re-
sponded like myosin to the various experi-
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Fic. 1. Dependence of rabbit (O) and Sticho-
pus myosin (@) ATPase activity on added CaCl,
at 25°. Ordinates: Vmex in micromoles inorganic
phosphate per milligram myosin per minute. 3.1
mMm ATP, 0.07 m veronal-acetate, pH 8.0.

mental treatments deseribed below, even
though extracts from some other cold-
blooded animals behave like actomyosin
(10) under other test conditions.

The calcium dependence of Stichopus and
rabbit myosin ATPases was the same (Fig.
1). The -calcium-activated hydrolysis by
the Stichopus protein was completely in-
hibited by equimolar MgCl,, as expected
for a myosin preparation that contains little
actomyosin. Omission of both Ca?t and
Mg?+ reduced the Stichopus activity to
undetectable levels (less than 2% of its
activity with added caleium), the rabbit
myosin to 2%, and rabbit myosin B to
15-20%. The Stichopus extract resembled
myosin more than myosin B.

The two proteins responded differently to
temperature. At pH 8 and 2.4 mm CaCls,
the apparent activation energy for Sticho-
pus myosin was 19-22 keal/mole (@1, 3.4),
or perhaps slightly less at the higher tem-
peratures (Fig. 2). The apparent activation
energy for rabbit myosin was 11-12 keal/
mole (@, 1.7) at high temperature but
approached 19-22 at low, confirming our
previous report. The difference between
these results and the usual single slope of
12 keal/mole for rabbit myosin is aseribed
to the use of veronal as a buffer, as will be
discussed below.

The two proteins respond to pressure in-
distinguishably. Activities were measured at
29° in veronal at several pH, at both at-
mospheric pressure and 442 atm (6500 psi)
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(Fig. 3). The activity ratio for the two en-
zymes varied with temperature, as seen in
Fig. 2, and Figs. 1 and 3 were scaled for 29
and 25° respectively. As the pH increased
from 6.2 to 8.0, the activities of the two
myosins increased in the same way; both
lacked the usual pH 6.4 optimum when
measured in veronal. Pressure slowed the
hydrolysis at pH 6.8, had little effect near
pH 7, and increased it at pH 8.0 by com-
parable factors for the two myosins. This
implies, according to absolute reaction rate
theory, that hydrolysis is accompanied by a
volume decrease at pH 8 but a volume
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Fig. 2. Arrhenius plots for rabbit myosin
ATPase (O, right ordinate) and Stichopus (@,
left ordinate). 3.1 mm ATP, 2.4 mm CaCl,, 0.07 M
veronal-acetate, pH 8.0.
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increase below pH 7. The apparent volume
changes are the same for the two myosins,
implying structural similarity.

The present pressure results confirm our
earlier report (1). Because other effects have
been reported (5, 6), tests were performed
using other assay media (Table I). If Tris
or HEPES buffer was substituted for vero-
nal, pressure activated myosin ATPase at
pH 7 to the same extent as reported in (5).
Our earlier paper reported that pressure
activation was independent of the concen-
trations of added calcium, provided it was in
the millimolar range, but that omission of
calcium decreased it. Others have reported (6)
that pressure does not affect myosin A with-
out added caleium, but the present prepara-
tion was too inactive without caleium to meas-
ure a pressure effect. Not adding calcium
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Fi6. 3. Dependence of rabbit (O, O) and
Stichopus (@, ) myosin ATPase on pH at at-
mospheric pressure (squares) 6500 psi (circles).
3.1 mm ATP, 2.44 mm CaCl, 0.07 M veronal-acetate,
29°,

TABLE I

RaBBIT ATPase AT 550 ATMOSPHERES IN PERCENTAGE OF ATMOSPHERIC ACTIVITY
(30°, 5 mm ATP, pH 7)

Concentration of

Preparation Buffer added calcium ATPase Literature values
Myosin A 0.07 m Veronal-acetate 4 mm 110%

Myosin A 0.10 m Tris-maleate 4 171 200%, (5)
Myosin A 0.10 » Na-HEPES 4 179

Myosin B 0.05 M Tris-Cl 4 97

Myosin B 0.05 M Tris-Cl 0 50 57 (6)
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did modify the response of myosin B (Table
I); pressure had little effect at 4 mm cal-
cium, but strongly inhibited myosin B
ATPase in its absence, in agreement with

(6).
DISCUSSION

The two enzymes obviously differ in
maximal specific activity (Vimax). As Bardny
(2) has shown, ATPase rates generally
parallel the rates of contraction of the
source muscles. Rabbit myosin was pre-
pared from a mixture of fast and slow mus-
cles, and the effective contraction time
should be intermediate. Contraction times
for rabbit muscle are lacking, but in the cat
at 36° they are 27 msec for fast muscle and
75 msec for slow (12). The @, for cat muscle
is 1.5 (13), so that corresponding times at
25° are 40 and 112 msec. The contraction
time for the sea cucumber S. regalis, in the
same genus as S. moebit, is 1300 msec (14),
12-33 times longer than the cat. At 25°
rabbit myosin hydrolyzes ATP 15 times
faster than S. moebiz myosin, in satisfac-
tory agreement.

The two proteins also respond differently
to temperature. At saturating ATP concen-
trations, the Arrhenius plot of V... for
Stichopus myosin is linear, with an appar-
ent activation energy of 19-22 keal/mole.
The rabbit myosin plot has the same slope
as Stichopus only below 15-20°, and its
apparent activation energy falls to 11-12
keal/mole at higher temperatures. Calcium-
activated rabbit myosin ATPase commonly
shows a single constant slope corresponding
to about 12 keal/mole (2, 11, 15-18), as
found here at high temperature. When
modifiers like dinitrophenol, p-chloromer-
curibenzoate, or actin are present, however,
it shows two slopes: 25 keal/mole below
16° and 12 keal/mole above (11). We earlier
interpreted our data as a reversible denatu-
ration of the enzyme (1). With the modifiers,
Levy el al. (11) and Azuma and Tonomura
(16) argued for a temperature-dependent
conformation change, as is also suggested
for some other enzymes with biphasic Ar-
rhenius plots (19-21). Possible schemes for
the action of modifiers on myosin have been
proposed (16, 18, 22). The present results
suggest that some modifier was present, and
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the only unusual feature was the use of
veronal instead of Tris buffer. Apparently
veronal acts on rabbit myosin like other
modifiers. It is curious that Stichopus myo-
sin remains in the low temperature form
even at 30°, but the different responses of
the two proteins show that temperature
affects the rabbit myosin itself and not the
medium.

Although different specific activities and
temperature sensitivities suggest differences
at the active site, pH and calcium ions
affect the two proteins identically. The H*
and Ca?* binding sites must be very similar.
The pH-dependent pressure effect on Viax
is also the same for both myosins, and it
reflects volume changes during the reaction,
according to absolute reaction rate theory.
Pressure inhibits at pH 6.8 (corresponding
to an apparent volume increase of 15 ml/
mole), has little effect at pH 7, and activates
at pH 8.0 (a decrease of 20 ml/mole). The
size and sign of the pressure effect also
depend on other experimental conditions.
The negligible effect of pressure at pH 7 in
veronal becomes a sizable activation (a
decrease of 25-33 ml/mole as in (5)) if Tris
or HEPKES is substituted for veronal, sug-
gesting again that veronal modifies myosin.
Omission of calcium ions from the Tris
medium is also significant, at least for
myosin B; with millimolar calcium pressure
has little effect, but without it, as in the
experiments of Rainford et al. (6), pressure
inhibits the enzymatic activity. These work-
ers also showed that it inhibits superpre-
cipitation.

Pressure sensitivity, like a @y, only char-
acterizes a reaction. It may reflect changes
in hydration or ionization and not in con-
formation. However, a change from activa-
tion to inhibition by pressure, like a change
in the slope of an Arrhenius plot, implies a
significant change in the system. This might
be a change in conformation or hydration
at a flexible active site, or the charge near
the active site might reverse with increasing
pH. Azuma and Tonomura (16) also sug-
gest a pH-dependent conformation change,
based on their temperature-pH experiments.
The pressure effects for the two enzymes are
identical at all pH values studied. This im-
plies that the active sites of the two enzymes
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resemble each other in hydration, charge,
and flexibility.

The suggestion that veronal acts like
other modifiers of myosin needs further
experimental support. The identical effects
of caleium ions, pH, and pressure on the
two ATPases emphasize the similarities
among myosins, whereas the differences in
specific activity and temperature sensitivity
may be ascribed to the phylogenetic sepa-
ration and different speeds of contraction of
the source muscles.
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