cell type which is sufficiently modified
to be considered smooth muscle.

With respect to sperm transport, it
is generally assumed that the mature,
nonmotile spermatozoa are carried
along the seminiferous tubules simply
by the flow of fluid which is constantly
being absorbed into the lumen (Z0). The
presence of smooth muscle cells sug-
gests that the movement of the tubule
contents may not be simply a passive
phenomenon, but may also be, in part,
an active process involving the peri-
tubular cells.

MicHAEL H. Ross
Department of Anatomy,
New York University School of
Medicine, New York
IrL R. LoNG
Southern Food and Drug Research Co.
Montgomery, Alabama
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Protein and Nucleic Acid Synthesis In Escherichia Coli:

Pressure and Temperature Effects

Abstract. The incorporation of glycine-C4, leucine-C'4, and adenine-C'* into
the respective protein and nucleic acid fractions of Escherichia coli K-12 is
markedly affected by application of moderately high hydrostatic pressure. Pres-
sure application may result in either stimulation or inhibition of incorporation

depending on the temperature.

The disruptive but reversible effect
of high hydrostatic pressure on the
integrity of intracellular gel structures
has been well documented (). In bac-
teria, pressure effects on enzyme activ-
ity (2), growth (3, 4), cell-wall syn-
thesis (5), and virus replication (6, 7)
have been investigated. Little is known,
however, about the effects of pressure
on protein and nucleic acid synthesis.
Zimmerman (8) reported that DNA
sythesis in sea urchin eggs is not af-
fected at pressures up to 5000 pounds
per square inch (psi; 1 psi is equal to
0.068 atm), and Pollard and Weller
(9) have reported pressure effects on
induced enzyme synthesis in Esche-
richia coli. T now report the effect of
pressure and temperature variations on
the synthesis of protein :and nucleic
acid in E. coli.

Cultures of E. coli K-12 were grown
to a cell density of 2.6 X 108 per
milliliter. A portion (approximately 12
ml) of the suspension was transferred
to the upper compartment of a mixing-
type pressure chamber (10). The lower
compartment contained an equal vol-
ume of nutrient broth containing C!4-
labeled leucine, glycine, or adenine.
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The appropriate pressure was applied,
and the contents of the two compart-
ments were mixed. The pressure was
released after a stipulated period of
time and 20 ml of the cell suspension
was placed in 2 ml of cold 50 percent
trichloroacetic acid. This procedure
took about 40 seconds. The protein
and nucleic acid fractions were then
isolated (11). The radioactivity is re-
corded in counts per minute per iden-
tical sample.

Temperature control was maintained
by immersing the chambers in a water
bath controlled by a direct-reading
thermistor. Each pressure sample had
its individual atmospheric control.

The radioactive amino acids used
were leucine-1-C1* and glycine-1-C14
(specific activity 100 uc/mg). These
were diluted for use in the chamber
by addition of sufficient nutrient broth
to yield a final radioactivity of 0.4
pc/ml. The adenine-C'* (specific activ-
ity 0.01 mc/mg) was similarly diluted
to 0.2 uc/ml.

Counts were made on quadruplicate
plates to test the possible effect of pres-
sure on the viability of the cells. Only
application of 10,000 psi (the maxi-

mum pressure used) for 25 minutes
(the maximum time period) resulted
in a change in viable count, and this
amounted to a decrease of 5 to 8 per-
cent. Utilizing media other than nutri-
ent broth, other workers (6) have re-
ported a greater loss in viability under
these conditions of pressure, tempera-
ture, and time. The nutrient broth
seemed to have a protective influence
and was therefore routinely used in
these experiments.

The effect of pressure on the incor-
poration of glycine into protein is
shown in Fig. 1. At 6,000 psi and
37°C, incorporation is identical to that
of controls at atmospheric pressure; at
higher pressures there is an inhibition,
and at lower pressure a marked stimu-
lation occurs. The stimulatory effect of
4000 psi, and similarly the inhibitory
effect of 80G0 psi, occurs within the
first 5 to 10 minutes of the application
of pressure. After this period, the rates
are identical with that of the control.
In several experiments, pressure was re-
leased after 10 minutes at 4000 psi,
and samples were taken at successive 5-
minute intervals. The resultant incorpo-
ration curve was identical to the one
shown where 4000 psi was maintained
over the full period of the experiment.
At 10,000 psi, after a small initial up-
take, almost complete inhibition occurs.

It has been shown that a pressure of
10,000 psi effectively prevents division
of E. coli and that release of pressure
is followed by an extended lag period
prior to resumption of the division
process (4). At this pressure, protein
synthesis is almost completely inhibited,
and the question arose whether release

Radioactivity (102 count/min)

1 T 1 1 ]

10

Time (min)
Fig. 1. Pressure effects on glycine-C* in-
corporation into protein at 37°C. A, 4000

psi; B, 6000 psi and 15 psi; C, 8000 psi;
D, 10,000 psi.
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of pressure would result in a similar
lag. After protein synthesis is almost
completely inhibited at 10 and 15
minutes subsequent to application of
10,000 psi at 37°C, release of pressure
results in rapid resumption of amino
acid incorporation. In fact, the incor-
poration rate may be somewhat greater
than that found in nonpressurized speci-
mens. Clearly then, the inhibitory ef-

5001
A
400+
< o
£ 300 //
[
S/
= v
= ;7
Z /7
8200+ / /
o O
5 / /
® - /S / B
/ /
L
100 \
Pressure
. released
0 T T T T T
o] 10 20
Time (min)

Fig. 2. The effect of release of inhibiting
pressure (10,000 psi, 37°C) on glycine-C'*
incorporation. Incorporation into protein
resumes rapidly. 4, 15 psi; B, 10,000 psi.
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Fig. 3. Leucine-C" incorporation after 10-
minute incubation as effected by pressure
and temperature variation. A, 4000 psi;
B, 15 psi; C, 6000 psi.

1274

fect of high pressure on protein syn-
thesis is rapidly reversible, and it is
possible that any subsequent lag in di-
vision may be due to an interference
with cell-wall synthesis (5).

The effect of temperature on the in-
corporation of leucine-C% is shown in
Fig. 3. A pressure of 4000 psi stimu-
lates incorporation above 27°C and in-
hibits below this temperature, while
6000 psi has no effect at 37°C and
inhibits at lower temperatures. This
type of pressure-temperature relation-
ship has been shown in bacterial
luminescence (/2) and cardiac-rate
studies (7/3), and is probably indica-
tive of effects on a series of different,
but interrelated, biochemical events.

The incorporation of adenine-C'* in-
to the nucleic acid fraction of the cell
(Fig. 4) is basically the same as that for
amino acid incorporation into protein
with, however, two important differ-
ences. Although at 37°C, 4000 psi
stimulates, 6000 psi has no effect, and
10000 psi inhibits incorporation, the
stimulated rate continues for at least
20 minutes; and the inhibition, while
marked, is never complete. Therefore,
while protein synthesis is completely
inhibited after 20 minutes at 10,000
psi, nucleic acid synthesis is maintained,
although at a greatly reduced rate. Pol-
lard and Weller (9) report a similar
effect and show that the uptake is
chiefly in the synthesis of RNA.

Possibly the effect of pressure is pri-
marily on the active transport of amino
acids, but some experiments on a cell-
free system indicate that direct effects
on protein synthesis mechanisms occur.
There is little doubt that the application
of pressure can play a major role in
the various enzyme-substrate relation-
ships of the living organism. A qualita-
tive, though perhaps over-simplified,
analysis of the opposite effects of the
same pressure at different temperatures
would follow that given for cardiac
rate (13).

In essence, the primary rate-
controlling reaction is postulated to
involve an activated enzyme. A re-
versible thermal inactivation of this
enzyme would begin at about 25° to
27°C. Both the primary reaction and
the enzyme inactivation would be in-
hibited by pressure application, with the
latter displaying a greater sensitivity.
Therefore, the application of 4000 psi
at 37°C would have little repressive
effect on the primary reaction and re-
sult in a stimulation by affording a
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Fig. 4. Adenine-C" incorporation into nu-
cleic acids at various pressures and 37°C.
A, 4000 psi; B, 15 psi; C, 10,000 psi.

greater amount of activated enzyme. On
the other hand, 6000 psi might also
result in a greater enzyme supply, but
it may, in turn, inhibit the primary
reaction to a greater extent, thus yield-
ing no net change in the rate. Although
Pollard and Weller (9) attribute their
results on an induced enzyme system
to the effect of pressure on transcrip-
tion, my data is not sufficient to allow
for a specific interpretation of the site
of the primary pressure effect. The sys-
tem is, however, amenable to further
analysis.

JosePH V. LANDAU
Research Service, VA Hospital,
Department of Medicine,
Albany Medical College,
Albany, N.Y. 12208
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