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Proline- and threonine-restricted growth caused a three- to fourfold derepres-
sion of the differential rate of synthesis of the prolyl- and threonyl-transfer ri-
bonucleic acid (tRNA) synthetases, respectively. Similarly, there was approxi-
mately a 24-fold derepression in the rate of synthesis of methionyl-tRNA syn-
thetase during methionine restriction. Addition of the respective amino acids
to such derepressed cultures resulted in a repression of synthesis of their cog-
nate synthetases. These results support previous findings and further
strengthen the idea that the formation of aminoacyl-tRNA synthetases is regu-
lated by some mechanism which is mediated by the cognate amino acids.

In previous studies, repression of synthesis
has been reported for six aminoacyl-transfer
ribonucleic acid (tRNA) synthetases (4, 5, 6).
The results of these investigations suggest that
the control of synthesis of these synthetases is
by an amino acid-specific repression process
which resembles that reported for the control
of biosynthesis of the cognate amino acids.
The present study was undertaken to exam-

ine further the question of regulation of ami-
noacyl-tRNA synthetase formation as an effort
to learn whether this regulatory process can be
generally applied to aminoacyl-tRNA synthe-
tase. In this report, we present evidence that
the rates of synthesis of methionyl-, prolyl-,
and threonyl-tRNA synthetases are regulated
by a repression process, which appears to be
mediated by the cognate amino acids.

MATERIALS AND METHODS
Organisms. Three strains of Escherichia coli were

used in this study. Strain AB1048 is a multiple auxo-
troph requiring thiamine, histidine, proline, isoleu-
cine, and valine. Strain AB1132 is a multiple auxo-
troph for the amino acids leucine, isoleucine, histi-
dine, proline, and methionine. Both strains were
obtained from E. Adelberg. Strain CW 7 is a threo-
nine auxotroph maintained in our laboratory.
Media and method of cultivation. The minimal

medium used in this study was the basal salts solu-
tion described by Fraenkel and Neidhardt (2). This
solution was supplemented with 0.2% (NH4)2S04
and 0.4% glucose as nitrogen and carbon sources,
respectively. The amino acids, methionine, proline,

and threonine, were supplied to the cultures at con-
centrations of 10 to 100 ,ug/ml. In some experiments,
these amino acids were made limiting by using 10 to
15 gg of glycyl-DL-amino acid per ml instead of the
respective amino acid. All other required amino acids
were supplied at a final concentration of 100 pg/ml
and were the L-isomers. The deuterium oxide medium
used in this study was prepared and used as de-
scribed by McGinnis and Williams (4). Unless other-
wise noted, the cells were grown aerobically on a
rotary action shaker at 37 C. In each case, the cells
were grown overnight in unrestricted medium and
transferred to medium of the same composition prior
to the initiation of each experiment. For the experi-
ments employing deuterium oxide medium, all ex-
perimental details were as described by McGinnis
and Williams (4). Growth was measured by an in-
crease in optical density at 420 nm with a 1-cm light
path in a Zeiss PMQ II or Hitachi-Perkin-Elmer,
model 101, spectrophotometer.
Preparation of cell extracts. Cells were subject

to sonic treatment with a Biosonik III sonifier as
described by Chrispeels et al. (1). The protein con-
tent was determined colorimetrically by the methods
of Lowry et al. (3).
Enzyme measurement. The activity of the three

aminoacyl-tRNA synthetases was determined by the
14C-labeled amino acid attachment assay system as
described by Chrispeels et al. (1). For each assay,
specific activity was expressed as units per milli-
gram of protein, with one unit being defined as 1
gtmole of amino acid attached to tRNA per hr. For
all differential plots of the results, the rate of syn-
thesis was determined from the slope of the curves.
Measurement of the de novo rate of enzyme

synthesis. All procedures were as described by Wil-
liams and Neidhardt (6).
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Chemicals. Uniformly labeled L-[14C] amino 10 _
acids were obtained from New England Nuclear
Corp., Boston, Mass. K-12 tRNA was purchased
from General Biochemicals Corp., Chagrin Falls, 9_
Ohio. Cesium chloride was obtained from Pierce
Chemical Co., Rockford, Ill., and glycyl-DL-amino
acids were from Mann Research Laboratory, New ,
York.

RESULTS 7/
RSLS Unrestricted Methionine Restricted

Regulation of synthesis of methionyl- a Growth Growth
tRNA synthetase. The cells were grown expo-
nentially in unrestricted medium, washed, and /
then grown with methionine limitation. The I 5_
growth of strain AB1132, a methionine auxo- /
troph, in unrestricted medium and in media v
containing various concentrations of methio- z< 4_
nine is shown in Fig. 1. As can be seen in Fig. /
2, upon the transfer from unrestricted to lim- - _
iting methionine (5 jug/ml), there was an in- /0
crease in the specific activity of methionyl- I
tRNA synthetase from 0.2 to 9.5 units/mg of w 2 _
protein. After this initial increase, the activity /
decreased and was maintained at a level of
approximately 10-fold above the specific ac-
tivity of the unrestricted culture grown with
excess methionine (Fig. 2). In contrast, the 9-3

, < ) ' ~~~~3040 so 60 70 80-
4.0 TIME (min)

FIG. 2. Effect of methionine restriction on the
3 2Opg/mI L-METHIONINE specific activity of methionyl-tRNA synthetase. The

* Opg/mI L-METHIONINE cells were grown exponentially in unrestricted me-
2.0 * 5 ug/m L-METHIONINE dium, washed twice, and at the time indicated byx NO METHIONINE the arrow transferred to two flasks, one of which

contained unrestricted medium and the other methi-
onine-limiting medium (5 ig/ml). Samples were col-

1.0 /> lected and the activity was determined for the unre-
1 0 stricted (0) and methionine-limited (0) cultures.

EQ8/V/
0.6

s/level of this enzyme in the unrestricted culture
a0.6 /ySwas essentially unchanged for the duration of

o X / the experiment (Fig. 2). A differential plot of
0.4 - these results revealed that, during methionine-

restricted growth, the rate of synthesis of
methionyl-tRNA synthetase was about 20-fold
greater than that of the unrestricted culture

0.2 L (Fig. 3).
To ascertain whether the differences in ac-

tivity (Fig. 2) represented a change in the de
novo rate of synthesis of methionyl-tRNA syn-

0 60 120 180 240 300 thetase, a density shift experiment was per-
TIME (min) formed as described above with deuterium

FIG..Eftomhnoxide. The cells were grown in unrestrictedFIG. 1. Effect of methionine restriction on the detru oxemdi,wahdwce ih
growth of E. coli strain AB1132. The cells were deuterium oxide medium, washed twice with
grown exponentially in unrestricted medium, washed water medium, and transferred to methionine-
twice with minimal medium, and transferred to restricted water medium. Figure 4 shows the
flasks containing different amounts of methionine. fractionation, by CsCl centrifugation, of methi-
Growth was determined for cells growing in minimal onyl-tRNA synthetase into heavy (pre-exist-
medium supplemented with 100 jg/ml, 20 jig/ml, 10 ing) and light (newly synthesized) bands in
Atg/ml, 5 ,g/ml, and no methionine. samples taken at zero, 50, and 100% mass in-
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FIG. 3. Effect of methionine restriction on the dif-
ferential rate of formation of methionyl-tRNA syn-
thetase. Experimental conditions are those described
for Fig. 2. The results are expressed as enzyme units
per milliliter of culture as a function of total protein
per milliliter of culture for the unrestricted (0) and
methionine-restricted (0) cultures. The shift oc-
curred at the time indicated by the arrow.

creases after the density shift. The light en-
zyme units present in the culture at 50 and
100% mass increases were approximately two-
fold greater than that predicted from the ap-
parent rate before methionine restriction (Fig.
4, panels B and C). The predicted amount of
enzyme after the density shift is based on the
rate of synthesis before methionine restriction
and an unchanged rate of synthesis after the
transfer to methionine-restricted medium.
However, the amount of heavy enzyme units
present after one mass doubling was less than
the predicted amount, which may have been
due to some type of destructive process or in-
stability, or both, during centrifugation in
CsCl. Despite this observation, it is clear from
these results that the increase in specific ac-
tivity of this synthetase during methionine re-
striction was due to a derepression of the de
novo rate of synthesis of this enzyme (Fig. 4).
These data were further analyzed as described
earlier (4), and a differential plot of the results
shown in Fig. 4 indicates a 2.5-fold increase in
the rate of synthesis of this synthetase during
methionine-restricted growth, as determined
by density labeling (Fig. 5). As a control, a

change in the density of the medium without
manipulation of the methionine supply to the
cells had no effect on the rate of synthesis of
this enzyme.
Regulation of synthesis of prolyl-tRNA

synthetase. Cells of strain AB1048, auxo-
trophic for proline, were grown in unrestricted
medium, washed, and transferred to proline-
limiting medium (15 ,g of glycyl-DL-proline
per ml). As shown in Fig. 6, upon proline re-
striction, there was a 2.5-fold increase in the
specific activity of prolyl-tRNA synthetase.
Proline restriction has no effect on the levels of
valyl- and leucyl-tRNA synthetase activities
(Fig. 6). Addition of proline to the derepressed
(proline-restricted) culture caused a repression
of synthesis of this enzyme (Fig. 6). A differen-
tial plot of the data of Fig. 6 indicates that the
rate of formation of prolyl-tRNA synthetase
was derepressed fourfold above the rate ob-
served for the unrestricted culture (Fig. 7).
Furthermore, proline repressed the differential

~'O 5 10 15 20 25 30
FRACTION NUMBER

FIG. 4. Banding in CsCI gradients of methionyl-
tRNA synthetase of strain AB1132, grown with me-
thionine limitation after a shift from deuterium
oxide to water medium. The three panels showing
banding of enzyme in sample A (801% deuterium
oxide), B (50% mass increase), and C (100% mass
increase) after the shift to water medium. The ac-
tivity of each fraction is shown as counts per minute
of L-(14C) methionine attached to tRNA under
standard assay conditions; p represents the density
of the gradients, the bottom of which is to the left of
the figure.
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FIG. 5. Differential rate of formation of methi-
onyl-tRNA synthetase as determined by density
labeling. These results are calculated from the rates
of synthesis measured in Fig. 4. The data are ex-

pressed as total enzyme units per milliliter of cul-
ture as a function of total protein per milliliter of
culture. The shift from deuterium oxide-unrestricted
medium to water-methionine limitation occurred at
the time indicated by the arrow.

rate of formation of this enzyme (Fig. 7). Ma-
nipulation of the proline supply to the cells
had no effect on the differential rate of forma-
tion of the valyl-tRNA synthetase (Fig. 7).
To examine further the synthesis of prolyl-

tRNA synthetase, a density shift experiment
was performed with deuterium oxide-water as
described above. The cells were grown in unre-
stricted deuterium oxide medium, washed
twice with water medium, and transferred to
water medium containing 5 ,ug of glycyl-DL-
proline per ml and to another flask of the same
medium supplemented with 15 ,ug of glycyl-DL-
proline per ml. Figure 8 shows the fractiona-
tion, by CsCl centrifugation, of the synthetase
into heavy (pre-existing) and light (newly syn-
thesized) bands. Samples were taken at zero

time, 50% mass increase, and 100% mass in-
crease after the density shift; the enzyme units
(heavy and light) were determined from the
areas under each curve. The results shown in
Fig. 8 indicate that the heavy enzyme units
present after a 50% mass increase in proline-

restricted medium had been reduced to ap-
proximately one-half of the original (zero time)
amount. However, the light enzyme units
present after a 50 and 100% mass increase had
increased three to four times above that pre-
dicted from the rate of synthesis before proline
restriction (Fig. 8). The results also indicate that
the cells grown with 15 Mg of glycyl-DL-proline
per ml exhibited more enzyme units at the 50%
mass increase sample than the cells grown with
5 Mg of glycyl-DL-proline per ml (Fig. 8), The lat-
ter result suggests that a finite amount of proline
is necessary for the in vivo stabilization of the
enzyme activity. The differential rate of for-
mation of prolyl-tRNA synthetase, as deter-
mined by density labeling, was found to be
three- to fourfold greater than the rate of syn-
thesis during unrestricted growth of the cells
(Fig. 9). Significantly, a transfer from heavy to
light medium without proline restriction re-

sulted in a rate of synthesis of this enzyme
proportionate with the rate of synthesis of
total proteins.
Regulation of synthesis of threonyl-tRNA

synthetas?. For these studies, strain CW-7, a
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FIG. 6. Effect of proline restriction on the specific
activities of prolyl-, valyl-, and leucyl-tRNA synthe-
tases. The cells were grown in unrestricted medium,
washed, and transferred to proline-limiting medium
(15 ,g of glycyl-D L-proline per ml). The activity was

determined for prolyl- (0), valyl- (0), and leucyl-
(A) tRNA synthetases. Proline was removed or

added at the time indicated by the arrow.

1023



1024 ARCHIBOLD AND WILLIAMS J. BACTERIOL.

thetases, respectively. However, the rate of
36 synthesis of methionyl-tRNA synthetase was

derepressed about 20-fold during methionine-
032 restricted growth, whereas the rate of synthesis
x Unrestricted Proline Restricted of prolyl- and threonyl-tRNA synthetases was

E 28 - w derepressed three- to fourfold during growth
A Xi S restriction by the respective amino acid. These

E24 results could be considered from the point of
Co view that the rate of formation of aminoacyl-
W 20 - ,> 1' tRNA synthetases is related to the frequency

+ Proline of use of the specific amino acid in protein
synthesis. On the other hand, the differences

<t 16 * in the extent of derepression could simply be
z /

12 / 450 _

/ACTERLP1.34 A/.I350-<~~
4 /7

250 -/~~~~~~~~~~~
0o 0.120 0.130 0.140 0.160 0.180 0.20
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FIG. 7. Effect of proline restriction on the differ- X B
ential rate of formation of prolyl- and valyl-tRNA w o\ ( : 3
svnthetases. Experimental conditions are those de- -) 450 m P-1.31
scribed for Fig. 6. The cells were transferred to pro- I I
line-limiting and proline-excess media at the times
indicated bv the arrows. The results are expressed as z 350
units per milliliter as a function of total protein per >-co
milliliter of culture for prolyl- (0) and valyl- (0) < p \
tRNA synthetases. Z 250 \

threonine auxotroph, was grown exponentially .14 - 0
in unrestricted medium and transferred to °
threonine-limiting medium. As can be seen in 40c
Fig. 10, threonine restriction caused a three-
fold increase in the specific activity of this 350
svnthetase. On the other hand, the unre-
stricted culture maintained essentially the
same specif'ic activity for this synthetase for 250 \
the duration of the experiment. As observed
f'or methionyl- and prolyl-tRNA synthetases, /
these results suggest that threonine restriction 150s
caused a derepression of the rate of formation FRACTION NUMBER
of threonyl-tRNA synthetase (Fig. 10). FIG. 8. Banding in CsCl gradients of prolyl-tRNA

DISCUSSION synthetase of cells grown with proline restriction
after a shift from deuterium oxide to water medium.

The results presented in this paper provide The cells were grown in deuterium oxide-unre-
evidence that synthesis of methionyl-, prolyl-, stricted medium and transferred to two different
and threonyl-tRNA synthetases is regulated by proline-restricted-water medium flasks. A, enzyme
a repression process specifically affected by units of the zero time sample (80% deuterium oxide);
the cognate aminoprocid.speclrlcallY artect B and C, enzyme present after 50%o (B) and 100%7 (C)
tellscognatE amingrownwacidlimiting.amounts increases in mass after shift to water medium for the
Cells of E. coli grown with limiting amounts cells grown with 15 /g/ml (0) and 5 Ag/ml (0) of

of' the amino acids methionine, proline, and glycyl- D L-proline; p represents the density of the
threonine exhibited derepressed levels of gradient, the bottom of which is to the left of the
methionvl-. prolyl-, and threonyl-tRNA syn- figure.
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fortuitous. Significantly, addition of the re-
spective amino acid to the derepressed cul-
tures caused a decreased rate of synthesis (re-
pression) of the corresponding synthetase.

In further examining the apparent derepres-
sion of synthesis of these synthetases, it was of
interest to determine whether this change in
specific activity was the result of a different
rate of formation or the reflection of differ-
ences in activities of these synthetases. Con-
sistent with the findings of Williams and
Neidhardt (6) and McGinnis and Williams (4),
the density labeling data provided evidence
that the de novo rate of formation of methi-
onyl- and prolyl-tRNA synthetases was dere-
pressed during restricted growth of cells by the
cognate amino acid. Thus, the rate of syn-
thesis, rather than the activity, of these syn-
thetases was specifically affected by manipula-
tion of the supply of the cognate amino acid to
the cells.
The data in this report strengthen the pre-

vious findings of regulation of synthesis of iso-

a
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FIG. 9. Differential rate of formation of prolyl-
tRNA synthetase as determined by density labeling.
These results were calculated from the rates of syn-
thesis measured in Fig. 8. The data are expressed as

enzyme units per milliliter as a function of total pro-
tein per milliliter of culture. The shift from deu-
terium-oxide unrestricted medium to water-methio-
nine [15 ,ug/ml (0) and 5 1.g/ml (0)] limitation oc-
curred at the time indicated by the arrow.
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FIG. 10. Effect of threonine restriction on the
specific activity of threonyl-tRNA synthetase. The
cells were grown exponentially in minimal medium
supplemented with excess threonine, washed, and at
the time indicated by the arrow transferred to unre-
stricted and threonine-limiting media. Samples were
collected and assayed for threonyl-tRNA synthetase
activity of the unrestricted (0) and the threonine-
limited (0) cultures.

leucyl-, phenylalanyl-, arginyl-, histidyl-,
valyl-, and leucyl-tRNA synthetases (4-6). In-
cluding the results of the present report, regu-
lation of synthesis by a repression process,
apparently mediated by the respective amino
acid, has been observed for 9 of the 20 ami-
noacyl-tRNA synthetases.
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