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Members of a collection of mutants of Escherichia coli unable to form colo-
nies on nutrient agar at 42 C have been characterized on the basis of their growth
response to a shift from 32 to 42 C in liquid medium. Forty-four mutants, which
show an abrupt, nonlethal cessation of growth when moved to the restrictive tem-
perature, have been characterized with respect to the effect of the mutation respon-
sible for temperature sensitivity on deoxyribonucleic acid, ribonucleic acid, and
protein synthesis. In 12 mutants, the mutation causing temperature sensitivity of
growth primarily affects protein synthesis, in each case through an altered ami-
noacyl-transfer ribonucleic acid synthetase. Mutants with temperature-sensitive
glutamyl-, phenylalanyl-, and valyl-transfer ribonucleic acid synthetases have been
obtained, and the genes specifying these enzymes have been mapped by conjugation
and transduction. Another mutant has been shown to possess a temperature-sensi-
tive tryptophanyl-transfer ribonucleic acid synthetase, but this is not responsible
for inability to grow at 42 C on media containing tryptophan.

The study of conditionally expressed mutations
has, in recent years, extended considerably the
range of cellular processes amenable to both
genetic and biochemical analyses. In the bacte-
rium Escherichia coli, numerous mutants have
been reported in which temperature sensitivity,
defined as an inability to grow at temperatures
not inhibitory to the wild type, has been caused
by alterations to one of the enzymes involved in
the biosynthesis of either deoxyribonucleic acid
(DNA), ribonucleic acid (RNA), or protein.
Many of the E. coli mutants that are unable to
make protein at the restrictive temperature have
been shown to possess mutations affecting ami-
noacyl-transfer RNA (tRNA) synthetases, and
strains have been described with thermolabile
alanyl-, phenylalanyl-, and valyl-tRNA synthe-
tases ( 1, 18, 43). In addition, mutants of a
number of other aminoacyl-tRNA synthetases
have been obtained and mapped, on the basis of
criteria other than temperature sensitivity. Such
mutants may exhibit resistance to amino acid
analogues or amino acid auxotrophy. Thus mu-
tants have been obtained for the aminoacyl-
tRNA synthetases of arginine, glycine, histidine,
isoleucine, serine, tryptophan, and tyrosine (7, 8,
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13, 15, 16, 17, 26, 37, 39). Recently Murgola and
Adelberg (24) reported a new method of ob-
taining conditional lethal mutants and found
conditional streptomycin-lethal mutations of glu-
tamyl-tRNA synthetase.
Our purpose is to describe the isolation of a

number of temperature-sensitive (TS) mutants of
E. coli and, in particular, to report the genetic
and biochemical analysis of those strains in
which protein synthesis is specifically inhibited at
42C.

MATERIALS AND METHODS
Organisms. All strains used in this investigation were

derivatives of E. coli K-12; their genotypes are de-
scribed in Table I and 2.

Media and culture methods. The media and culture
methods used were as described by Adelberg and Burns
(1). Nutrient agar consisted of Oxoid Nutrient Broth
no. 2, 0.3% yeast extract, and 1% agar.

Isolation of TS mutants. Mutations were obtained in
two strains, AB3282 and KA56. In each case, after
mutagenesis with nitrosoguanidine by the method of
Adelberg et al. (2), portions were spread on nutrient
agar plates to give up to 200 colonies per plate. The
plates were incubated at 32 C until colonies became
visible and then were moved to 42 C. Colonies that
grew no larger during overnight incubation at 42 C
were picked, purified, and retested for temperature sen-
sitivity.

For the isolation of mutants from KA56, an enrich-
ment step was interposed in which the culture was
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TABLE 1. Description of strains of Escherichia coli

Strain Sex Genotypea

AB3282 F- thi-1, leu-351, proA-2, trp-
356, his-4, ilvC-7, argE-3,
galK-2, lacY-I, mal-358,
str-704, tsx-358

AB347 HfrO-12 thi-1, thrA-1, leuA-1,
aroC-4, str-723

AB2826 F- aroB-351
KA56 HfrH thi-, galE-PL5, rel-l
K6-1 F+ aroD-351, pps-351

aSymbols used are those of Taylor (40). Numbers
refer to allele numbers allotted to mutations in this
laboratory.

treated with mutagen, washed, and suspended in min-
imal medium supplemented with Casamino Acids, with
glycerol as carbon source. After several hours of growth
at 32 C, the culture was shifted to 42 C, and I hr later
galactose was added to a final concentration of 2%.
Under these conditions the lack of uridine diphosphate
galactose-4-epimerase in KA56 caused actively growing
cells to lyse (14). On the other hand, the population of
TS mutants whose growth was inhibited at 42 C was
enriched by this step. Maximum killing was observed
5.5 hr after the addition of galactose. At this stage, the
culture was diluted and spread on agar plates for
screening as described above.

Growth studies. Cultures of the strains to be tested,
grown overnight in nutrient broth at 32 C, were inocu-
lated into duplicate flasks containing 10 ml of fresh
broth to give a population of about 107 cells/ml. The
flasks were equipped with side arms, and increases in
optical density were followed in a Klett-Summerson
photoelectric colorimeter with a no. 54 filter. One flask
was incubated at 32 C, the other at 42 C. After 5 hr,
the number of cells in the culture growing at 42 C that
were still able to form colonies at 32 C was deter-
mined, and samples from cultures grown at both tem-
peratures were examined under a microscope.

Measurement of DNA, RNA, and protein synthesis.
Cells were grown in nutrient broth at 32 C until the
exponential phase of growth was reached. Portions
then were inoculated into four flasks, each containing
10 ml of broth, to give a density of approximately 108
cells/ml. One flask served as a control. The other three
flasks contained, respectively, 0.1 gCi of isotopically
labeled leucine, thymidine, or uracil per ml. After 30-
min of growth at 32 C, the flasks were transferred to
42 C, and at intervals thereafter growth and incorpora-
tion of the several radioisotopes into acid-precipitable
material were determined. The incorporation of label
was assayed by transferring 0.5-ml samples from each
of the flasks into 0.5 ml of ice-cold 10% trichloroacetic
acid. The trichloroacetic acid precipitates were left for at
least 30 min before being collected on membrane filters
(0.45-,um pore diameter; Millipore Corp., Bedford,
Mass.) and washed with an additional 15 ml of cold
trichloroacetic acid. The filters were dried at 60 C and
placed in vials with 5 ml of scintillation fluid [toluene
containing 5.0 g of 2, 5-diphenyloxazole and 200 mg of

1,4-bis-2(5-phenyloxazolybenzene) per liter] and
counted in an Ansitron liquid scintillation spectrom-
eter.

Test of relaxed or stringent (RC) phenotype. A 1-ml
amount of a mid-log phase culture of the strain to be
tested, growing in minimal medium, was collected on a
membrane filter (Millipore Corp.) and washed with
buffer. The cells were suspended by shaking the filter in
10 ml of minimal medium that lacked one of the amino
acids for which the strain was auxotrophic. The filter
was removed, and "4C-uracil was added. The culture
was divided in two, and the required amino acid was
added to one portion. After 1 hr of incubation, samples
were taken into trichloroacetic acid for processing as
described above.

Mapping experiments. The conditions under which
broth crosses were carried out were as described pre-
viously (30), except that cultures were grown and
mated at 32 C. When selection was made for recombi-
nants able to grow at 42 C, plates were first incubated
at 32 C for several hours to allow phenotypic expres-
sion before being transferred to the 42 C incubator.

Transduction was by bacteriophage Plkc.
Preparation of cell extracts. Cells were grown in

broth at 32 C to mid-log phase, washed twice with
0.9% NaCl by centrifugation, and suspended in tris(hy-
droxymethyl )aminomethane (Tris )-hyd rochlo ride
buffer (pH 7.3) containing 10% glycerol at a density of
1010 cells/ml. This suspension was treated sonically for
40 sec in a 500-watt ultrasonic oscillator (output set-
ting 3; Measuring Scientific Equipment, Ltd., London).
Extracts were stored at -20 C.

Assay of aminoacyl-tRNA synthetases. The adeno-
sine triphosphate-pyrophosphate exchange assay was
that described by Calender and Berg (5), with incuba-
tion for 15 min at 42 C. The tRNA-charging assay was
that described by Muench and Berg (23), except that a
Tris-hydrochloric acid buffer (pH 7.5) was used and

TABLE 2. Description of temperature-sensitive (TS)
strainsa

Allele no.

No. Sex is of gene Other markersAllele affected by
ts mutation

JP1023 F- 363 gltX-351 As in AB3282
JPI 112 F- 352 pheS-353 As in KA56
JP1116 Hfr 353 pheS-354 As in KA56
JP1135 Hfr 354 valS-351 As in KA56
JP1136 Hfr 355 vaIS-352 As in KA56
JP1159 F- 356 vaIS-353 As in KA56
JPI 192 F- 357 valS-354 As in KA56
JPI 199 Hfr 358 vaIS-355 As in KA56
JP1230 Hfr 359 pheS-360 As in KA56
JP1260 F- 364 ? As in KA56,

irpS-378
JP1288 Hfr 361 vaIS-356 As in KA56
JP1330 Hfr 362 valS-357 As in KA56
JP1449 Hfr 363 gltX-351 thr-, leu-, str-723
JP 1451 F- trpS-378

a Mutations of TS mutants were originally given allele num-
bers with the prefix ts. When the affected genes were identified,
the mutations were renamed and allocated allele numbers in a
series with other alleles of the same gene; e.g., ts-352 became
pheS-353.

791



RUSSELL AND PITTARD

incubation was at 42 C. Precipitates were collected on
membrane filters (Millipore Corp.) and counted in a
scintillation counter. The tRNA was prepared from
strain KA56 by the method of von Ehrenstein (10).

RESULTS
When cells of AB3282 were treated with muta-

gen, 21 of 4,000 colonies examined were unable
to grow at 42 C (i.e., were TS). When KA56
cells were treated with mutagen and exposed to
galactose killing at 42 C before plating, 289 colo-
nies (of approximately 12,000 examined) were

found to be temperature sensitive.
Of these 310 isolates, 97 were found to be ca-

pable of growth on nutrient agar at 42 C when
large inocula were streaked; these were studied
no further. To facilitate later studies of macro-

molecular syntheses in the remaining 213 mu-

tants, a more quantitative assessment of growth
inhibition was made by following the growth of
aerated liquid broth cultures at 32 and 42 C. The
growth rate for both parental strains was approx-
imately 40% faster at 42 C than at 32 C. All
mutants tested were able to grow exponentially
at 32 C, although a majority had mean doubling
times longer than that of the parent strain. Some
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also displayed an aberrant morphology, which
was generally more exaggerated at 42 C. Taking
into account all parameters measured, it was
possible to assign all the mutants studied to one
of five arbitrarily chosen groups (A to E).
(Growth curves of the wild type and of repre-
sentative members of each of the five groups are
shown in Fig. I).
Group A mutants showed no net increase in

cell density or viable count and appeared mor-
phologically normal at 42 C.
Group B mutants grew at 42 C for I to 5 hr

before growth stopped completely, more or less
abruptly.
Members of group C died at 42 C, and many

lysed at various times after shifting to 42 C. The
viable count decreased (in some cases to as low
as 103 cells/ml in 5 hr), and under the micro-
scope many cells were observed to have lysed.
Group D mutants grew at a considerably re-

duced, but still apparently exponential, rate at 42
C.

Within the 7-hr growth period observed, the
group E mutants displayed a continuing de-
crease in growth rate, but never ceased to grow
entirely. A number of mutants in this group

wild- typ*

JP 1024

JP 1019

JP 1304

JP 1112

J P 1111

JP 1377

1 2 3
Hours at 420

4 5

FIG. 1. Growth of representative TS mutants in nutrient broth at 42 C. The various types ofgrowth curve are
shown as wild-type, KA56; A, JP1112; B, JP1019; C, JPIIII and JP1377; D, JP1304; E, JP1024.
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showed no increase in colony-forming units at 42
C, but under the microscope were seen to have
formed long filaments.

Table 3 gives the numbers of mutants assigned
to each group. The main purpose of the growth
studies was to select those mutants in which
temperature sensitivity was rapidly expressed at
42 C, as we considered such strains would be
most amenable to the study of macromolecular
synthesis. Consequently, the 45 strains displaying
growth characteristics similar to those of JPI 112
in Fig. 1 were chosen for further study.

Effect of ts mutations on synthesis of DNA,
RNA, and protein. Figure 2 shows the rate at
which isotopically labeled precursors of macro-
molecules were incorporated into the parental
strain KA56. The incorporation of all three la-
bels proceeded more or less in parallel, although
the incorporation of thymidine dropped after a
time presumably as a consequence of the action
of thymidine phosphorylase (12). With each of
the 45 mutant strains examined, the rate of in-
corporation of one or more of the precursors was
drastically reduced. On the basis of these results,
the TS mutants were grouped as shown in Table
4.
The classification in Table 4 is based on the

effect of is mutations on strains with "relaxed"
control of RNA synthesis. The responses of

TABLE 3. Number of mutants assigned to each of the
types ofgrowth curve described in Fig. I

Growth curve type
Parent Total

A B C D E

AB3282 1 4 0 2 5 12
KA56 44 41 42 26 48 201

,0

.

C

4,4
A

4 3

c

, 2
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4,

u r a
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"stringent" strains into which the is mutations
had been introduced by conjugation or transduc-
tion revealed that all mutations, apart from the
ones causing temperature sensitivity of protein
synthesis, resulted in the same precursor incorpo-
ration pattern as in "relaxed" backgrounds. The
"TS-protein" mutations depressed the incorpo-
ration of '4C-leucine in relaxed strains, but de-
pressed incorporation of both 14C-leucine and
'4C-uracil in stringent strains at 42 C. The incor-
poration of precursors into a relaxed mutant rep-
resentative of the TS protein class is shown in Fig.
3.

Identification of genes affected by ts mutations.
Twelve "TS-protein" mutations were mapped and
identified and found to affect aminoacyl-tRNA
synthetases. Mutants of valyl-, phenylalanyl-, and
glutamyl-tRNA synthetase were found.

Valyl-tRNA synthetase mutants. Seven ts mu-
tations were mapped near min 85 on the genetic
map (40) by interrupted conjugation experiments
and by demonstration of cotransduction with
pyrB, at frequencies between 19 and 56% (aver-
age, 46%). Extracts of all seven lacked valyl-
tRNA synthetase activity at 42 C (Table 5).
While the activity of other aminoacyl-tRNA syn-
thetases remained intact (Table 6). The mutated
gene, valS, was mapped accurately by an inter-

TABLE 4. Macromolecular syntheses which are
principally affected at 42 C in rel- strains carrying ts

mutations, which show growth of type A

Macromolecular syntheses No. of
affected mutants

DNA .............................. I
RNA .............................. 7
DNA and RNA ......... ........... 5
Protein ........................... 12
RNA and protein ........... ........ 16
DNA, RNA, and protein ....... ...... 4

0 15 30 45 60

mins. at 42
FIG. 3. Incorporation of radioactive precursors of

DNA, RNA, and protein by strain JPI 112.

10

tdr E

5
C

4,4

L._
0

4 2

15 30 45 60

mins. at 42

FIG. 2. Incorporation of radioactive precursors of
DNA, RNA, and protein by the wild-type strain
KA56. 'H-thymidine, tdr; "C-uracil, ura; "4C-leucine,
leu.
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TABLE 5. Activity ofKA56 and valS mutant extracts
in the IRNA-charging assay

Specific activity
Strain ts Allele of valyl-tRNA

synthetasea

KA56 + 67.0
JP1 135 354 0.7
JP1136 355 0.5
JP1 159 356 1.7
JPI192 357 0.02
JPI 199 358 2.4
JP1288 361 0.02
JP1330 362 1.1

a Nanomoles of 14C-valine attached to tRNA in 10
min at 42 C per milligram of protein.

rupted mating experiment in which the reference
markers were leu (at min 1) and rif, which is
located at min 77.5, on the far side of argH from
meiB (unpublished data). The results allow the
calculation of the position of valS at min 84.
Another experiment indicated that valS is on the
clockwise side of pyrB (unpublished data). This
position for valS is in agreement with that re-
ported by Tingle and Neidhardt (41).

TABLE 6. Percentage of wild-type activity in extracts
of TS mutants in the tRNA-charging assay at 42 C

JP1023 JPII12 JP1192 JP1260Amino acid (ts-363) (ts-352) (ts-357) (ts-364)

Alanine .......... 107 86 79 92
Arginine ......... 132 104 110 78
Aspartic acid ..... 109 106 108 114
Asparagine ....... 122 144 94 78
Cysteine ......... 62 141 91 138
Glutamic acid .... I la 149 109 141
Glutamine ....... 83 119 87 142
Glycine .......... 123 104 100 84
Histidine ......... 110 111 106 130
Isoleucine ....... 109 106 94 83
Leucine .......... 130 89 82 134
Lysine ........ 99 98 103 79
Methionine ....... 79 132 121 79
Phenylalanine .... 98 25a 80 71
Proline .......... 73 127 112 64
Serine .......... 110 108 112 130
Threonine ........ 112 97 100 133
Tryptophan ...... 122 87 93 20a
Tyrosine ......... 114 90 96 77
Valine ........ 105 130 8a 141

a For this rough screening, the "no-extract" and
''no-tRNA" controls were omitted, so that blank
values could not be subtracted from the results ob-
tained. This accounts for the apparent residual activity
of mutant enzymes; later, more detailed experiments
showed that mutant extracts contained no detectable
activity whatever.

Phenylalanyl-tRNA synthetase mutants. The
three mutations, ts-352, ts-353, and ts-359, were
mapped at min 33 by conjugation and were co-
transduced with aroD at frequencies of 38%,
44%, and 43%, respectively. All three mutations
affected phenylalanyl-tRNA synthetase (Table
7) and were presumed to be alleles of the pheS
locus (4). One mutation was used to map the
region in more detail, and a gene order of aroD
pps pheS was found (Table 8). During the map-
ping of the pheS-353 mutation, a new suppres-
sor, which allows pheS-353 strains to grow at 42
C, was found. This suppressor was recently dis-
cribed (36).

Glutamyl-tRNA synthetase mutant. A single ts
mutation was found by conjugation to map close
to min 45. This was ts-363, isolated in JP1023. It
is cotransducible with aroC at a low frequency
(3/528 transductants) and with dsdA at a fre-
quency of 10%. As aroC and dsdA are 49% co-
transducible (20), the ts-363 mutation must lie
on the far side of dsdA from aroC.
When aminoacyl-tRNA synthetases for all 20

common amino acids were assayed in extracts of
JP1023, only the aminoacyl-tRNA synthetase for
glutamic acid was absent (Table 6). It was not
possible to demonstrate charging of tRNA with
glutamic acid by extracts of JP1023 at 32 or 42
C or by extracts of strains into which the ts-363
mutation had been introduced by transduction or
conjugation, but TS+ revertants and transduc-
tants did have activity. Other experiments, in
which mutant and parent extracts were mixed,
gave no indication of the existence of an inhibi-
tory factor (Table 9). The mutation resulting in
temperature sensitivity of glutamyl-tRNA syn-
thetase was named gltX-351.
The position of gltX is very close to that re-

ported by Eggertsson (9) for the ochre-suppressor
supN. To study the linkage of gltX and supN,

TABLE 7. Phenylalanyl-tRNA synthetase activity in
pheS mutant extracts

Percentage of wild-type specific
Strain carrying activity of phenylalanyl-tRNA
mutationcsr synthetase

PPi-exchangea tRNA-chargingb

352 26 0
353 99 1
359 23 0

a Wild-type specific activity: 3.9 ,umoles of 32p incor-
porated into adenosine triphosphate in 15 min at 42 C
per mg of protein.

bWild-type specific activity: 18 nm of 14C-phenylal-
anine attached to tRNA in 10 min at 42 C per mg of
protein.
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TABLE 8. Mapping ofaroD, pps, and pheS by
transduction

Relevant markers: donor, JPI 112 is-352; recipient, K6-1
aroD- pps-

Class of recombinants

aroD pps ts-352 No.

+ _ + 112
+ + - 112
+ + + 51
+ - - 10

Possible gene orders

Strain aroD pps is

JP112 + + _
(A)

K6-1 _ _ +

ts aroD pps

JP112 _ + +
(B)

K6-1 + - _

aroD ts pps

JPI112 + - +
(C)

K6-1 +

a To produce the class of recombinants which is
aroD+pps-ts-, alternative A requires four cross-over
events, whereas B and C require only two. As this class
is rare, alternative A is the more likely to be correct.

bacteriophage PI was grown on a strain con-
taining both supN-23 and the ochre mutation
his-4. This P1 lysate was used to transduce either
gltX+ (by selecting for ability to grow at 42 C)
or supN-23 (by selecting for histidine-indepen-
dence) into JP1023, which carries his-4. More
than 100 of each class of transductants were
tested, and in each case 98% cotransduction of
gltX and supN was found.

Temperature-sensitive trpS mutation. Several
attempts to map the mutation rendering JP1260
temperature sensitive were unsuccessful; as an-
other approach to the identification of the TS
lesion, the aminoacyl-tRNA synthetases of this
strain were examined. The ability to attach tryp-
tophan to tRNA at 42 C was greatly altered in
extracts of JP1260 (Table 6).

Mutations of the gene specifying tryptophanyl-
tRNA synthetase, trpS, have been studied by
several workers (8, 16, 17) and also by J. Ca-
makaris in this laboratory. All had located the
trpS gene between str and malA, and Camakaris
(unpublished data) had further shown that the
gene order or the region was str pabA trpS aroB

malA. P1 grown on JP1260 was therefore used
to transduce aroB+ into strain AB2826, and it
was found that half of the transductants were
unable to grow at 42 C. One of these Aro+ TS
transductants was numbered JP1451. Enzyme
assays confirmed that JP1451 contained a defec-
tive tryptophanyl-tRNA synthetase, and the
mutation has accordingly been named trpS-378.
However, although JP1451 was unable to grow
on minimal medium, unlike strain JP1260, it was
still able to grow on nutrient agar plates at 42 C.
This suggested that, at 42 C, strain JP1451 had a
requirement for some factor present in nutrient
agar but absent from the minimal medium. By
testing a range of growth factors for their ability
to permit growth of JP1451 in minimal medium
at 42 C, it was found that tryptophan stimulated
growth.

It therefore appears that the trpS-378 muta-
tion introduces a temperature-conditional trypto-
phan auxotrophy, and furthermore it was found
that the addition of tryptophan to the medium
could restore the growth of JP1451 at 42 C to
wild-type levels. In agreement with the results of
Ito et al.- (16), it was shown that the amount of
tryptophan in the medium affected the growth
rate, rather than the final cell yield.
When a culture of JP1451, growing in minimal

medium at 32 C (at which temperature the
growth rate in the absence of tryptophan is 80%
of that in its presence) is shifted to 42 C, growth
ceases and the synthesis of DNA, RNA, and
protein is arrested, giving a pattern of isotope

TABLE 9. Glutamyl-tRNA synthetase assays (tRNA-
charging reaction) of ts-363 and wild-type strainsa

Extract s Aliele Assay SpecificExtract is Allele temp (C) activity"

AB3282 + 32 2.8
AB3282 + 42 3.5
JP1023 363 32 <0.02
JP1023 363 42 <0.02
JP1023 TS+ revertant + 42 2.9
AB3282 + JP1023 +/363 42 2.93

(1:1 )c
KA56 + 42 3.94
KA56 + JP1023 (1: 1) +/363 42 3.12
AB347 + 42 3.9
JP1449d 363 42 < 0.02

a All cultures were grown at 32 C.
b Nanomoles of 14C-glutamic acid attached to tRNA

in 10 min by I mg of protein from an active extract in
assay.

c An extract of the TS mutant was mixed with the
usual amount of wild-type extract in the standard
assay.

d JP1449 is an aroC+ gltX-351 transductant of
AB347.
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incorporation just like that of other strains with
TS aminoacyl-RNA synthetases. On the subse-
quent addition of tryptophan, growth and isotope
incorporation recommence.
When extracts of trpS-378 strains were as-

sayed at 32 or 42 C, it was not possible to show
either attachment of tryptophan to tRNA, or
catalysis of the tryptophan-dependent exchange
of pyrophosphate (even when the concentration
of tryptophan in the assay was increased 10-fold,
to 20 mM). However, tryptophanyl-tRNA syn-
thetase seems to be present in the cell and for
normal functioning needs only the addition of
exogenous tryptophan. This restoration of the
enzyme's function in vivo at 42 C is indicated by
the experiment described in Fig. 4. Even after
several hours of exposure to the restrictive tem-
perature, JP1451 was still able to resume growth
(assayed in this case by protein synthesis) as
soon as tryptophan was supplied.

TrpS-378 has been shown, when introduced
into any of several strains, to cause temperature
sensitivity of growth on minimal medium but not
on nutrient agar. In broth, trpS-378 slightly de-
presses the growth rate at 42 C, but this is reme-
died by the addition of tryptophan. These results
suggested that trpS-378 was not in fact respon-
sible for the TS character of the strain in which
it was originally isolated, JP1260. This possi-
bility was investigated by transducing Strr into
JP1260 from a trps+ strain. (One would predict

,5,00/

0,000/

5,000

0 30 60 90 120

minutes at 42 C

FIG. 4. Incorporation of '4C-leucine by JP1451
growing in minimal medium at 42 C. At the points in-
dicated by arrows, L-tryptophan (to give 10-4 M) was

added to portions of the culture.

that some 10% of Strr transductants would re-
ceive trpS+, but of 50 transductants tested, none
were TS+.) It thus appears that JP1260 contains
a mutation, additional to trpS-378, which causes
temperature sensitivity of growth and of protein
synthesis. TrpS-378, on the other hand, does not
on its own cause a noticeable depression of pro-
tein synthesis in broth at 42 C. This second mu-
tation, ts-364, does not seem to affect the sta-
bility of an aminoacyl-tRNA synthetase (Table
6).

DISCUSSION
The collection of mutants described here pro-

vides a further instance (noted by several other
groups 18, 28, 42, 43) in which valS, and to a
lesser extent pheS, mutations are detected at a
high frequency in collections of temperature-sen-
sitive mutants. The valS mutants closely re-
semble ones already described by others in
greater detail (28, 44). Two of the pheS mutants
are of particular interest: one because it is sup-
pressible (36), the other because it appears to
retain its capacity for phenylalanine-dependent
adenosine triphosphate-pyrophosphate exchange
while being unable to charge tRNA with phenyl-
alanine (Table 7). In this respect, it is like the
alaS mutant of Bock (3). The other aminoacyl-
tRNA synthetase mutants reported here are al-
tered in both the amino acid activation and the
tRNA-charging steps.
The aminoacyl-tRNA synthetase genes which

have been mapped to date are scattered around
the chromosome, separated from each other and
from the genes specifying the biosynthesis of
their particular amino acid (28, 40). One pos-
sible exception to this rule is the proximity of
pheS to aroD (4), but the data in Table 8 show
that pheS is separated from the aroD gene,
which is concerned in the "common pathway"
of aromatic amino acid biosynthesis. The gene
for tyrosyl-tRNA synthetase has recently been
reported to be near the known position of pheS
(37), but experiments in this laboratory using a
mutant with a detective tyrosyl-tRNA synthetase
(obtained as a fluorotyrosine-resistant mutant)
have failed to demonstrate cotransduction of
tyrS and aroD, so it appears that pheS and tyrS
are not closely linked (unpublished data of
R.R.B.R.).

Recently, Murgola and Adelberg (24, 25) de-
scribed mutants with altered glutamyl-tRNA
synthetases, and they mapped two genes, glitE
and gltM, responsible for the altered activities.
Each of the mutant synthetases displays a higher
Km for glutamate than does the parental enzyme,
but each (even the two presumed to be alleles of
the same locus) shows a completely different ef-
fect on the incorporation of radioactive precur-
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sors into macromolecules. The genetic data pre-
sented by Murgola and Adelberg, placing gitE
close to xyl and gitM near his, indicate that their
mutations are quite distinct from the glitX locus.
The gltX-351 mutation results in loss of all

detectable activity in the tRNA-charging assay,
although approximately half of the wild-type
capacity for glutamate-dependent pyrophosphate
exchange is retained by crude extracts (unpub-
lished data). By contrast, Murgola and Adel-
berg's (25) mutants have altered Km values for
glutamate and altered specificity for charging of
tRNAgiu subspecies.

Murgola and Adelberg suggested several pos-
sible explanations for the multiplicity of genetic
loci affecting glutamyl-tRNA synthetase. One of
the possibilities raised was that the enzyme con-
sisted of non-identical subunits, as do bovine
tryptophanyl-tRNA synthetase and E. coli
glycyl-tRNA synthetase, which have been re-
ported to be oligomers containing dissimilar sub-
units (29, 31). Several aminoacyl-tRNA synthe-
tases can be dissociated into subunits, but the
smallest subunits observed all have molecular
weights between 33,000 and 45,000. As glutamyl-
tRNA synthetase of E. coli was estimated by
Lazzarini and Mehler (19) to have a molecular
weight of 50,000, it seems probable that it exists
as a monomer. On the other hand, Nass and
Stoffler (27) calculated it to have a molecular
weight of 75,000, like the arginyl- and prolyl-
tRNA synthetases, both of which do have sub-
units.
An alternative possibility is that one of the

genes is the structural gene for glutamyl-tRNA
synthetase and that the others specify modifiers
of the enzyme. Modifying factors have been re-
ported for seryl- and methionyl-tRNA synthe-
tases (6, 35); recently Rouget and Chappeville
(34) described two interchangeable forms of E.
coli B leucyl-tRNA synthetase. The exchange is
stimulated by a factor in the supernatant fraction
of the cell. Both forms of the enzyme have the
same molecular weight, but one can activate only
leucine, whereas the other can both activate it
and attach it to tRNA.

It is worth noting the proximity of gltX to
supN. The frequency of cotransduction of these
two markers (98%) suggests that they are adja-
cent or allelic. SupN is an ochre suppressor, but
it is not known which amino acid it inserts. Sup-
pression at the level of translation can in theory
be due to altered tRNA molecules, ribosomes, or
aminoacyl-tRN x synthetases. No case of sup-
pression due to mischarging of tRNA by a syn-
thetase has yet been described in i+'. coli (21), but
there is one probable example in Neurospora (32).
A mutation which resulted in impaired fidelity
of charging might well cause temperature sensi-

tivity, and this could be due to either the attach-
ment of glutamic acid to the wrong tRNA or the
attachment of the wrong amino acid to tRNAgiu.
However, the former case could be difficult to
recognize, as it might have no effect on the ac-
tivity observed in assays in which unfractionated
tRNA is used. If an altered glutamyl-tRNA syn-
thetase were to be responsible for suppression of
an ochre mutation, there would have to be an
ochre codon-recognizing transfer RNA molecule
for it to charge. There is no evidence for the ex-
istence of such a tRNA in normal cells (38).

It is known that, for glytamyl- and arginyl
tRNA synthetases, the activation step is greatly
enhanced by the presence of tRNA (22, 33). For
the arginine-specific enzyme, it has further been
shown by Mitra et al. (22) that it is arginine-
accepting tRNA which is required and that this
tRNA also stabilizes the enzyme to H and heat.
Although this information may give rise to spec-
ulation as to how a mutation altering tRNAgiu
could result in the observed phenotype of glitX-
351 mutants, it should be noted that all assays of
glutamyl-tRNA synthetase reported here were
performed on crude extracts of cells which had
been grown at 32 C. Both the quantity and
quality of tRNAgiu in the extracts should there-
fore have been normal, and the presence of ex-
cess tRNA in the charging assay should have
been sufficient to fill the needs of the enzyme.

Further experiments are needed to purify the
glutamyl-tRNA synthetases of wild-type and
mutant strains, to investigate their interaction
and ability to activate glutamic acid and to
charge the several tRNAglu species, and to study
the roles of gifE, gUtM, and supN, in order to
resolve the present problems.
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