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ABSTRACT A mutant of E. coli that lacks leucyl,-
phenylalanyl-tRNA-protein transferase (EC 2.3.2.6) has
been isolated. Ability to produce the two activities could
be introduced into the mutant from an F' strain whose
episome contains genetic material located between 45
and 54 min on the E. coli chromosome. When grown into
stationary phase and resuspended in minimal medium
with glycerol, the mutant exhibited a marked lag before
resuming growth. Revertants that did not show this
lag were selected and were found to have regained both
transfer activities. Extracts of wild-type, mutant, and
revertant strains were compared as acceptors for the
enzymatic transfer of radioactive phenylalanine. Anal-
ysis of the labeled polypeptides by disc gel electrophoresis
indicated that certain potential acceptors may be prefer-
entially acylated in vivo.
These data provide genetic confirmation that the same

enzyme protein catalyzes the transfer of leucine and
phenylalanine and suggest that leucyl,phenylalanyl-
tRNA-protein transferase is involved in a growth regula-
tory mechanism.

Aminoacyl-tRNA-protein transferases are soluble enzymes
found in bacterial and mammalian cells which catalyze the
transfer of certain amino acids from tRNA into peptide link-
age with specific NH2-terminal residues of protein or peptide
acceptors (for a recent review see ref. 1). Although they
respresent an enzymatic mechanism for post-translational
modification of the primary structure of special classes of
polypeptides, their cellular function is unknown. The Escheri-
chia coli enzyme, leucyl,phenylalanyl-tRNA-protein trans-
ferase (EC 2.3.2.6) (2) catalyzes the transfer of these amino
acids to basic NH2-terminal amino-acid residues (3-5) and
is responsible for the original observation of Kaji, Kaji and
Novelli, that ribosome-free extracts could incorporate leucine
and phenylalanmne into protein (6). E. coli offers the pos-
sibility of using genetic tools to investigate the role of amino-
acyl-tRNA-protein transferases and this report describes the
isolation and some characteristics of a mutant which lacks
leucyl,phenylalanyl-tRNA-protein transferase.

MATERIALS AND METHODS

Materials. Protosol and Aquasol were from the New En-
gland Nuclear Corp. The preparations of ['4C]leucyl-tRNA
(0.8 nmol/mg, 262 /LCi/,umol), [14C]phenylalanyl-tRNA
(0.4 nmol/mg, 472 /XCi//mol), leucyl,phenylalanyl-tRNA-
protein transferase (10 units/mg), and L-phenylalanyl-tRNA
synthetase (150 units/mg) were obtained as described else-
where (4).

Bacterial Strains. W4977 was a gift from Dr. Ann Ganesan
of Stanford University and is a K12 F- proline auxotroph.
An "F' kit" which included 18 strains of E. coli and informa-
tion on their chromosomal and episomal markers was pro-
vided by Dr. Barbara Bachman, curator of the E. coli Genetic
Stock Center, Department of Microbiology, Yale University
School of Medicine.

Mledia. Liquid and solid minimal medium (7) was supple-
mented with 2 mM i-proline and with 0.5% glycerol. En-
riched medium contained 0.8% nutrient broth.

Assays. For screening assays of leucylpheriylalanyl-tRNA-
protein transferase single colonies were grown overnight in 10
ml of enriched medium at 300. Unfractionated lvsates were
prepared using EDTA, lysozyme, Brij 58 and DNase (8). Re-
action mixtures (75,l) contained 50 mM Tris*HCl (pH 8.2),
50 mM 2-mercaptoethanol, 0.2 M KCl, 0.3 mg/ml of chloram-
phenicol, 0.5 mg/ml of a-casein, 0.3 nmol/ml of [CJC]amino-
acyl-tRNA and 25 ul of lysate corresponding to approxi-
mately 1 X 108 cells. Incubation was for 60 min at 370 and
radioactivity insoluble in hot 5% trichloroacetic acid was de-
termined on 50-IAl aliquots by the filter paper disc technique
(9).
Assays on 105,000 X g supernatant fractions obtained from

exponentially growing cells after grinding with alumina (2)
were I)erformedl similarly, except that the concentration of
["4C]aminoacyl-tRNA was 1.6 nmol/ml and the time of in-
cubation was 10 mim.

Protein Determinations. The method of Lowry et al. (10)
was employed using bovine-serum albumin as a standard.

RESULTS

Isolation and Characterization of Mutant and Revertant
Strains. W4977 was incubated with 0.5 mg/ml of nitroso-
guanidine in Trisvmaleate (TM) buffer (11) for 30 mill and
lasates from 1200 survivors were screened for ability to cata-
lyze the transfer of [14C]phenylalanine from tRNA to a-
casein. The lysate from one strain, MS845, had no detectable
activity (<0.3% wild-type) regardless of the growth stage of
the cells from which it was Iprelpared and was found to be
similarly inactive in the leucine transfer reaction. Preliminary
attempts to map the mutation were carried out using 18 F'
donors whose episomes comprised almost the entire E. coli
genome. Equal numbers of exponentially growing donor and
mutant cells were mixed and incubated at 370 for 2 hr. The
mixtures were plated on minimal agar selecting against the
F' donor, and Iysates from 60 colonies wvere assayed for
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phenylalanine transfer activity. The only cross which yielded
clones containing enzyme activity was that in which strain
KLF42/KL253 was used as donor. Lysates from 20 of the 60
colonies in this F-duction lossessed lphenylalanine transfer
activity and these extracts also catalyzed the transfer of
leucine. Both activities tended to be lost on subculture, par-

ticularly when it was carried out in minimal medium. The
episome carried by this donor strain contains genetic mate-
rial located between genes for serine deaminase (dsdA) and

fucose utilization (fuc) at 45 and 54 min on the E. coli chromo-
some (12). Our data do not distinguish whether it possesses

the structural gene for leucyl,phenylalaylll-tRNA-p)rotein
transferase or a suppressor active on the original mutation.
The latter possibility must be seriously considered, since the
episome is known to contain a suppressor (supN).

MIS845 had the same generation time at 37° as W4977 in
enriched medium or in minimal medium supplemented with
glycerol. However, wvhen grown into stationary phase it gave
a smaller yield an(l when then resusl)ende(l in minimal medium
with glycerol it exhibited a lpronounced lag before resumption
of growth as measured by either absorbance or viable counts.
To determine whether the same genetic defect accounted for
the growth lag and the absence of leucyl,phenylalanyl-tRNA-
protein transferase, revertants with normal growth charac-
teristics were selected by cycling the mutant in minimal
medium containing glycerol. Separate revertants were iso-
lated from four mutant clones after 8 cycles. Each of the
revertants was found to have regained transfer activities for
both leucine and l)henylalanine. Representative data on the
growth and enzyme activity of W4977, MS845 and one of the
revertants, R18, are shown in Fig. 1 and Table 1. Mixing ex-

l)eriments s¢hown in the table ruled out the l)ossibility of an

inhibitor accounting for the lack of activity in the mutant.
The mechanism of the growth lag in MS845 has not been

delineated. It has been found to last from 3 to 8 hr in minimal
medium supplemented with glycerol and to occur regardless of
the medium in which the cells are grown into stationary
lhase. It is absent, however, if the cells are resuspended in
enriched medium. During the lag period the rates of synthesis
of DNA, RNA, and protein, as determined with pulses of
labeled precursors (13), were found to be less than 10% of that
for the same number of wild-type cells growing exponentially.

TABLE 1. Leucyl,phcnylalanyl-tRNA-protein transferase
activity in soluble extracts from different strains of E. coli

Extract Incorporation

W4977 MS845 R18 Leucine Phenylalanine
(mg/ml) (mg/ml) (mg/ml) (pmol/ml)

0.35 41 38
0.70 - 77 66

0.70 <1 <1
4.60 <1 <1

0.70 0.70 - 70 65

-0.17 36 31
- 0.34 75 63

0.70 0.34 68 64

Supernatant fractions (105,000 X g) were prepared from
alumina extracts of cells growing exponentially in mineral
medium with glycerol and proline at 37°. Enzymatic transfer of
[I4C] amino acid from tRNA to protein was determined after
10-min incubation as described under Methods.
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FIG. 1. Growth of stationary phase cells after suspension in
fresh medium. Single colonies were grown on a rotary shaker in
50 ml of minimal medium for 72 hr at 37°. The respective optical
densities at 420 nm of W4977, MS845, and PR18 were 9.0, 3.0, and
9.0. Appropriate aliquots were washed by centrifugation, sus-
pended in 50 ml of fresh medium at time zero and agitated at 37°.
W4977 (0); 5S845 (@); 1R18 (A).

IJ(luction of tryl)tol)hanase by tryl)tophan (14) did not occur
during this l)erio(l but was normal during exl)onential growth.
An extract made from the mutant (luring lag p)hase was similar
to one from exponentially gi'owing wild-tvy)e in DNNA-de-
len(lent RNA l)olymerase activity (15) and in ability to
catalyze the polyuridylate-directed synthesis of p)olypI)henylal-
anine (16).

Acceptor Proteins in the Wild-Type, iutant, and Revertant.
Since _MS845 lacks leucyll)heiNylalainyl-tRNA-p)roteini trans-
ferase activity its acceptor substrates cannot be modified
in vivo an(l reflect the total l)olmulation of potential acceptor
molecules in E. coli. Leucyl,lphenylalanlyl-tRNA-proteini
transferase does not recognize NH2-terminal leucine or phenyl-
alanine residues (4) so differences in acceptance by mutant
and wild-tyl)e l)roteins in the reaction catalyzed by l)urified
enzyme should provide a measure of acceptance by the latter
proteins in vivo. Therefore soluble proteins and salt-washed
ribosomes from the three strains were examined as acceptors
for the enzymatic transfer of ['IC ihenylalanine. The average
acceptance by mutant soluble proteins determined under con-
ditions of stoichiometric acylation was 0.44 nmol/mg (Table
2). Assuming an average molecular weight of 40,000 for these

TABLE 2. Acceptance of phenylalanine by soluble and ribosomal
proteins from the different strains

Acceptance

Soluble proteins Ribosomes
Strain (nmol/mg)

W4977 0.31 (0.28-0.35) 0.60 (0.33-1.1)
R18 0.30 (0.20-0.41) 0.68 (0.41-1.1)
MS845 0.44 (0.36-0. 50) 0.65 (0.47-1.1)

Acceptor-dependent incorporation of ['4C]phenylalanine into
material insoluble in cold 5% trichloroacetic acid and resistant to
ribonuclease was measured in the presence of excess transfer en-
zyme, a phenylalanyl-tRNA-generating system and 0.3 mg/ml of
chloramphenicol under conditions previously described for
stoichiometric acylation (3). Soluble proteins and ribosomes
washed 3 times with 1 M\ NH4Cl (18) were prepared from four
separate cultures of each strain growing exponentially in minimal
medium. The data show the average acceptance with the extreme
values in parentheses. Each determination represents a dose-re-
sponse curve in which the value was derived from a linear rela-
tionship between acceptor concentration and phenylalanine in-
corporation.
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Fma. 2. Autoradiograms of protein acceptors acylated with

['4C]phenylalanine and subjected to disc gel electrophoresis.
Reaction hiixtures (1 ml) were similar to those described under
.l1b0hods except that they contained 2.1 nmol of ['4C]phellyl-
alanyl-tl'NA, 70 niV of leuc(yl,phenylalanvl-t\1NA-protein trans-
ferase and eit her 2.5. mg of soluble protein or 1.5 nmg of ribosomal
protein. Under these corlditions transfer in to ribonuiclea-se-
resistant acid-insoluble product was more than 97%, dependent
upon the added acceptor proteins. After incubation for 30 mim at
.370 pancreatic ribonuclease (15 ,ug) was added and incubation
continued for 15 min. The samples were precipitated with 1 ml
of 10%-, trichloroacetic acid and the pellets washed successively
with 1 ml each of 5%c trichloroacetic acid, ether-ethanol (1 :1),
and ether. The dried precipitates were dissolved in 0.4 ml of
0.06 'M Tris* IICI (pH 6.8) containing 2% sodium dodecyl sulfate
and 5% 2-mercaptoethanol and boiled for 2 min. Aliquots (8000
cpm) were subjected to electrophoresis in 0.025 MI Tris-HCl (pH
8.3), 0.19 MI glycine, 0.1%/c sodium dodecyl sulfate, and 0.1%c
2-mercaptoethanol. The procedure was carried out with a slab
gel containing a 5-20%-, linear gradient of acrylamide as de-
scribed by MTaizel (17). The gel was stained for protein with
0.25%. Coomassie blue in 9% acetic acid, 50%/ methanol and then
destained with 7% acetic acid, 10%cl methanol. After drying it was
exposed to Kodak medical x-ray film for 35 days. Samples 1, 2,
and 3 contained the soluble proteins, respectively, of W4977,
R18, and MS845. RIibosomal proteins of W4977 and MS845
were present in samples 4 and 5. The molecular weight markers
were bovine albumin, ovalbumin, f-casein, and cytochrome c.

lproteins, this figure suggests that about 1.8% of them are 1)0-
tential acceptors. The lparental and revertant strains had a
corresponding average value of 0.31 nmol/mg. If this (if-
ference were tlue solely to acylation occurring in vivo, it
would suggest that almost 30% of the lpotential soluble ac-
cel)tors undergo l)ost-translational mo(lification in the (ell.
The values on accel)tance by ribosomes in all three strains
were extremely variable l)erhalps because subtle differences in
their l)hysical structure may be critical in relation to accessi-
bility of appropriate NH2-termini.

Labeled acceltors were also analyzed by disc gel electro-
phoresis. At least 21 lpotential soluble and three ribosomal ac-
celtors couldl be detected by inspection of the autoradiograms
(Fig. 2). MXore than 75% of the l)otential soluble acceptor
molecules and more than 97% of the potential ribosomal
Acceltors migratetl with a mobility corresl)on(linig to a molec-

0
0

30 -A 67,000 45,000 24,000 i2,000 Br t

20~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ L~~~~~~~~~~~~~~.1,

I0~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0 *gg@**

tj 4
0

0
o20Y

.II

D z0~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~11

II

II
II

5-I

...... 0 .0 06 .000
0 20 40 60 80 +

MIGRATION (mm)

Fm. 3. Quantitative analysis of radioactive acceptor pro-
teins after disc gel electrophoresis. Aliquots of acceptor protein.s
cohtaining 9000 cpm of ['4C]phenylalanine were subjected to
electrophoresis on a slab gel as described in Fig. 2. Individual
lanes were sliced into 2-mm-i sections which were incubated for
18 hr at 370 in scintillation vials containing 0.25 ml of Protosol
and 0.5 ml of concentrated NH3. Aquasol (15 ml) was then added
and the samples were chilled at 40 for 48 hr before counting.
1, soluble proteins; B, ribosoimal proteins. W4977 (0); AIS845
(0).

ular weight in the reduced (lenature(l form of less thait 12,000
(Fig. 3). The lpattern of labeled lparental and revertant soluble
l)roteins was almost identical (Fig. 2) and quite (lifferent from
that of the radioactive l)roteinls of the mutant. In lparticular,
mutant (loublets with molecular weights of al)l)roximately
64,000, 48,000, and 22,000 were relatively more heavily
labeled than the corresl)ondling wild-type l)roteins. In addi-
tion, the most ral)i(lly migrating acceptor(s) (molecular
weight <10,000) contained a higher prop)ortion of incorpo-
ratecl radioactivity in the mutant soluble fraction than in the
others. These results suggest that seveial of the l)otential
soluble acceptors may be l)referentially acylated in vivo.

Ribosomal acceltorrs migrated identically to the low molec-
ular weight soluble accel)tors on gels containing sodium
dodecyl sulfate. Different mobilities were observed, however,
when they were examined in gels containing 8 AI urea at pH
4.5 (not shown). The most prominent labeled acceptor from
the wild-type ribosomes possessed a mobility similar to cyto-
chrome c on sodium dodecyl sulfate gels as had l)reviously
been observed using ribosomes from E. coli B (18). In con-
trast, a smaller polypeptide(s) accounted for most of the total
radlioactivity in the preparation of mutant ribosomal l)rotein.
The latter may, therefore, be a lpreferred substrate in vivo.

DISCUSSION

The mutant describedl in this relport l)rovides a new approach
for investigating the function of aminoacyl-tRNA-protein
transferases. Our results implicate leucyl,phenylalanyl-tRNA-
protein transferase in a growth regulatory lprocess; however,
the relationship between the fundamental enzymatic (lefect in
MIS845 and its growth phenotype is unclear. The growth lag
when susl)ende(l in fresh minimal medium containing glycerol
appears to be a consequence of an event occurring in sta-
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tionary phase. The fact that there is no lag in enriched medium
suggests that broth contains a compound essential for growth
which the mutant is temporarily unable to produce. One
possibility is that the enzyme required to generate this com-
pound is subject to degradation in stationary phase cells and
that its catalytic activity can be increased by post-transla-
tional acylation with leucine or phenylalanine. In the wild-
type acylated enzyme molecules surviving in stationary phase
cells might be active enough so that growth in fresh minimal
medium could commence almost immediately. In the mutant
no such acylated molecules would exist and growth might not
occur until sufficient nonacylated enzyme could be made such
that the product whose formation it catalyzed was no longer
growth-limiting. This hypothesis predicts that the growth lag
should be eliminated by addition of the proper compound to
the medium. It also predicts that the enzyme responsible for
the biosynthesis of this molecule is an acceptor substrate for
leucyl,phenvlalanyl-tRNA-parotein transferase and, therefore,
contains an NH2-terminal arginine or lysine residue; that its
activity is diminished in stationary phase to a lower level in
the mutant than in the wild-type; that enzymatic acylation
of its NH2-terminal residue increases its catalytic constant;
and that it is fractionally acylated in the wild-type in vivo.
An understanding of the role played by aminoacyl-tRNA-

protein transferases requires identification of their natural
substrates. A major obstacle in achieving this objective has
been that physiologically important acceptors would be ex-
pected to be modified within the cell and could, therefore, not
be detected as substrates in vitro. The mutant represents a
source of acceptors which have not been acylated and a com-
parison of acceptance by its polypeptides and those of the
wild-type has, therefore, provided the first opportunity to
investigate which potential acceptors are actually recognized
in vivo. The data suggest that as much as 30% of the potential
soluble acceptors may be modified within the cell and that
post-translational acylation with leucine and phenylalanine
may account for about 0.5% of the NH2-termini of bulk

soluble proteins. Since several soluble proteins and at least
one ribosomal protein are probably substrates in vivo, it is
likely that further study of the mutant will reveal considerable
pleiotropy in its phenotyl)e.
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