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Regulation of intracellular proteolysis has been compared during amino acid
deficiencies in seven double auxotrophs of Escherichia coji 9723f with a common
phenylalanine requirement. Individual deficienceis were either more effective
than, less effective, or equal to phenylalanine deficiency in stimulating intracel-
lular proteolysis. For each amino acid, the same relationship prevailed in
inhibiting uracil incorporation into nucleic acids, a reaction series regulated by
the ret gene for stringent control. The three amino acids least abundant in the
cellular protein were the least effective regulators. These findings are interpreted
as supportive evidence for stringent control of intracellular proteolysis by the rel
gene.

Amino acids are general regulators of a num-
ber of unrelated metabolic reactions. Amino
acid deficiencies stimulate intracellular proteol-
ysis, and the stimulation is largely abolished by
chloramphenicol (8, 21). Analogously, amino
acid deficiencies inhibit ribonucleic acid (RNA)
synthesis and several other biosynthetic reac-
tions, and these inhibitions are also.reversed by
chloramphenicol (5). The latter regulation is
referred to as stringent control and is attributed
to the ret gene. Generally, the criterion of
association of the stringent responses has been
their concomitant loss upon rel mutation. In one
retl mutant that was starved of a combination
of nutrients. Sussman and Gilvarg (24) found
intracellular proteolysis to be below normal, but
not when glucose was additionally omitted.
They raised the possibility that these could be
indirect effects of the relt mutation. Proteolysis
in different retl mutants does not respond
consistently to single amino acid deficiencies (8,
unpublished experiments). The present study
reexamines the question of stringent control of
intracellular proteolysis by comparing the nor-
mal differences among amino acids in regulat-
ing it and also in regulating incorporation into
nucleic acids. The rationale for the comparisons
is consistent with the most current explanation
of the mode of expression of the rel gene, and
the procedure may be applicable to other inves-
tigations of stringent control in organisms for
which there are no rel- mutations.

MATERIALS AND METHODS
A thymine-requiring mutant of the phenylalanine-

requiring Escherichia coli 9723f was obtained by
plating with 5 pg of trimethoprim and 50 pg each of
thymine, thymidine and adenosine per ml. The mu-
tant and the original strain were mutagenized with
N-methyl N'-nitroso-N-nitro-guanidine (1), and aux-
otrophs with additional amino acid requirements were
enriched by penicillin counterselection (9). Cells were
cultured and incubated at 37 C in minimal glucose
medium as described (20, 21). Cultures at a cell
density of 30 units in a Klett-Summerson colorimeter
(660-nm filter; 2 x 10 cells/ml) were given 3.3 gM
L-leucine-1-_4C, 50 mCi/mmol, which was quickly
consumed (20). After 1 h they were filter washed and
suspended in an eightfold dilution of amino acid-de-
ficient medium and supplemented with individual
amino acids and 100 pg of leucine carrier per ml to
trap any free leucine-1-"4C liberated from cell protein.
In the initial experiments, 5 pM uracil-2-"4C, 1.1
mCi/mmol, was added after 6 to 10 min to an un-
labeled, otherwise identically treated, culture. In sub-
sequent experiments, 5 pM uracil-6-3H, 40 mCi/
mmol, was added to the same culture. To estimate in-
tracellular proteolysis, 1-ml samples of culture were
inactivated with citric acid, steamed, and treated with
ninhydrin (21). The "CO, that was quantitatively
evolved overnight from free leucine was trapped in
0.1 ml of NSC solubilizer (Amersham-Searle) and
counted with toluene-based scintillant (21). A small
correction was made for background decarboxylation
of protein (20). A 0.1-ml portion of the "IC-labeled
culture was dried and counted directly to determine
total leucine incorporation into protein. Intracellular
proteolysis is calculated as the percentage of this in-
corporation that becomes susceptible to decarboxyla-
tion. To estimate uracil-2"C incorporation into total
nucleic acid, culture samples were inactivated in cold
10% trichloroacetic acid and filtered and washed with
the same fiber disks. To estimate deoxyribonucleic
acid (DNA) incorporation, the samples were first in-
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cubated overnight in 1 N NaOH before acidification.
To estimate uracil-6-'H incorporation, incorporated
activity was recovered on membrane filters, and 'H
was recovered by combustion in a Packard model 305
Tricarb sample oxidizer.
To determine the amino acid composition of E. coli

9723f, cells harvested from mid-logarithmic growth
were heated 20 min at 90 C in 10% trichloroacetic acid
and washed in the same solution, followed by acetone.
After overnight in vacuo hydrolysis in 6 N HCl at 100
C, amino acids were determined on a Technicon
analyzer with a 57-cm column and eluted with a 5.5-h
gradient (11). Cystine and methionine were sepa-
rately determined after oxidizing the hydrolysate with
performic acid (14).

Other experimental details have been previously
described (21).

RESULTS AND DISCUSSION
Rates of protein breakdown and incorporation

of uracil into nucleic acid are shown in Fig. 1-3
for seven double auxotrophs of E. coli, each
requiring phenylalanine and one additional
amino acid. The incorporation of uracil into
RNA, which is the sole product mcorporated in
the two thy- mutants starved of thymine (Fig.
1), is limited by both the conversion of uracil to
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FIG. 1. Effect of amino acid starvation on intra-

cellularproteolysis and uracil-2-14C incorporation into
RNA of his-(A) and arg-(B) mutants of E. coli 9723
pherthy-. 1, Complete growth; 2, phenylakanine
absent; 3, histidine absent; 4, arginine absent. Thy-
mine sources were omitted.

nucleic acid intermediates and the net synthesis
of RNA, all of which are under stringent control
(5, 6, 25). Intracellular proteolysis is slightly
inhibited by thymine starvation alone when
growth eventually stops (21). It is unlikely,
however, that this comparatively slow effect
would be of significance during rapid growth
arrestment from the amino acid deficiencies
(Fig. 1). In a thy+ strain, uracil incorporations
into DNA and into total nucleic acid are both
affected by individual amino acid deficiencies
in an entirely parallel manner (Fig. 2A) and the
same is true of RNA incorporation (total minus
DNA incorporation). Thus, incorporations into
RNA, DNA, or total nucleic acid appear to be
equivalent parameters of stringent control. The
changes in DNA incorporation, which occur
very early upon amino acid starvation (Fig. 2A),
must primarily reflect control of the conversion
of uracil to nucleotide intermediates because
the subsequent assembly of DNA is curtailed
more slowly, when rounds of replication are
completed (12). Stringent control cannot how-
ever be seriously limiting the uptake and ex-
change of leucine carrier during the proteolytic
assay because much greater proteolytic rates
can be detected when the labeling schedule is
altered. Thus, when proteins are labeled min-
utes or seconds rather than 1 h before assay,
protein half-lives in the order of minutes have
been found in E. coli 9773f and all other strains
that have been examined, either during growth
or after prolonged amino acid starvation or
other deleterious treatments (3, 17, 19-21, 26).
Individual amino acid deficiencies have distinc-
tive regulatory effects (Fig. 1-3). The degree of
stimulation of intracellular proteolysis by each
of the other amino acid deficiencies correlates
with the degree of inhibition of uracil incorpora-
tion. If phenylalanine deficiency is taken as the
norm, histidine, tyrosine, and tryptophan defi-
ciencies regulate both events less efficiently
(Fig. 1, 2). Arginine deficiency is about as effec-
tive (Fig. 1) whereas deficiencies of proline,
threonine, or serine plus glycine are more effec-
tive (Fig. 3). It can be reasonably concluded
that both events are controlled by the same
regulatory system and that intracellular pro-
teolysis is an additional metabolic process
under the regimen of the ret locus.
The effectiveness of individual amino acids as

regulators can be ranked approximately with
their abundance in the cellular protein (Table
1). Tryptophan, histidine, and tyrosine, which
are poorer regulators than phenylalanine, are
less abundant. Proline, threonine (plus isoleu-
cine), and serine plus glycine are better regula-
tors than phenylalanine and are correspond-
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FIG. 2. Effect of amino acid starvation on intracellular proteolysis and uracil-2-14C incorporation into

nucleic acids of tyr- (A) and try-(B) mutants of E. coli 9723 phe-. 1, Complete growth medium; 2,
phenylalanine absent; 3, tyrosine absent; 4, tryptophan absent. Incorporation into DNA is separately indicated
in the phe- tyr- mutant.

ingly more abundant. Arginine, somewhat less
consistently, is about equal to phenylalanine as
a regulator and is more abundant. A similar
comparison has been made with a larger num-
ber of amino acids as regulators of intracellular
proteolysis (21). Ron (22) has shown a consist-
ent correlation between the abundance of six
amino acids in cell proteins and the extent to
which their deficiency lowers the normal polyso-
mal distribution of the ribosomes. Ribosomes
were considered to dissociate prematurely from
the complex according to the frequency with
which missing amino acids arrest peptide chain
growth. Loss of input to the amino acid-accept-
ing site of the ribosome would then lead to a
proportionate accumulation of dissociated ribo-
somes. Both of the dissociated 30S and 50S
components are part of a complex that synthe-
sizes guanosine tetraphosphate (ppGpp) under
conditions which are consistent with its possible
function as a general regulator of stringent
control (2, 7, 13, 18, 26). The connection be-
tween cellular abundance of the amino acids

and their regulatory capacities would then be
apparent. In intact cells, a parallel can be made
between the level of ppGpp and the rate of
intracellular proteolysis. Both are inhibited by
inhibitors of peptide translocation (8, 16, 21)
and stimulated by inhibiting initiation of pro-
tein biosynthesis (8, 16) or RNA synthesis (16,
21) or by limiting the energy supply in normal
and relh cells (15, 21, 25). Deprivation of
different amino acids in E. coli B and K-12
produce ppGpp in similar, but not identical,
amounts (4). Deficiency of histidine, the rarest
amino acid examined, produces the least
ppGpp (4).
Sussman and Gilvarg (24) studied the regula-

tion of proteolysis in relh cells by following the
effects of a multiple nutritional deficiency. It is
not clear which of the nutritional components
was actually limiting and whether this limita-
tion held in all conditions. Also, the proteolytic
rate of growing cells, the base line in all present
comparisons, was not measured. In other stud-
ies, single amino acid deprivations sometimes
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FIG. 3. Effect of amino acid starvation on intracellular proteolysis and uracil-6_-H incorporation into nucleic

acids of pro- (A), thr-(B), and ser-gly- (C) mutants of E. coli 9723 phe-. 1, All amino acids present; 2,
phenylalanine absent; 3, proline absent; 4, threonine absent; 5, serine and glycine absent. 'H and "IC activities
were measured simultaneously.

TABLE 1. Amino acid composition of cell proteins of
E. coli 9723f

Amino acid Moles(%)

Glu + Gln...... 11.38
Asp + Asn...... 11.02
Ala..... 9.70
Gly...... 8.12
Leu ..... 7.53
Val..... 7.00
Lys..... 6.33
Thr ...... 5.91
Arg.:5.47
Ser.5.25Ile.4.95Pro.4.49Phe.3.59Tyr.2.91Met.2.67
His.1.91
Try......... 0.93a
1/2 Cys ... 0.84

'Taken from the composition of soluble protein of
E. coli B (24).

do and sometimes do not affect intracellular
proteolysis in rel- mutants (8, unpublished
data). Perhaps in some relh mutants, the loss of
translational fidelity (10) and the inability to
regulate many biosynthetic reactions give rise
to other effects not directly pertinent to strin-
gent control. The present experiments may be
less drastic; they provide more supplementary
information in following the gradations in nor-
mal response to amino acid deficiencies, and
they provide a clearer alternative to deciding
how deficient the proteolytic response of a
relaxed mutant should be. The relationship
between the regulatory effectiveness of an
amino acid and its abundance in cellular pro-
tein is only approximate. The regulatory re-
sponses measured may not be simple or linear.
There is no assurance, moreover, that all amino
acids disappear from transfer ribonucleic acid
(tRNA) or are replenished by protein break-
down and conserved identically when their de
novo appearance is stopped. The accumulation
of abnormal levels of intermediates during indi-
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vidual amino acid deficiencies might cause
unanticipated changes in metabolites that can
further modify intracellular proteolysis. It is
unlikely, however, that these would be underly-
ing reasons for the large number of amino acid
differences noted here and previously (21, 22).
Moreover, the regulatory differences among the
amino acids are consistent in virtually all of
many mutations of effective and ineffective
amino acids that have been examined (17, 21).
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