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The activity of ribosomes from a clinical isolate of Escherichia coli, exposed to starvation for 7 days in sea
salts medium, was investigated by measuring the kinetic parameters of ribosomal peptidyltransferase, by using
the puromycin reaction as a model reaction. No alterations in the extent of peptide bond formation were
observed during starvation. In contrast, a 50% reduction in the kmax/Ks ratio could be seen after 24 h of
starvation; an additional 6 days of starvation resulted in a progressive but less abrupt decline in the kmax/Ks
value. {kmax is the apparent catalytic rate constant of peptidyl transferase, and Ks is the dissociation constant
of the encounter complex between acetyl (Ac)[3H]Phe-tRNA-poly(U)-ribosome and puromycin.} Although the
distribution of ribosomal particles remained constant, a substantial decrease in the number of ribosomes per
starved cell and a clear decline in the ability of ribosomes to bind AcPhe-tRNA were observed, particularly
during the first day of starvation. Further analysis indicated that rRNA in general, but especially 23S rRNA,
was rapidly degraded during the starvation period. In addition, the L12/L7 molar ratio decreased from 1.5 to
1 during the initial phase of starvation (up to 24 h) but remained constant during the subsequent starvation
period. Ribosomes isolated from 24-h-starved cells, when artificially depleted of L7/L12 protein and reconsti-
tuted with L7/L12 protein from mid-logarithmic-phase cells, regenerated an L12/L7 molar ratio of 1.5 and
restored the peptidyltransferase activity to a substantial level. An analogous effect of reconstitution on the
efficiency of ribosomes in binding AcPhe-tRNA was evident not only during the initial phase but throughout the
starvation period.

Most of our understanding of bacterial metabolism has been
obtained from cells undergoing exponential growth (22, 40). In
contrast, our knowledge of bacterial metabolism in natural
environments is still limited. Most ecosystems are grossly oli-
gotrophic and characterized by drastically reduced concentra-
tions of available carbon compounds. Growth of heterotrophic
bacterial populations in such environments is limited, because
the cost of maintenance for the organism is detrimentally high
if the cell remains in a high metabolic state during nutritional
deprivation.

Adaptation to a nongrowing state requires many physiolog-
ical changes. A key control point in the regulation of cell
growth is the protein-synthesizing capacity, which does not
remain constant but is precisely adjusted to the growth demand
(22, 40). During carbon starvation, a rapid degradation of
ribosomes, which is essential for cell maintenance and survival,
occurs (6, 15, 19, 20). However, the level of functional ribo-
somes cannot fall below a critical point, because some meta-
bolic processes operate only during starvation (11, 20, 31, 39,
41). In parallel, ribosome synthesis is negatively regulated by
various mechanisms. These mechanisms include ribosome
feedback inhibition, stringent control, and growth-rate-depen-
dent control (22, 40). For a long time, it was believed that the
reduced rate of protein synthesis in starved cells is a direct
effect of the accumulation of signal molecules, such as ppGpp
(stringent control) (16, 25, 34, 42). This mode of ppGpp action
has been refuted by recent studies (13, 32, 37), suggesting that

the function of ppGpp is to maintain a tight coupling of trans-
lation and transcription by modulating the RNA polymeriza-
tion rate or by a direct effect on RNA polymerase promoter
selection.

During carbon starvation, the expression of a specific set of
genes makes the cells more viable (11, 20, 23, 29, 31, 38, 39,
41). Among them, the rmf gene encodes a ribosome modula-
tion factor (RMF), which associates with 70S ribosomes and
converts them to 100S particles (38, 39, 41); disruption of the
rmf gene results in a significant decrease of the viability of
mutant Escherichia coli only at the stationary phase, suggesting
that the dimerization of ribosomes is essential for stationary
survival (41). Conformational changes in bacterial polysomes
induced by amino acid starvation (2, 8, 24) also suggest that a
possible correlation between starvation and ribosomal struc-
ture may exist. With regard to ribosomal proteins, it has been
found that the L12/L7 molar ratio changes concomitantly with
the activity of ribosomal peptidyltransferase in exponentially
growing E. coli cells (14). Although both the amounts of L12
and L7 proteins and their molar ratio decrease progressively
during the stationary phase (26), the physiological significance
of these alterations has never been investigated.

The main objective of the present study was to elucidate
whether alterations in the peptidyltransferase activity are re-
lated to specific structural changes occurring in ribosomes
upon cell starvation. Given that the fate of certain pathogenic
bacteria in marine environments is important in both funda-
mental and applied microbiology, and since various physico-
chemical parameters in marine environments may change due
to seasonal and local conditions, we followed the efficiency of
ribosomes from a clinical isolate of E. coli during prolonged
culture in a commercially available sea salts solution.
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MATERIALS AND METHODS

Materials. GTP (disodium salt), ATP (disodium salt), poly(U), phenylalanine,
spermine tetrahydrochloride, puromycin dihydrochloride, heterogenous tRNA
from E. coli W, and artificial sea salts mixture (sea salts) were purchased from
Sigma. L-Phenyl[2,3-3H]alanine was obtained from Amersham (Buckingham-
shire, United Kingdom). The 16S and 23S rRNAs from E. coli MRE600 were
obtained from Boehringer. Cellulose nitrate filters (type HA, 24-mm diameter,
0.45-mm pore size) were from Millipore. Bacto Peptone, Bacto yeast, and
Casamino Acids were purchased from Difco.

Bacterial strains and growth. In most of the following experiments we used an
E. coli clinical isolate (EC 138 collection; biotype, S144573) (14). As a reference,
we used E. coli B cells.

Cells were grown aerobically at 37°C with shaking in Erlenmeyer flasks con-
taining M9 medium (18) supplemented with 0.03 mM FeCl3, 0.1 mM CaCl2, 1
mM MgSO4, 0.01 mM vitamin B1, and 0.6% glucose plus 0.2% Casamino Acids.
Steady-state cultures were collected by pouring over crushed ice at an optical
density at 540 nm (OD540) close to 0.5 (mid-logarithmic phase), centrifuged, and
washed twice with sea salts solution (40 g/liter). A suitable aliquot (20 g [wet
weight] of cells) was resuspended at a density of 7 3 106 CFU/ml in sea salts
solution and incubated for 7 days, with vigorous aeration at 37°C. At the onset
and after selected times of starvation, cells from the starved culture were har-
vested by centrifugation, washed once in cold 0.9 M KCl solution, frozen rapidly
in a dry ice-acetone bath, and stored at 270°C.

The colony-forming ability of the cells (culturability) was assessed by spreading
an appropriate aliquot of culture on agar plates (0.8% Bacto agar in rich medium
[14]). The plates were incubated at 37°C for 24 h, and the colonies were counted.

Biochemical preparations. Salt-washed ribosomes and crude acetyl (Ac)[3H]
Phe-tRNA, charged with 29.8 pmol of [3H]Phe (160,000 cpm total) per A260 unit,
were prepared as described elsewhere (14). The method used for polysome
preparation was adopted from the freeze-thaw-lysozyme lysis procedure de-
scribed by Ron et al. (27). Complex C, i.e., the Ac[3H]Phe-tRNA-poly(U)-
ribosome complex adsorbed on cellulose nitrate filters, was prepared as reported
previously (14). The adsorbed radioactivity was measured in a liquid scintillation
spectrometer. Controls without poly(U) were included in each experiment, and
the values obtained were subtracted.

rRNA was extracted from E. coli ribosomes as described before (18). The
rRNA was precipitated with ethanol, dissolved in water, and analyzed by elec-
trophoresis in a 1% denaturing agarose gel (18) or in an 8% polyacrylamide gel
in the presence of 6 M urea (4). Ribosomal proteins were isolated from E. coli
ribosomes by precipitation with acetone from acetic acid extracts (3) and redis-
solved in 20 mM bis-Tris-MES (morpholineethanesulfonic acid) (pH 7.0)–6 M
urea–6 mM b-mercaptoethanol. The separation of L7 and L12 ribosomal pro-
teins was carried out by electrophoresis in 4% polyacrylamide gels in the pres-
ence of 6 M urea (17). L7 and L12 ribosomal proteins were isolated from E. coli
B cells according to Hamel et al. (12) and used as reference standards. For
quantitation, gels stained with Coomassie or methylene blue were scanned at 550
nm in a BT 511 densitometer (Biotechnica Instruments, Rome, Italy). The
identification of RMF in ribosomal samples was carried out by exposing the
ribosomal particles to 1 M ammonium acetate (38) and analyzing the protein
extract by ultrafiltration and Tricine-sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis (28).

Ribosome sedimentation. The ribosome preparations were loaded on 10 to
30% linear sucrose gradients in 10 mM Tris-HCl, pH 7.5–6 mM MgCl2–30 mM
NH4Cl–6 mM b-mercaptoethanol and centrifuged at 85,000 3 g for 6 h at 4°C in
an SW41 Ti rotor (Beckman, Palo Alto, Calif.). Fractions were collected from
the gradients and analyzed by optical scanning at 260 nm.

Peptide bond formation assay. The peptidyltransferase activity of ribosomes
was assessed by the puromycin reaction carried out at 25°C in the presence of 6
mM Mg21 and 100 mM spermine (7). Under these conditions, the reaction
between complex C and excess puromycin (S) proceeds as an irreversible pseudo-
first-order reaction:

C 1 Sº
Ks

CS3
kcat

C9 1 P

where C9 is a modified species of complex C not participating in reforming
complex C, and P is the product (AcPhe-puromycin).

The percent (x) of the bound Ac[3H]Phe-tRNA that was converted to product
was calculated by dividing the amount of product by the amount of Ac[3H]Phe-
tRNA and multiplying the result by 100. The intervention of other species, except
that of complex C, was erased by dividing the x values by the extent factor a.
Additional details on a are given elsewhere (35).

At fixed initial concentrations of puromycin, the first-order rate constant (kobs)
was determined by fitting the corrected values of x/a 5 x9 into the equation:

ln[100/(100-x9)] 5 kobst (1)

for each time point (t) and calculating the slope of this straight line. The
relationship between kobs and [S] is given by the equation:

kobs 5 kmax[S]/(Ks 1 [S]) (2)

where kmax expresses the apparent catalytic rate constant of peptidyltransferase
and Ks is the dissociation constant of the encounter complex CS (7). The values
of kmax and Ks were determined from double-reciprocal plots of equation 2. All
data used in the kinetic analysis were obtained with ribosomes isolated from four
independently starved cultures. The standard errors of the means (Table 1) were
calculated according to Daniel (5).

Reconstitution experiments. Ribosomal particles depleted of L7/L12 protein
were prepared from 70S ribosomes by treatment with 0.5 M NH4Cl-ethanol at
0°C and centrifugation at 30,000 3 g for 15 min at 4°C in an SS34 rotor (Sorvall,
Newtown, Conn.) (12). By this procedure, proteins L7 and L12 were selectively
and completely removed from 70S ribosomes. In reconstitution experiments,
ribosomal particles depleted of L7/L12 protein were preincubated at 37°C for 20
min in 100 mM Tris-HCl (pH 7.2)–100 mM NH4Cl (pH 7.2)–6 mM Mg21

(acetate)–100 mM spermine–6 mM b-mercaptoethanol, mixed with 8 molar
equivalents of L7/L12 protein isolated from mid-logarithmic-phase ribosomes,
and further incubated at 25°C for 20 min. Aliquots of this mixture were used for
the preparation of complex C adsorbed on cellulose nitrate filters and, subse-
quently, for the puromycin reaction. To determine the protein composition of
the reconstituted particles, these were isolated by centrifugation at 100,000 3 g
for 4 h at 4°C in a 75 Ti rotor (Beckman) and then analyzed by gel electrophore-
sis.

RESULTS

Growth characteristics and culturability of E. coli cells in-
cubated in sea salts medium. The exponential growth rate of
the E. coli clinical isolate was 56% that of E. coli B cells, which
grew with doubling times close to 30 min in supplemented M9
medium. Exponentially growing cells of the E. coli clinical
isolate were collected by centrifugation and starved by resus-
pension in sea salts medium. Biomass was determined by mea-
suring the OD540: no biomass increase was observed after the
onset of starvation. The clinical isolate’s number of CFU was
constant for at least 3 days and thereafter reduced slowly, not
exceeding a 50% decrease at the end of 7 days of starvation. In
contrast, E. coli B cells, when exposed in sea salts medium,
exhibited a rapid decline in the number of CFU; 7 days after
the onset of starvation, the concentration of culturable cells

TABLE 1. Kinetic parameters of ribosomal peptidyltransferase during incubation of the E. coli isolate in sea salts medium, as evaluated by
the puromycin reactiona

Ribosome source kmax (min21) Ks (mM) kmax/Ks (min21/mM)

Supplemented M9 medium (mid-log-phase cells) 1.54 6 0.04 0.670 6 0.009 2.30 6 0.13
Sea salts medium (24 h) 1.00 6 0.05 0.870 6 0.012 1.15 6 0.12
Sea salts medium (72 h) 1.05 6 0.04 1.333 6 0.018 0.79 6 0.06
Sea salts medium (168 h) 1.05 6 0.04 2.000 6 0.025 0.53 6 0.04
Sea salts medium (24 h) (ribosomes 2 L7/L12b) 1.02 6 0.05 2.430 6 0.020 0.42 6 0.04
Reconstituted ribosomesc 1.21 6 0.03 0.690 6 0.008 1.75 6 0.09

a All data used in the kinetic analysis were obtained with ribosomes isolated from four independently starved cultures.
b Ribosomes isolated from 24-h-starved cells and artificially depleted of L7/L12 protein.
c Ribosomes isolated from 24-h-starved cells, artificially depleted of L7/L12 protein and then reconstituted with L7/L12 protein extracted from mid-logarithmic-phase

cells.
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decreased more than 99%, dropping to values as low as 100
CFU/ml.

Distribution of ribosomal particles and alterations in the
binding of AcPhe-tRNA to ribosomes after prolonged incuba-
tion of E. coli cells in sea salts medium. Polyribosomes were
not detected in cells that were starved for either 1 or 7 days.
Runoff ribosomes from cells harvested at various times of
incubation were also subjected to sucrose gradient centrifuga-
tion under association conditions (6 mM MgCl2, 30 mM
NH4Cl). The major species of ribosomes was found to be 70S
monomers. In addition, native 50S and 30S subunits were de-
tected in about 27% of the total ribosomes. The percentage of
70S monomers remained constant throughout the incubation
period (Fig. 1). However, statistically significant changes in the
efficiency of ribosomes to bind AcPhe-tRNA were observed
(Fig. 1). The extent of binding declined, particularly during the
first 24 h of starvation. Moreover, the initial rate of AcPhe-
tRNA binding steeply decreased by 24 h of starvation and then
remained almost unchanged (Fig. 2).

Analysis of rRNA. Analysis of equivalent numbers of cells
indicated that 35% 6 4% of ribosomes existing at time zero
were completely disintegrated after 7 days of starvation. The
distribution of the surviving ribosomal particles remained con-
stant during this time (Fig. 1), which may indicate that, in
addition to the ribosomal subunits, 70S particles were also
subjected to degradation in a synchronized fashion.

rRNA was isolated from the surviving ribosomes of starved
cells and analyzed by gel electrophoresis. Low-molecular-mass
rRNA species were examined by electrophoresis in 8% poly-
acrylamide gels in the presence of 6 M urea. Only one rRNA
species was found, showing a mobility equivalent to that of 5S
rRNA and exhibiting high stability throughout the starvation
period (Fig. 3A). A different picture emerged with regard to
high-molecular-mass rRNA. In this case, electrophoresis in 1%
denaturing agarose gels showed that both the clinical isolate’s
ribosomes and ribosomes from exponentially growing E. coli B
cells contained fragmented rRNA even before the start of
starvation, the rRNA fragmentation of the former being higher

FIG. 1. Levels of 70S ribosomal particles and AcPhe-tRNA binding to
poly(U)-programmed ribosomes isolated from a clinical isolate of E. coli during
starvation in sea salts medium. The level of 70S ribosomes was calculated by
measuring at 260 nm the corresponding peak area of ribosomal profile after
sucrose gradient centrifugation. Ribosomes were assayed for AcPhe-tRNA bind-
ing by the filter-binding technique. The values of radioactivity shown on the
vertical axis represent the extent of Ac[3H]Phe-tRNA binding to 2.5 A260 units of
intact ribosomes (F), ribosomes depleted of L7/L12 protein (‚), and ribosomes
depleted of L7/L12 protein and reconstituted with L7/L12 protein from mid-
logarithmic-phase cells (E). Controls without poly(U) were included in each
experiment, and the values obtained were subtracted. Bars represent standard
deviations as calculated from four independently starved cultures.

FIG. 2. Time course of AcPhe-tRNA binding to E. coli ribosomes. The ri-
bosomes were prepared from the clinical isolate cells harvested at time zero (E)
and at 1 day (F), 3 days (Œ), and 7 days (h) after the onset of starvation.

FIG. 3. Fragmentation of rRNA after incubation of E. coli cells in sea salts
medium. rRNA was extracted from E. coli ribosomes and analyzed by 8%
polyacrylamide gel electrophoresis in the presence of 6 M urea (A) or by 1%
agarose denaturing gel electrophoresis (B). Lanes: 0, standards of 16S and 23S
rRNA from E. coli W; 1, tRNAPhe from E. coli W; 2 to 5, rRNAs (5 mg) prepared
from the clinical isolate cells harvested at the mid-logarithmic phase of growth
(lane 2) or after 1 day (lane 3), 3 days (lane 4), or 7 days (lane 5) of starvation;
6, rRNA from mid-logarithmic-phase cells of E. coli B strain; 7, rRNA from E.
coli B cells harvested at the end of the starvation period. (C) Quantitation of 16S
and 23S rRNA fragmentation during starvation. Equivalent aliquots (5 mg) of
total rRNA from each sample were analyzed by 1% agarose denaturing gel
electrophoresis, such as that shown in panel B. After staining with methylene
blue, the gels were scanned at 550 nm in a densitometer. The relative intensity
represents the absorbance of 16S (solid symbols) or 23S (open symbols) rRNA
bands at several points of the starvation period, given as the percentage of the
rRNA band absorbance corresponding to 5 mg of rRNA isolated from surviving
E. coli B ribosomes (triangles) or from surviving ribosomes of the clinical isolate
(circles), prepared from cultures harvested at time zero.
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(Fig. 3B, lanes 2 and 6). After the onset of starvation, both 23S
and 16S rRNA were further fragmented. However, the rRNA
fragmentation of the clinical isolate (Fig. 3B, lanes 3 to 5, and
C) was much more pronounced than that of the E. coli B cells
(Fig. 3B, lane 7, and C).

Analysis of ribosomal proteins. Analysis of ribosomal pro-
teins by SDS-polyacrylamide gel electrophoresis showed no
major differences in the patterns of proteins between the ex-
ponentially growing cells and those incubated in sea salts me-
dium, with the exception of L7 and L12 proteins (data not
shown). The changes in L7 and L12 proteins were further
examined by electrophoresis in 6 M urea–4% polyacrylamide
gels (Fig. 4). A small amount (15% 6 5%) of L7 and L12
proteins, found in mid-logarithmic-phase ribosomes, was lost
within 24 h of incubation of cells in sea salts medium. However,
the L12/L7 molar ratio changed from 1.5 to 1 (Fig. 4). Further
incubation of cultures did not essentially alter the content of
L7 plus L12 per ribosome or the L12/L7 molar ratio (Fig. 4,
compare lanes 2, 3, and 4).

Another point of interest is that no bands corresponding to
RMF protein could be observed throughout the starvation
period. In accordance with this finding, we failed to detect 100S
particles (dimers of 70S ribosomal monomers). Similar results
were also obtained when exponentially growing cells with low
doubling time (0.4 doublings/h) were used instead of starved
cells. Since salt washing of cells or ribosomes interferes with
the state of ribosomes to various extents (38), this step of
purification was omitted when cells or ribosomes were pre-
pared in order to be used in such experiments.

Peptidyltransferase activity of E. coli cells after prolonged
incubation in sea salts medium. By using the puromycin reac-
tion as a model reaction (7), changes in peptidyltransferase
activity were followed throughout the incubation period (up to
7 days) in sea salts medium. Two distinct parameters of the
peptide bond formation were examined: first, the extent (or
final degree) of the puromycin reaction which determines the
percentage of the bound AcPhe-tRNA that is converted to
product at infinity (35) and, second, the ratio kmax/Ks, which
provides an estimation of enzyme activity status (9).

The final degree value was constant and equal to 74% 6 5%.
In contrast, a 50% reduction in the kmax/Ks ratio could be seen
after 24 h of starvation, due to a decrease of kmax and a parallel
increase of Ks (Table 1). To investigate whether this effect is
related to the shift in the L12/L7 molar ratio, a series of
reconstitution experiments was performed. Ribosomes pre-
pared from 24-h-starved cells were artificially depleted of L7/

L12 protein and then incubated with an eightfold molar excess
of L7/L12 protein isolated from mid-logarithmic-phase ribo-
somes. Purification of reconstituted ribosomes by centrifuga-
tion showed that both the L12/L7 molar ratio (Fig. 4, lane 6)
and the L7/L12 content per ribosome were similar to those
corresponding to mid-logarithmic-phase ribosomes. Reconsti-
tuted ribosomes prepared as described above were further
examined for their kinetic properties during peptide bond for-
mation. As shown in Table 1, replacement of starved by expo-
nential L7/L12 protein significantly improved the catalytic
properties of ribosomes isolated from 24-h-starved cells; the Ks
value was reduced nearly to the same value as that obtained
from mid-logarithmic-phase ribosomes, while the kmax value
showed a 78% recovery. Similar treatment of ribosomes iso-
lated from 72-h- or 168-h-starved cells did not cause significant
improvement in the catalytic properties of reconstituted ribo-
somes (data not shown). However, the efficiency of reconsti-
tuted ribosomes to bind AcPhe-tRNA was greatly restored,
independent of whether the L7/L12-depleted ribosomes were
prepared from 24-h- or from 168-h-starved cells (Fig. 1).

DISCUSSION

Despite intensive research of the regulation of protein syn-
thesis in starved cells, the mechanisms involved in the adapta-
tion to the nongrowing state are largely unknown. In the
present study, we have focused on alterations in function and
structure relationships regarding ribosomes prepared from an
E. coli clinical isolate cultured for 7 days in sea salts medium.

In accordance with previous reports (6, 15, 19, 20), our
experiments showed that the ribosomal content decreases
when cells enter the nongrowing phase. In starved cultures,
35% 6 4% of rRNA material extracted from exponential cul-
tures of the same turbidity is completely disintegrated. We
found that this rRNA breakdown is lower than that observed in
other studies (6, 19). Although this difference is probably re-
lated to the metabolic properties of the E. coli clinical isolate
per se, it has been mentioned (19) that the degradation rate
during complete starvation is much less than that observed
during incomplete starvation. This may suggest that some level
of energy is required to cause exhaustive degradation of rRNA.

Polyribosomes were not detected in starved cells of the E.
coli clinical isolate. This finding is in accordance with observa-
tions made with E. coli during glucose starvation (8) or in a
marine Vibrio sp. strain (10). However, a low level of protein
synthesis cannot be precluded. Indeed, previous studies have
demonstrated that, while the bulk of protein synthesis is largely
restricted in E. coli, synthesis of 30 to 50 new proteins is
induced in response to starvation (31). It was, therefore, at-
tractive to reexamine the structural and functional character-
istics of ribosomes remaining in the starved cells with more
sensitive methods. In the present study, we used a kinetic
procedure (35), which is the best method available for evalu-
ating changes in the activity of ribosomal peptidyltransferase in
vitro. Having separated all steps involved in Ac[3H]Phe-tRNA-
poly(U)-ribosome formation (step 1) from the reaction be-
tween the donor (AcPhe-tRNA) and puromycin (step 2), we
were able to examine the effect of starvation on each of these
steps.

With respect to the influence of starvation on the binding of
AcPhe-tRNA to ribosomes, our results show that ribosomes in
starved cells have a reduced capacity to bind the initial ami-
noacyl-tRNA. Since the assembly state of ribosomes does not
essentially change upon starvation, it seems that the 70S par-
ticles bind AcPhe-tRNA with altered efficiency, depending on
the age of the culture. It could be proposed that starvation

FIG. 4. Gel electrophoresis of total ribosomal proteins (TP70) isolated from
the E. coli clinical isolate during starvation. Proteins were separated by 6 M
urea–4% polyacrylamide gel electrophoresis. Lanes: 0, L7 and L12 reference
standards; 1 to 4, TP70 from cells harvested at time zero (lane 1) or at 1 day (lane
2), 3 days (lane 3), or 7 days (lane 4) after the onset of starvation; 5 and 6, TP70
from ribosomal particles isolated from 24-h-starved cells and depleted of L7/L12
protein before (lane 5) or after (lane 6) reconstitution with L7/L12 protein from
exponentially growing cells. The numbers in parentheses are the corresponding
mean L12/L7 molar ratios, obtained from four independently starved cultures.
The standard error of these values was found to be less than 0.05.
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might activate a modifier of initiation factors, in analogy with
the effect of amino acid starvation on regulation of polypeptide
chain initiation in Ehrlich ascites tumor cells (25). Alterna-
tively, it could be suggested that the translation initiation fac-
tors become less stable during carbon starvation, as previously
detected by phosphate starvation studies (6). Although both
suggestions may explain alterations in the initial rate of AcPhe-
tRNA binding, they cannot interpret observed changes in the
extent of binding (Fig. 1). Therefore, it might be supposed that
some of the ribosomal particles have fully lost their efficiency
for AcPhe-tRNA binding.

It is of particular interest that changes in peptidyltransferase
activity occur when bacteria switch from the exponential to the
nongrowing state (Table 1). The second-order rate constant
kmax/Ks is reduced after 24 h of incubation or more in sea salts
medium. While the catalytic rate constant kmax and the disso-
ciation constant Ks clearly change, the extent of the puromycin
reaction remains constant throughout the starvation period.
This observation implies that the critical step, at which the
peptide bond formation is inhibited, is the kinetic phase of the
reaction. Furthermore, this finding suggests that the distribu-
tion of AcPhe-tRNA among different binding states (P/P or
A/P ribosomal state [14]) is not influenced by starvation. Al-
bertson and Nystrom (1) have proposed that the repression of
protein chain elongation factors during starvation may play an
important role in the reduction of the elongation rate. How-
ever, we did not observe any significant repression of protein
chain elongation factors, at least during the first 24 h of star-
vation (data not shown). Furthermore, we failed to detect 100S
ribosomal particles or electrophoretic bands corresponding to
RMF protein in extracts from starved cells or cells growing at
a low growth rate. It is obvious that the rmf gene, encoding
RMF (39), is either mutated or negatively regulated in the E.
coli clinical isolate.

Experiments on the constitution of isolated ribosomes pro-
vide several interesting observations on ribosomal metabolism
during the time course of starvation. The 23S rRNA and to a
lesser degree 16S rRNA undergo a cumulative fragmentation
that is initiated even before the culture enters the incubation in
sea salts medium. As we have recently reported (14), this
clinical isolate is the first E. coli strain to exhibit such a high
degree of rRNA fragmentation before growth has ceased. Af-
ter the onset of starvation, ribosomes start disintegrating; after
7 days of incubation in sea salts medium, 35% 6 4% of ribo-
somes have been completely lost. Furthermore, in the surviving
ribosomes neither 23S rRNA nor 16S rRNA remains intact.
The corresponding fragmentation of rRNA from E. coli B cells
is much lower, although the corresponding loss of cell cultur-
ability is remarkably elevated. Our results reinforce the notion
that the survival of E. coli cells during carbon starvation is
proportional to the capacity of the strains to degrade rRNA
(15, 20). However, the observed degradation of rRNA cannot
explain the concomitant changes in peptidyltransferase activ-
ity. Evidently, the catalytic activity is independent of the initial
concentration of functional ribosomes or puromycin, because
it is defined by the kmax/Ks ratio. Moreover, the coexistence of
intact 23S and 16S rRNA with fragmented rRNA suggests that
complex C is probably formed by intact rRNA. Otherwise,
more than one kinetic species of complex C should participate
in peptide bond formation, giving nonlinear double-reciprocal
plots (30). Nevertheless, the concentration of functional ribo-
somes is an essential factor which contributes to the rate value
of peptide bond formation. The extent of rRNA fragmentation
seems to regulate the number of functional ribosomes. Al-
though this number is reduced after prolonged starvation in
sea salts medium, the remaining functional ribosomes may be

essential not only for the expression of required genes in the
nongrowing state but also for efficient recovery from starvation
when nutrients become available.

Another point of interest is the correlation of changes in
peptidyltransferase activity with stoichiometric aberrations in
ribosomal proteins appearing during starvation. The method
applied cannot detect small changes in the protein content of
ribosomes. Nevertheless, these experiments preclude gross
changes occurring to ribosomal proteins during the 7 days of
starvation. The only apparent alteration is a decrease in the
value of the L12/L7 molar ratio, occurring during the initial
phase of starvation (up to 24 h). However, an interesting find-
ing during this phase of starvation is that the replacement of
starved by exponential-phase L7/L12 protein restores the pep-
tidyltransferase activity to a substantial level, comparable to
that shown in exponential-phase ribosomes (Table 1). In ad-
dition, this replacement reverses the ribosome deficiency in
binding AcPhe-tRNA (Fig. 1), evidently not only at the initial
phase but throughout the starvation period. For an unknown
reason(s), similar treatment of ribosomes isolated from 72-h-
or 168-h-starved cells does not improve the peptidyltransferase
activity of reconstituted ribosomes. Since the ribosomal pro-
teins L7 and L12 differ solely in the presence of an amino-
terminal acetyl group on L7 (33), it is reasonable to assume
that the acetylation level of L12 protein may act as a modulator
of ribosome efficiency during starvation. We cannot exclude,
however, the existence of additional changes in the structure or
in the conformation of the L7/L12 dimer, occurring upon star-
vation and affecting the peptidyltransferase activity. The sig-
nificance of L7/L12 protein in ribosomal functions has been
well demonstrated in the past (14, 21, 36).

Undoubtedly, the gap in our understanding of the exponen-
tial phase as opposed to the starvation phase in natural bacte-
rial isolates is evident, and the unraveling of the corresponding
relative regulatory mechanisms needs further investigation.
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