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It has been known for some time that chloramphenicol (CAP) inhibits protein
synthesis,' but it is still not known precisely at which step it acts. The antibiotic
does not prevent amino acid activation2 or esterification to sRNA,3 but interferes
with some later step in protein synthesis.4 Since CAP binds to ribosomes both in
vivo and in vitro,5' 6 it has been suggested that the antibiotic inhibits some ribosomal
function. Ribosome participation in protein synthesis can be considered as a
sequence of three events: (1) initiation, in which ribosomes become attached to
messenger RNA to form polysomes;7 (2) chain growth, in which the information of
the message is sequentially read, peptide bonds are formed, and the nascent polypeptide chain increases in length; and (3) release, in which the completed protein
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is detached from the ribosome. A number of investigators have attempted to
establish which of these steps is inhibited by CAP in an in vitro system, but the
results of these studies have frequently been ambiguous. Thus, Jardetzky and
Julian,8 and Wolfe and Weisberger9 report that CAP inhibits the binding of messenger RNA to ribosomes, while Ku6an and Lipmann'0 report the opposite, and
other workers"1 12 offer independent evidence that peptide-bond formation is
directly inhibited. Furthermore, our own experience has been that cell-free protein synthesizing systems, prepared from the same strain of E. coli, can be highly
variable in their sensitivity to CAP. We turned, therefore, to an examination of
the effect of CAP on the assembly of ribosomes into polysomes and on the synthesis of nascent protein by these polysomes in growing cells. We conclude that
CAP interferes with the growth of nascent polypeptide chains, and does not inhibit
protein synthesis by preventing the binding of ribosomes to messenger RNA or the
release from the ribosome of finished proteins. Das et al. have independently arrived at a similar conclusion using different techniques.'3
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Materials and Methods.-Bacterial culture conditions: The strain of Escherichia coli used was
W-60, a nonreverting arginine auxotroph obtained from Dr. Henry J. Vogel. Bacteria were
grown with forced aeration at 330C in a mineral salts medium", plus 0.2% glucose. For most
experiments, arginine was added at a concentration of 50 ,g/ml. For amino acid starvation,
arginine was added at a concentration of 20 ;&g/ml which allowed growth to a cell density of approximately 1.1 X 109 bacteria/ml. Aeration was continued in the exhausted medium for 30
min before the experimental manipulations were begun. Growth was followed with a KlettSummerson colorimeter, using the green filter.
Preparation and analysis of extracts: A 700-ml culture of bacteria was grown to a cell density
of approximately 1.1 X 10' cells/ml and 100-ml samples were taken by forced aeration either
directly over crushed ice or into a tenfold excess of ice-cold standard buffer (0.05 M Tris, 0.01 M
MgCl2, 0.06 M KCl, pH 7.8). In the first case, cells were collected by centrifugation and, in the
second case, on a 142-mm Millipore filter. The collected cells were resuspended in 3 ml of cold
standard buffer and were broken in a chilled French pressure cell" using a Carver press registering
an applied pressure of 4,000-5,000 lb. This is equivalent to a pressure of 5,000-6,250 psi inside
the cell. Under these conditions cell breakage was approximately 30%. Higher pressures gave
increased cell breakage but caused a sharp decrease in the polysome content of the extract. The
extract was layered on a 28-ml 30-15% linear gradient of sucrose in standard buffer and centrifuged in the SW 25.1 Spinco rotor for 3 hr at 25,000 rpm. After centrifugation the bottom of the
tube was punctured, the contents were pumped out with a Harvard syringe pump, and optical
density at 260 mju was monitored using a Gilford model 2000 recording spectrophotometer with a
2-mm light path flow-through cell. When radioactivity determinations were made, fractions were
collected from the Gilford flow-through cell outlet. Incorporation of C14 amino acids into protein
was determined by precipitating samples with an equal volume of 10% trichloroacetic acid in the
presence of 0.5 mg/ml bovine serum albumin, and heating for 20 min at 90'C. Precipitates were
then chilled and collected either on Whatman glass fiber filters (GF/A) or on Millipore filters,
and were washed with 15 vol of 5% TCA. Filters were thoroughly dried under a heat lamp,
placed in scintillation bottles with 10 ml of a toluene-based scintillation fluid," and counted in a
Nuclear-Chicago model 725 scintillation counter.
Labeling of nascent protein: C14 amino acids from one of two sources were used. The first was
15 ye of a reconstituted protein hydrolysate (99% I-amino acid) from Schwarz BioResearch, to
which was added a carrier solution containing 0.22 Mmole of each of the amino acids (alanine,
arginine, aspartic acid, glutamic acid, isoleucine, leucine, lysine, phenylalanine, proline, serine,
threonine, tyrosine, and valine).
The second source of C14 amino acids was a mixture of 1 Muc each of six amino acids from New
England Nuclear (aspartic acid, isoleucine, lysine, phenylalanine, tyrosine, and valine) with the
same carrier solution used with the protein hydrolysate, except that arginine was omitted (i.e..
0.22 Mmole of each of 12 amino acids was added as carrier).
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For the incorporation experiments, the 15 uc of protein hydrolysate plus carrier or 6 ;sc of amino
acid mixture plus carrier were added to 50 ml of warm glucose-salts medium, which in turn was
poured into a vigorously aerated culture (700 ml at a cell density of 1.1 X 109 bacteria/ml).
Samples were then taken as described.
Polysome specific activity: The specific activity of the polysome region [(cpm/ml)/OD2,.] is a
measure of the average amount of nascent protein present per ribosome, which in turn reflects
the activity of these ribosomes in protein synthesis. The specific activity of the soluble region
measures the amount of newly synthesized completed protein. Specific activity was determined
in either of two ways. (1) OD260 of a sucrose density gradient was determined with a Gilford
model 2000, and approximately 1-ml fractions were taken. For each fraction, radioactivity was
determined as described and plotted on the OD tracing. The tracing was divided into regions
(Fig. 1), and the counts per minute in each region were summed. The area under the OD tracing
for each region was determined with a planimeter and converted to OD units for a 1-cm light
path. Specific activity for each region by this method is [(2cpm/ml)/(2OD260)]. (2) OD260 was
monitored with a Gilford model 2000, and each region (pellet, polysome, ribosome, soluble) was
collected as it came off. The average OD for each region was determined in the Zeiss PM QII,
and 1 ml of each region was then assayed for radioactivity as described. The specific activity by
this method is [(cpm/ml)/OD260].
Biochemicals: Chloramphenicol was a gift from Parke-Davis and Co. Ribonuclease was 5 X
crystallized, protease-free bovine pancreatic, from Sigma. Carrier amino acids were al L-isomer,
A-grade from Calbiochem. All other chemicals were reagent grade and obtainable from commercial sources.

Results.-Nascent protein in exponentially growing cells: The specific activity of
the polysome region of a sucrose gradient following a pulse of C14 amino acids (see
Methods, Fig. 1) is a measure of the amount of newly synthesized protein associated
with polysomes, and the amount of the label "chased" off polysomes in the presence
of an excess of unlabeled amino acids is a measure of the fraction of this newly
synthesized protein which is "nascent" protein.'5 Figure 2A shows the kinetics of
appearance of nascent protein in a growing culture of E. coli. After addition of the C14 amino
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absorbing materi
ionv the polysome

polysome specific

activity, and the increase in

specific activity of soluble proteins ceased
shortl y thereafter The data demonstrate that
after a 20-sec pulse with C14 amino acids, at
least 75 per cent of the newly synthesized protein associated with polysomes is nascent, nonribosomal protein.
Does CAP Inhibit after Initiation?-If CAP
inhibits protein synthesis by preventing the
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FIG. 2.-Kinetics of appearance of labeled nascent and soluble protein in
exponentially growing E. coli. (A) C14 protein hydrolysate (15 ftc) was
added to a growing culture. (B) Same as (A), except that a 100-fold excess
of C12 amino acid mixture was added at 23 sec. Sampling and analysis
were as described in Methods. Specific activity is [(2 cpm/ml)/(2 OD260)].
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FIG. 3.-Chloramphenicol inhibition of nascent polypeptide growth. (A)
Conditions were the same as in Fig. 2, except that at the indicated
time CAP (100 ,ug/ml) was added to the culture. (B) Same as (A), except
that a 100-fold excess of C12 amino acids was added immediately after
the CAP.
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attachment of ribosomes to messenger RNA8 9, 17 or by preventing any other step
in initiation, then one might expect to see in CAP-treated cells the completion of
already initiated polypeptide chains and a decrease in the cell's polysome content.
The opposite result was obtained, however (Figs. 1 and 3). Cells in the presence
of CAP maintained their full complement of polysomes, and nascent protein associated with these polysomes was not completed and released, nor could it be chased
by unlabeled amino acids. The data indicate that CAP inhibits protein synthesis
at some step after initiation, and thus could not act simply by preventing ribosome
binding to messenger RNA.
Further evidence that CAP does not prevent the binding of ribosomes to messenger RNA in vivo depends on the observation of D. W. Morris in this laboratory
that starving an amino acid auxotroph for its required amino acid causes a reduction in the cell's polysome content (unpublished observations). Under our conditions the ratio of polysomes to ribosomes (see Fig. 1) in an exponentially growing
culture, or in a culture inhibited with CAP, was generally 1.5-1.8. A culture
starved 30 min for arginine generally had a polysome-to-ribosome ratio of 0.2-0.6.
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of polysomes. The fact that polysomes are
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formed in the presence of CAP demonstrates
MINUTES
that the antibiotic does not inhibit the binding
FIG. 4.-Kinetics of polysome return of ribosomes to messenger RNA.
after amino acid starvation. Cultures
Several related observations support the
were deprived of arginine for 30 min,
and then the indicated additions were validity of the above conclusion. For example,
made (arginine at 20,gg/ml, CAP at 100 it might be argued that CAP inhibits ribosome
Mgg/mi).
attachment to messenger RNA, but that the
polysomes derived from CAP-treated cells were formed after breakage of the cells.
We have eliminated this objection by determining that CAP-treated cells resuspended and broken in the presence of 100 ,ug/ml of CAP had a polysome-to-ribosome ratio identical to that of CAP-treated cells resuspended and broken in the absence of CAP. Alternatively, one might suggest that cells starved for an amino
acid are not deficient in polysomes, but that breakage releases a nuclease from
these cells that destroys polysomes in the extract. This objection was eliminated
by mixing an extract from an amino acid-starved culture with an equal volume
of an extract from a CAP-treated culture and incubating at 4VC for 20 min prior
to centrifugation. The polysome-to-ribosome ratio of the mixed extract was the
average of the two unmixed extracts, indicating that a starved culture does not
have an enhanced nuclease activity. Finally, it might be argued that polysomes
formed in the presence of CAP are ribosomal aggregates not formed on a messenger
RNA. However, treatment with 5 ,ug/ml of RNase at 40C for 15 min converted
essentially all of these polysomes to ribosomes, indicating that the ribosomes were
attached to a messenger RNA. We therefore conclude that the polysome-toribosome ratio we obtain in extracts from growing, starved, and CAP-treated cultures is a reflection of the true state of polysomal association in the cell, and
that CAP does not inhibit the binding of ribosomes to messenger RNA in vivo.
Does CAP Inhibit Release?-We have demonstrated that CAP inhibits the growth
of already initiated polypeptide chains, but have not yet distinguished between a
mode of action which blocks polysome function by inhibiting the release of finished
proteins and one which inhibits the growth of nascent chains in a more direct
manner. If CAP inhibits only release, then the polysomes formed by adding CAP
to an amino acid-starved (polysome-deficient) culture must be "normal" polysomes, i.e., formed by ribosomes attaching to the messenger RNA, synthesizing
protein along its length, and then, due to the presence of the antibiotic, stopping
at the end. Polysomes thus formed should be rich in nascent protein. If the
growth of nascent polypeptide is directly inhibited, however, no protein synthesis
should take place during the CAP-stimulated formation of polysomes, and the
polysomes formed in the presence of CAP should be deficient in nascent protein.
Figure 5 demonstrates that the latter is the case. A mixture of C14 amino acids
added during the course of CAP-stimulated polysome formation was incorporated
0

c
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at a rate 1 per cent of the rate in the absence
of CAP, and the burst of incorporation one
would expect to see if nascent protein synthesis was taking place concomitantly with
polysome formation was not seen. Moreover, CAP-stimulated polysome formation
in a culture recovering from amino-acid deprivation resulted in a decrease in the specific
activity of the polysome region (Fig. 6).
Since polysomes formed by continued protein synthesis should display a constant, or
increased, specific activity, this further
demonstrates that polysomes formed in the
presence of CAP are deficient in nascent protein. We therefore conclude that CAP does
not act by inhibiting the release from ribosomes of finished proteins, but inhibits in
some other manner the growth of nascent
polypeptide chains.
Discussion.-We have demonstrated that
CAP stops the growth of nascent polypep-
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tide chains on polysomes, that it does not
prevent the binding of ribosomes to messenger RNA and that it does not inhibit
protein synthesis by blocking the release Specific activity is [(cpm/ml)/OD26e]
from the ribosome of finished proteins. Therefore, the antibiotic would appear to
inhibit some step which is common to the formation of each peptide bond of a
protein. From in vitro studies it is known that at least three soluble components
participate in the formation of peptide bonds
on polysomes: charged transfer RNA, and c 6 1
/
the two transfer factors. i8 It is possible that
E_
CAP inhibits directly either their interaction I0OLQ -/
_0
/
with, or their activity on, polysomes. Fura
ther work in vitro, with systems sensitive to
C
CAP, will be necessary to clarify this point.
A
If CAP acts by directly inhibiting one of
>_
<
the components of peptide-bond synthesis,
'
then the polysomes formed in the presence n1000
a
of CAP must represent ribosomes which are
____/_,_._.__
attached only to the initiation sites on a
SECONDS
messenger RNA. However, when CAP is
added to an amino acid-starved culture, the
FIG. 6.-Formation of inactive polysize distribution of the polysomes formed somes during recovery from starvation.
was deprived of arginine for 30
seems to be the same as that found in expo- Aminculture
and then C'4 protein hydrolysate (15
added with excess arginine (20
nentially growing cultures, even though no Mc) was
see later, CAP (100
nascent protein has been synthesized. This Ag/ml). wasTwenty-five
added. Sampling and analysis
meg/ml)
might
suggest that either (1) there are a were as described in Methods.
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number of initiation sites on many messenger RNA's, or (2) several ribosomes can
bind to a single initiation site. A third alternative is that CAP may alter the ribosomes in such a way that they bind at sites on the message other than the initiation
sites. If this is the case, it would suggest a more indirect role for CAP in preventing nascent chain growth than an inhibition of the specific components of peptidebond formation. Clarification of this point requires a more precise understanding
of the nature of polysomes formed in the presence of CAP, and of the normal
processes of initiation.
Summary.-The effect of CAP on the assembly of ribosomes into polysomes and
on the functioning of these polysomes has been examined in growing cultures of
E. coli. The following conclusions are made: (1) CAP does not cause the disappearance of polysomes or prevent the assembly of ribosomes into polysomes. It
therefore does not inhibit the binding of ribosomes to messenger RNA. (2) Polysomes formed in the presence of CAP do not form nascent protein. Thus, the
antibiotic does not act simply by blocking the release from the ribosome of finished
proteins. (3) The growth of nascent polypeptides is inhibited by CAP, indicating
that the antibiotic in some way interferes with a step common to the formation of
all peptide bonds of a protein.
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