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SUMMARY

Inhibition of protein synthesis by chloramphenicol has been studied in intact cells of

Escherichia coli at 370 and at 0#{176}.The drug has no effect upon the association of ribo-
somes and messenger RNA, and no preferential effect upon the initiation of new protein
chains or upon chain termination and detachment from rihosomes. The primary action

of the drug is to block the addition of new residues to the growing nascent protein
chains, which remain attached to the ribosomes. There appears to be no selective block-
ade of the addition of any particular amino acid, nor is there preferential inhibition of

the synthesis of any particular kind of protein. Chloramphenicol is bound to ribosomes
at 0#{176}in the same concentration range in which it produces a graded inhibition of protein
synthesis. A possible mechanism is proposed, whereby chloramphenicol might act by com-

peting with the carboxy-terminal amino acid of the growing chain of nascent protein (at-
tached to transfer-RNA) for a stereospecific locus associated with one of the transfer-

RNA binding sites on the ribosome.

INTRODUCTION

CAM’ (Fig. 1) causes a very rapid ces-
sation of protein synthesis in sensitive bac-
teria under normal growth conditions, but

the exact step at which it acts is still
unclear. Studies with cell-free systems
have indicated that the drug does not af-
fect the esterification of amino acids to
transfer RNA but inhibits a subsequent
step (1, 2). It is ordinarily inactive in
mammalian protein-synthesizing systems,
but will inhibit protein synthesis if syn-

Abbreviations used: CAM, chloramphenicol;

mRNA, messenger ribonucleic acid; tRNA, trans-

fer RNA; poly-UC, mixed polymer of uridylic

acid and cytidylic acid; poly-U, polymer of

uridylic acid; pohy-A, polymer of adenylic acid;

O.D., optical density; Tris, tris(hydroxymethyl)-

aminomethane acetic acid buffer, pH 7.4; SDS,

sodium dodecyl sulfate; TCA, trichloroacetic acid;
DEAE, diethylaminoethyl.

NH-C-CHOH

HCCI2 H

Fia. 1. Chloramp/ienico!

In the biologically active D(-)-threo isomer

the configuration about the C atom adjacent to
the primary alcohol group is identical to that of
the a carbon in the i,-amino acids. The secondary

alcohol group must be on the same side as the
primary alcohol, a.� shown.
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thetic template is employed, suggesting

that it impairs the attachment of mRNA
to the ribosomes (3) . This conclusion,
however, was rendered doubtful when

other investigators (4) , although able to
obtain similar results with viral RNA as
externally added template, could not

demonstrate any inhibition by CAM of
the attachment of poly-UC to ribosomes;
yet the polymerization of amino acids pro-
moted by poly-UC was the most sensitive

to CAM of all those tested. Conflicting

reports show failure to find any inhibition
by CAM of poly-A binding to ribosomes

(5) but partial inhibition of poly-U bind-
ing (6, 7) . Formation of the ternary corn-
plex of ribosomes, poly-U, and phenyl-
alanyl-tRNA was not inhibited by CAM
(8) . Recent findings suggest that in a cell-
free system stimulated by poly-A, CAM

inhibits the peptide-linking step (9).

Most of the experiments reported so far
to determine the site of action of CAM
have employed cell-free systems. The ease

of control and of manipulation in vitro are
attractive, but it is by no means certain

that the results reflect the true state of
affairs inside a living cell. Many differ-

ences have been brought to light between
synthetic polynucleotides and natural
rnR.NA with regard to interaction with
ribosomes, promotion of protein synthesis,
and sensitivity toward CAM (10). More-

over, the concentration of CAM used to
inhibit protein synthesis in cell-free sys-

tems is usually much higher than required
for bacteriostasis.

An obvious reason why more use has
not been made of whole bacterial cells is
that reaction rates are too fast, making
recognition of transient metabolic steps
extremely difficult. For example, in
Escherichia coli the estimated average as-
sembly time of a protein of molecular
weight 5 X 10� is around 5 sec (11, 12).
Thus, a drug that interfered with any one

of the many steps between transcription of

the genetic message and detachment of
completed protein from the ribosome
would appear to act almost instantane-
ously. A pool of free and sRNA-bound
amino acids on the order of 10� molecules/

cell (13), given 5000 nascent protein chains

per cell (11), would suffice for only about
6 assembly cycles; so even a drug that

depleted an animo acid or blocked its ac-
tivation would take effect in well under
a minute. Temperature reduction to 0#{176}
provides an opportunity to study events

within a slowed-down assembly cycle of

protein synthesis ( 1 1 ) . In many respects
it is an ideal method for examining, in
intact cells, the inhibition of biosynthetic
processes by drugs. We describe here its

use in analyzing the mode of action of

CAM.

MATERIALS AND METHODS

�1Iater’tals. Chloramphenicol (n( - ) -threo

isomer) was a gift from Parke, Davis and

Company ; ‘4C-L-leucine (uniformly Ia-
beled) , 14C-L-tyrosine (uniformly labeled)
hydrochloride, 14C-L-lysine (uniformly la-

beled) , and 14C-chloramphenicol (methyl-

ene labeled) were purchased from Nuclear
Chicago Corporation ; 3H-L-Ieucine (4,5-H
labeled) and ‘4C-uridine (2-C labeled)

were from New England Nuclear Corpora-
tion ; and ‘4C-L-phenylalanine (carboxyl
labeled), ‘4C-DL-tryptophan (1’-C Ia-
beled) and 14C-carboxylinulin (carboxyl
labeled) were from California Corporation

for Biochemical Research.
Cells. For most of the experiments a

leucine-proline-uracil auxotroph of Es-
cherichia coli K12 was grown at 37#{176}in a
phosphate-buffered glucose salts medium

containing leucine, proline, and uridine;
harvested during exponential growth

(about 0.15 mg dry weight/ml) on Milhi-
pore filter, and resuspended at 0#{176}in about
1/ the original volume of medium to a

bacterial density of 6-8 mg dry weight
per ml, as described fully elsewhere (11).
When radioactive leucine was to be in-

corporated at 0#{176},the culture at 37#{176}was

starved for leucine for 30 mm before har-
vesting; when radioactive uridine was to

be incorporated no starvation was neces-
sary.

In some experiments the incorporation

of various amino acids into wild-type cells
of E. coli K12 was followed. The cultures
were grown at 37#{176}in the presence of an
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amino acid (20 j.�g/m1) . Then at 0#{176},after
harvesting and resuspending, the same
amino acid was furnished (1 jzg/ml) in
radioactive (14C) form.

Determination of radioactivity. For leu-

cine incorporation into total cell protein

the cells were sampled directly into
chilled 5% TCA, then extracted for 30
mm at 80-90#{176}, again chilled and washed

5 times with cold 5% TCA on a Millipore
filter. The filter was placed in a scintilla-
tion vial, 5 ml scintillation mixture (14)
was added, and radioactivity was deter-
mined in a Packard Tri-Carb scintillation
spectrometer. For tritium assay the precipi-

tate on the filter was dissolved in 0.05
N NaOH and 1 ml was placed in the vial
with 1 ml hyamine hydroxide and 10 ml

scintillation mixture. For uridine incorpo-
ration into nucleic acids the whole pro-
cedure was the same except that the hot

extraction step was omitted.

CAM particles. CAM (10 �g/ml) was
added to E. coli cells at 37#{176}in the expo-
nential growth phase. Radioactive uridine
was added 1 mm later. Samples from the

cell suspension (50 ml) were withdrawn
periodically, collected on Mihlipore filters,
resuspended in 1 ml 102 M Tris, 102 �

magnesium acetate and were treated for 1
mm at 0#{176}in the MSE-Mullard 20 kc/sec 131-
trasonic Disintegrator. The lysate was cen-
trifuged at 8000 g for 10 mm, and the
sediment was discarded. The supernatant

solution was made up to about 10 ml with
102 M Tris, 102 �I i\’Ig� and centrifuged
for 3 hours at 50,000 rpm in the No. 50
rotor of the Beckman Model L Ultracen-

trifuge. The pellet was washed once by
resuspension in the same Tris-Mg� buffer,
and recentrifuged for 3 hours at 50,000
rpm. The final pellet was suspended in
10-2 M Tris, 10� M Mg� (0.8 ml) and 0.2
ml was layered on a linear sucrose gradi-

ent (5 ml, 5-20%), containing 102 M Tris,
10� M Mg�� and centrifuged for 3 hours
at 39,000 rpm in the Beckman SW39

swinging-bucket rotor. The gradient was
run through a flow cell in the Gilford
Model 2000 absorbance recorder into scin-

tillation vials. Absorbance was measured

at 260 m�t. Radioactivity was determined

in the scintillation spectrometer after ad-
dition of equal volume of hyamine hydrox-
ide and 5 ml of the scintillation mixture.
The dead space between the flow cell and

the delivery tip was determined, so that

the radioactivity data could be superim-
posed on the absorbance record.

Entry of CAM into cells at 0#{176}.E. coli

cells were grown, harvested, and resus-

pended as in experiments for leucine in-
corporation. The suspension was then in-
cubated at 0#{176}with leucine (1 1ag/ml) and
radioactive CAM (10 j.tg/ml). Samples (1

ml, about 8 mg dry weight of cells) were
collected at 2#{176}on Milhipore filters (47
flifli, 45 /L) . Some cells were scraped off

gently and resuspended in water. Turbidity
of the suspension was determined, and a

sample was counted with hyamine hydrox-
ide and scintillation mixture. A similar ex-
periment was done with radioactive car-

boxylinuhin to determine the volume of
trapped fluid between the cells.

Binding of CAM to ribosomes. Ribo-
sonles were prepared by lysing cells in the
sonic disintegrator in medium containing

0.02 M magnesium acetate, 0.18 M KCI.
After removal of “debris” at 8000 g for

10 mm the supernatant ribosomes were
sedimented at 50,000 rpm for 1 hr in the
No. 50 rotor, then resuspended in 0.016 M

magnesium acetate, 0.06 M KC1, 0.01 M

Tris acetate, pH 7.6. The ribosomes were
sedimented again in the same way and
resuspended in fresh buffer. All proee-
dures were carried out in the cold.

For I)inding studies aliquot portions of
the rihosome suspension were added to
buffer containing CAM at 0#{176}.Each sam-

pie contained ribosomes from 12-14 mg
dry weight of cells (5-6 X 10’� ribosomes)

in 2.2 ml reaction volume. The samples all
contained the same amount of 14C-CAM
(15 p.g, specific radioactivity 7.75 �1C/

/Smole) and different amounts of non-
radioactive CAM. The drug concentrations
varied from 6.8 to 1050 p.g/ml, and the
specific radioactivities from 7.75 to 0.05.
The ribosomes were separated from the
reaction mixtures by sedimentation at

50,000 rpm for 2 hr. The supernatant
fluids were discarded, the tube walls were
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carefully rinsed, and the pellets were

taken up in 0.1 N NaOH and transferred
to vials for counting. Internal standards
were used to ol)taifl counting efficiencies.

As described by Wolfe and Hahn (15),

since time concentration of “C-CA�i was

the same in all the reaction mixtures, re-
gardless of time total CAM concentration,

the radioactivity due to water entrapped
in the pellets should be constant. How-

ever, the radioactivity clue to binding of
any given amount of CA1\I should vary
inversely with the total concentration.
Thus a graph of the sedimented radio-
activity as a function of specific radio-
activity will l)e a horizontal line, repre-

senting entrapped counts, if there is no
binding. If the amount bound is constant,
a straight line with positive slope will be

found. If the amount bound varies with
concentration, a curvilinear relationship
results. In all three cases the extrapolated

value at zero sI)ecific radioactivity gives

the entrapped radioactivity. By subt.rac-

tion, then, and the known specific radio-
activities of the several samples, it is

possible to find the molecules of CAM
bound per ribosome at each drug con-
centration.

Isolation of RNA. RNA was isolated
from sonic lysates as described elsewhere

(11) by a modification of time phenol-SDS
method of Kjeldgaard and Kurland (16).

tR.NA was isolated by the method of
Zuhay (17).

DEAE cellulose fractionation. Cells
were grown in 3H-leucine at 370, starved
for leucine for 30 mm in the exponential

growth phase (0.15 mg dry weight/mi),

harvested, and resuspended at 0#{176}in 1/50

the original volume of growth medium
containing no ieucine. ‘4C-leucine (1 ,ug/
ml) and CAM (10 pg/mi) were added
simultaneously and the mixture was in-

cubated at 0#{176}for 1 hr. The cells were
lysed and centrifuged with 102 M Tris,

10� M Mg� for 1 hr at 50,000 rpm as
described above. The supernatant solution
was dialyzed against. 5 X 10 M Tris over-

night at 2#{176}with four changes of buffer.
The dialyzed sample (9 ml) was run onto

a 1.1 cm X 10 cm column of DEAE-cehlu-

lose (Calbiochem, washed with 0.02 N

NaOH in 2 M NaCI, 2 �sI NaCI in 5 X 10

M neutral Tris, 5 x 10� M Tris). Elution
was done with NaCl solution in 5 x lo� �‘

Tris changing the concentration of NaCl
in discontinuous steps, from 0.02 M to 2.0

M. Each fraction was 5.0 ml and collected

at a flow rate of 1.3 ml/rnin. To eliminate

acid-soluble radioactive material, the first
15 fractions were precipitated and cx-

tracted with hot 5% TCA. Equal portions
(1 ml) of all fractions were counted with
hyamine and scintillation niixture.

Incorporation of leu.cine into nascent and
finished proteins. To I ml of incubation
mixture at 0#{176}was added 0.1 nil of I .5 M

Illagnesiunm acetate and the cells were

lysed as described earlier. Low speed and

high speed centri fugations were carried
out as described for chioramphenicol par-
tides except that the one at 50,000 rpm
lasted only 1 hr. A sample from the super-

natant solution, which contained the
finished proteins, was extracted with hot
5% TCA, then chilled, and collected on

Miiiih)ore filters for determination of

radioactivity. Tile ril)osonlal pellet was

treated in tile same way as the super-
natant solution.

We consider that in these experiments

whatever radioactive leucine was associ-

ated with the ribosomal pellet in 102 �

Mg� represented nascent protein chains,

for tile following reasons:

1. Almost none of it could 1)e extracted
by hot TCA.

2. Most of it could be detached and

obtained in tile supernatant solution if
the pellet was resuspended in the absence
of Mg� and centrifuged again at 50,000

rpm for 3 hr.
3. If the cells were incubated for 5 mum

at 37#{176}with nonradioactive leucine, then

lysed and centrifuged at 50,000 rpm, most
of tile TCA-insoluble radioactivity that
had been in the ribosomal pellet was now
found in tile supernatant protein.

4. Addition of ra(lioactive finished pro-

teins to an unlabeled cell lysate did not
result in any binding of radioactivity to

the ribosomal pellet.
Incorporation of le ucin.e into NH2-ter,ni-
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,l.(j/ /)OSitiOflS of /)roteins. Determination of

Ia(IiOa(tiVit�’ in NH�-tei’minal leucine �

(lone by the fluorodinitrobenzcne IflethO(l

as (iescribe(1 etiiliei� ( 1 1 )
A ttachinen t of inR�\TA to ribosoines.

Ita(liOactivitv in mRNA bound to ribo-
SO1IICS was (ldterllline(l in tl1(i� salile way as

leu(ine incorporation into nascent j�ro-
t(’ifls (X((’l)t that here the incubation was

(lone with radioactive uri(line instead of
leucine, an(1 time TCA l)recil)itates were

not sul)�ected to hot extraction. The iden-

tification of ‘4C-uridine in tile ribosomnal

pellet as rii)osome-boun(I mRNA rests
upon time following findings, to be published
in detail elsewhere:

I . Even in several hours at 0#{176}no 23 S

or 16 S rii)osoInal RNA was synthesized,

as (ktcrlnine(l by ‘‘C-uridine incorporation

and sucrose density gradient centrifugation
of time extracted RNA. Practically all the
label appeared in a single peak at about
12 5, indistinguishable from that seen after
20 sec of incorporation at 37#{176}.

2. Time association of newly synthesized
nmHNA with the ribosome pellet was cvi-

dently not an artificial aggregation oc-

IOC

2(�

4-i HOUR-4I

Fic. 2. Effect of CAM (JO py/itil) 011 iJIOWtlI

(111(1 J)lOt( ill ‘il/Il / /Ie.Yi.s 111 L. coli at 370

The cell culture was allowed to incorporate

‘‘C-ieticine. Samples were taken periodically for

I url)idilnetrv jim time Klett-Suninierson coloruiseter

wit ii No. 42 filter. and for TCA l)recipit;II iOn

afl(l (litermination of radioactive protein as (Ic-
scril)c(1 in TVlethods. CAN’I (10 ug ‘ml) was added

it time arrow.

curring after cell lysis ; when l)rotein syn-

thesis in these cells fails after several
imours at 0#{176}tIns i)inding no longer occurs.

RESULTS

Figure 2 shows that CAM at. 10 1�g/nml,
added to a culture at 370, stopped protein
synthesis imiiicdiately. Time turi)i(lity then

increased slowly for about one normal
doul)iing tinme, presumably because of con-

tinued nucleic acid synthesis in the �Ies-
ence of time drug (18, 19). If cells inhibited
by CAM (35 mm exposure) were harvested
on Miilipore filters and resuspended in the

absence of CAM, growtim and protein syn-
timesis resume(l prom�)tly at the usual rate.

The 0.1). pattern in Fig. 3 shows that

0.5

0.4

030

0.2

(.0 l”i;. 3. �Sl1(’l0Yi( (leilsity gra(/unt (‘Cfltrif3L ga/iou

of CA .11 /)art i(’lCS

CAIVI ( 10 ag/nil) was added to an (‘xilonentially

growing culture at 37#{176}. One mimimmute later �C-

uridine �s’as a(I(IeII. After another 4 n�in, half of
the culture was harvested ( A) . At 45 mm after

uhuition of CAM the remnajn(I(’r of the culture

�s’as harveste(l (B) . Both saumples were lySe(I and

worked UI) as described in Materials 31(1(1 Methods.
Time washed Pellets \\.�3�(� resuspeiided aim(i layered

on linear (5 ml, S-2O�/c) sucrose gradi(’nts con-

taming 10�2 � Tris and 10-’ M Mg�0. The gradients

were c(’ntrifuge(i at 39,000 rpm for 3 hr and col-

lected through a flow (eli in time Gilford ab-

on )LI1((’ recon icr. The l)ot t on� of time I nbc is at

time left.

CAlM particles began to apj�ear when pro-

tein synthesis had ceased, and accumulated
progressively thereafter. The sample taken

5 mm after addition of CAM (i.e., almost
5 mm after protein synthesis had stopped)
contained normal 50S and 30S rii)osomal
subunits in their usual 2: 1 0.D. ratio
(Fig. 3M, and a small 4 � peak. rFilere
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Fia. 5. Ki,mctics of entry of CAM into E. coli

10 20 30 40 E. coli cells (7.5 mg/nil) were incubated at 0#{176}

MINUTES with #{176}#{176}C-CAM(10 �g/ml, 6.81 uC/pmole) added
at time zero. The upper curve represents 14C_

CAM associated with the mat of cells scraped

from the Millipore filter. A similar experiment

wa� done witim ‘C-carhoxylinulin (1.21 BC/mg).

The data obtained with carboxylinulin, adjusted

for time difference in specific radioactivity, are

shown in the lower curve, which therefore repre-

sents the amount of trapped “C-CAM in time

intercellular water.
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was also the suggestion of a peak at about.

19 S characteristics of CANI particles and

containing 14C-uridine radioactivity. After

45 mm in CAM (Fig. 3B) the 19 S O.D.

peak had become very prominent and a
large amount of new RNA (14C-uridine)

was associated with it. There was little
degradation of existing ribosomes, and no

new RNA appeared in the ribosome peaks.

Fia. 4. Effect of CAM on the incorporation of
leucine into E. coli protein at 00

CAM at several concentrations was added to-

gether with “C-leucine at 00. “Dead-cell” radio-

activity (a control in which ‘4C-uridine is added

to cells in TCA) (here 32 cpm) has been sub-

tracted. The inset is a plot of incorporation rate

relative to time control for a longer period of

time. The comparisons witim control rates were

made at the same cumulative incorporations

rather than at the same elapsed time. This pro-

cedure is justified by our finding (unpublished)

that at 00 the control rate at any time is deter-

mined by the total cumulative incorporation up
to that time.

Figure 4 shows the effects of several con-

centrations of CAM on tile incorporation

of 14C-leucine into whole-cell protein at

0#{176}.With 10 p.g/rnl the onset of action was
slow and the inhibition was incomplete,
in contrast to time effect at 370� The inset

diagram on Fig. 4 shows that the maxi-

mum inhibition of incorporation rate took

about an ilour to develop. At 100 �g/ml
and above, however, the onset was immedi-
ate and tile inilibition was almost com-

plete within a few minutes. Reversibility
at 00 was as prompt as at 37#{176};however,
for reasons we do not understand, the
rate of incorporation after dilution of cells

into fresh radioactive medium was only

one-third its previous value, in controls as

well as in CAM-treated cells.

Figure 5 shows that at 0#{176}CAM (10

1�g/ml) took only 10 umin to reacim the
maximum intracellular concentration.

Moreover, the initial entry was very fast,

75% of the ultimate level being attained
in the first minute. Tile curve seems to



I

0

I

20

IO�

164 DAS, GOLDSTEIN, AND KANXER

�.%iol. Plmarmacol. 2, 158-170 (1966)

consist of a fast anti a slow component.
The possibility was considered that the

bulk of the counts measured were due to

binding of CAM to cell wall or other sur-
face. If that w’ere time case, then increasing

the concentration of nonradioactive CAM
(without altering tile concentration of

radioactive CAM) should reduce time
counts associated with the cells. The same
experiment was therefore repeated in the
presence of a tenfold excess of nonraciio-
active CAM. Tile fast component of time
curve remained unchanged ; the slow corn-

ponent was sui)stantialiy reduced. The for-

mer can therefore be accounted for as the
equilibration of cell water, the latter as a
binding phenomenon corresponding to a
little more than one CAM molecule per

Essentially time same method was used

to estillmate CAM trapped in the water
phase of a ribosomal pellet (15), and thus

to (leterumine. by difference, the ribosome-
bound CAM. Figure 6 shows that within
approximately tile same concentration
range in which CAM caused a graded in-

hibition of protein synthesis at 0#{176},the
binding increased from nil to about 1

molecule per ribosome. At higher concen-
trations additional binding sites seems to
become available.

In order to discover whether CAM
blocked the incorporation of any particular
amino acid preferentially, the experiments

shown in Fig. 7 were carried out. The in-
corporation of a radioactive amino acid at
0#{176}in these nonstarved cells showed a lag

of a few minutes and took even longer to
become linear; presumably this was the

time required to replace the nonradioactive

Water content of E. co!i cells is 78% (20)

so each milligram dry weight is associated with

about 0.0�1 ml water. After subtraction of counts

trapped in time intercellular water (from the

carl)oxvlinuhin data), the CAM radioactivity was

found to he 560 x 10 cpm/mi inside cells and

330 x 10 pm mmml outside. The CAM specific

ra(iioa(tmvitv corresponded to 1.7 x 10�’#{176}cpm/

molecule. Since a cell weighs 42 x 10’ �ig and

contains 1.8 X 10 riiuosomes (11), it follows that

the excess of internal over external CAM could

be accounted for by time binding of 1.3 CAM

molecules per ribosome.

50 mOO 60 200

CAM CONCENTRATION (49/mi)

Fia. 6. Binding of CAM to riboso,ui:s (it 0

Each point represents a sample of about 5-

6 x 10” ribosomes, washed with buffer, timen cx-

l)Osed to radioactive CAM at 0#{176}and sedirnented
for 2 hr at 50,000 rpm in the No. 50 rotor. Cor-

rections for entrapped fluid containing radio-

active CAM were made as described under Mate-

rials and Methods; they were 6.1 and 6.4 >< 10#{176}

dpm in the two experiments shown. The totals
in the pellets varied from 7.4 x 1tJ� (1pm at 212

�g/ml, to 12.5 X 10� dpm at 6.8 �g/ml, so that

the points of this figure corresponding to high

concentrations of CAM (low speci fic radioactivi-

ties) are less reliable than those for low concen-

trations.

anmino acid attached to tRNA. The effects
of CAM (10 pg/mi) were not exactly the

same with all fi\’e amino acids, but no re-
markable sensitivity or insensitivity to the
CAM inhibition was apparent..

The DEAE-cellulose fractionation dem-

onstrates tile qualitative identity of the
proteins formed in the absence and presence

of CAM (10 gig/mi) (Fig. 8). There was
preferential synthesis of the early peaks

(more i)asic proteins) , as evidenced by the
higher #{176}‘C:#{176}Hratios, but this is typical of

protein synthesis at 0#{176}(11); CAM did not
inhibit time synthesis of any particular type

of protein preferentially.

Figure 9 shows that the earliest inhibi-
tory action of CAM (at 2 mm) affected

both nascent and finished proteins simul-

taneously. The radioactivity in the nascent

proteins ultimately reached a plateau in
the control experiment (Fig. WA). in about
one assembly time at 0#{176}.CAM (10 /Lg/
1111) only slowed the building of the nascent

protein chains, but the eventual total
radioactivity � almost the same as in the
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Fia. 7. Effect of CAM (10 pg/rn!) on the in-

corporation of leucine, phenylalanine, tyrosine.

tryptophan, and lysine into proteins of wild-type

B. co!i K12 at 0#{176}

CAM (10 pg/mi) was added 15 mm after the

radioactive amino acid at the points indicated
by the arrows. The solid lines represent the con-

trol and the broken lines represent incorporation

in the presence of CAM. The ordinates represent
cpm (note different scales), and each division on

the abscissa is 10 mm of incubation at 0#{176}.

Fic. 8. DEA E-cellulose colIu mn fractioimat bit

of /)IOtei?i,S

Abscissa shows fraction numbers and NaCl

concentrations. Cells were prelabeled with #{176}H-
leueine at 37#{176},then incorporated ‘#{176}�-leucine at 0

for 1 hr in the presence of CAM (10 pg/mI).

Each fraction was 5 ml. The first 15 fractions

were precipitated and extracted with hot 5(

TCA. One-mmmilliiiter aliquots of the other frac-

tions were counted directly (‘#{176}Cand #{176}H)in the

Packard liquid-scintillation spectrometer.

3

2

b
‘C

U

0 z 4 b 8 (0 z (4 b

MINUTES

Fic. 9. Early effect of CAM (10 pg/rn!) on

time incorporation of leucine into nascent and

finisimed proteins of E. coli at 0#{176}

CAM was added together with “C-ieucine at
time zero. Nascent protein represents counts in

the ribosome pellet at 10�2 M Mg�, finished pro-

tein represents supernatant counts, as described
unIter Materials and Methods.

control. At 100 pg/mi, Ilowever, time in-
corporation of leucine into the nascent pro-

teins was inhibited quickly and completely
(Fig. lOB).

Incorporation of leucine into NH2-ternmi-

nal positions was inhibited by CA�’i (Fig.

hA) but the ratios of NH2-terminal to

total i neorporat ion renmained unchanged
(Fig. 11B), i.e., chain initiation was not

I)referentially blocked.
Preincubation of cells at 0#{176}for 20 miil

with CAM ) 10 �.tg/mi) had no effect on the
attachment of newly synthesized labeled
mRNA strands to ribosomes. Increasing

the concentration of CAI\i 10-fold or pro-
longing time preincubation to 90 mm was
equally ineffective. Nor could the drug dis-

place mRNA already attached to ril)osonmes
(Table 1). Experiment C of Table 1 was
repeated, but the cell lysate was pimlce(l

directly on a sucrose density gradient (5-

20%) at 102 �r Mg5� and centrifuged 2 hr

at 39,000 rpm in the SW39 rotor. Under

these conditions practically all ribosomes
appear in 70 S (monomer) and 100 S

dimer) peaks; polysomes are evidently de-
graded. CAM (100 1ig/mi) had no effect
upon the association of the radioactive

mRNA strands witim time ribosonmai peaks



20

MINUTES

30

MINUTES

166 DAS, GOLDSTEIN, AND KANNER

Mo!. Pharnmacol. 2, 158-170 (1966)

‘0

‘0

‘C

a-
U

Fia. 10. Long-term effect of CAM on the in-
corporation of leuciume into nascent proteins of E.

coli at 0#{176}

For the operational definition of nascent pro-

teins, see Materials and Methods. (A) CAM

(10 pg/mi) was added together with ‘4C-leucine
at time zero. (B) CAM (100 pg/mI) was added
15 mm after “C-leucine at time point indicated by

the arrow.

as compared with a control, nor was there

any abnormality of the O.D. pattern.

CAM (Fig. 1) has a close structural
similarity to an aromatic amino acid.

Structure-activity studies (21) have shown
that the configuration about time carbon
atom adjacent to the primary alcohol group

must be time same as in the L-amino acids,
and that a blocked amino group is abso-

lutely essential. We hypothesized that

CAM itself might be inactive until sensi-
tive cells oxidized its primary alcohol group
to -COOH, thereby converting it to an
amino acid derivative. This would become

attached to one of the kinds of tRNA and
thus enter the ribosomes. Blockade of chain

growth of proteins might tllen result from

Fm. 11. Effect of CAM (10 pg/mi) on the in-
corporation of leucine into NH,-terminal positions

of E. coli proteins at 0#{176}

CAM was added togetimer with ‘#{176}C-leucine at

time zero. Samples were subjected to treatment

��ith fluorodinitrobenzene as described under

Materials and Methods. (A) Kinetics of the
incorporation of leucine into NH-terminal posi-

tions in time presence and absence of CAM (10

pg/mi). (B) Ratios of NH�-terminal to total iim-

corporation.

inability of time blocked! amino group to
form a peptide bond with the previously

added amino acid. Alternatively, if the
blocked amino group were deacylated
within time cells, CAM or a metabolic de-
rivative might somehow disturb the further
growth of protein chains by being in-

corporated! into them. The outcome of ex-
periments designed to test key aspects of
this ilypotimesis permitted its decisive rejec-

tion.

(1) Cells do not oxidize CA1l�I. In tile

Warburg manometer with 18 mg dry weight

of cells per vessel, KOH in center well, air
atmospimere, 37#{176},time endogenous 02 con-

sumption was 0.078 1.tmole/mg hr. The ad-
dition of CAM at 450 1.&g7ml led to no dhs-
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TABLE 1

Effect of CAM on attachment of ribosoines to newly
synthesized regions of rnRNA

Cells were grown at 37#{176}and harvested in cx-

ponential growth (0.15 mg/mi). 1mm experimeimt A

the cells were resuspended in a complete medium

and preincubated at 0#{176}for 20 mm witim and without

CANI (10 pg/nil). m4C_tTrudine was timen added and

the incubation was continued for another 10 miii at

00. Cells were lysed by’ sonic oscillation in presemmce

of 10� M lsIg11, rii)osomes were isolated by differen-

tial centrifugation, and radioactivity was deter-

mined. In experiineimt B time l)reimIctmi)atiolm was done

for 90 mm instead of 20 miii with and without CAM

(10 pg/mI). The concentration of CAM iii experi-

inent C was 100 pg/nil and the preimicuhat ion WaS

for 5 mm. In experiment I.) the cells were first. iim-

cubated for 10 mm at 0#{176}wit.h ‘4C-uridine, filtered,
washed aimd resuspeimded iii a complete medium
coimtaining 1000-fold excess of uridimme, theim reiim-

eubated at 0#{176}with nun \VitilI)Ut. CAM (10 pg/mi)
for 25 mm.

Radioactivity

associated

Treatment besides incuha-

with ribo-

Experi- somes/mg

ment tion with ‘4C-uridiime cells (cpm)#{176}

A Preincubated for 20 miii

-without CAM

-with CAM (10 pg/mi)
1191

1126
B Preincubated for 90 miii

-without CAM

-with CAM (10 pg/nil)

1881

1704

C Preincubated for 5 mm

-without CAM

-with CAM (100 pg/mi)

1461

1467

D Postincubated for 25 mm

-without CAM

-with CAM (10 pg/mi)

1881

1828

#{176}The different experinments were not done with

‘4C-uridine of the same specific activity, so the cpm

between experiments eanumot be compared.

cernibie increase in (3� consumption over a

period of 2 hr, yet an uptake of less than

0.5 mole 02 per mole CAM coul(l have been
measured easily. Addition of glucose to the

same vessels at the end of time experiment

produced an 18-fold increase over time en-

dogenous rate.

(2) CAM does not become attached to
tRNA. #{176}4C-CAM (11 p.g/ml, 7 �C/j.tmole)

was incubated in complete medium with a

cell suspension at 0#{176}for 30 mm. The cells
were lysed by sonic oscillation, and tRNA
was prepared by the method of Zubay (see
Materials and Methods) , then dissolved in
NaOH and counted with hyamine and scm-

tillation mixture. The 5 cpm above back-

ground! that ��‘ere observed signify fewer
than 2 molecules of CAM per cell, or a

ratio of less than one CAM-tRNA to
1.4 x 1O� total tRNA molecules. Neither

was any CAM found in the ribosomal

(NaCI-insolubic) RNA.
(3) C’;L�lI IS not incorporated into �ias-

cent protein. #{176}‘C-CAM (100 �ng/mi, 3 �tC/

pmole) � iflcUiSltedi with a cell suspen-

sion jim cOflll)lete medium at 0#{176}for 30 mm.
Mg-acetate an(l KCI were added, to 0.03 rsi

and 0.17 M, respectively, then the cells were
lVSe(i i)v sonic oscillation. “Debris” was

remove(1 �tt 8000 �j for 10 mm, and a riho-
some pellet was j)repared as described ium

Materials and i\Ietiiods. The ribosomes
were resusl)en(le(l, imeated for 30 mm at 80-
90#{176}in 5% TCA, chilled, collected on a

\lillipoie filter, w’asiied 5 times with TCA,

an(i l)laced in scintillation fluid for count-
ing. In a “dead-cell” blank worked up in

l)m11�m1li(’l. time ra(lioactive CA�’I had 1)een
addeti after sonic lysis. We found no die-

tectal)le incorporation of 14C-CAM into time
rihosomes, whicim carry nascent protein

under these conditions (see Materials and
MethOds) . There were 69 cpm in time “dead-

cell i)laflk, 38 cpiim in the experiumiental

sanll)ie, i)ackground was 13 cpin (already

subtracted). If one molecule of CAM had
i)een incorporated into each of time esti-

mated 5000 chains of nascent protein, we

would have observed 680 cpm in the cx-

l)erimental sample. CAM hound! reversibly
to the ribosomes would have been removed

in the hot acid extraction.

DISCUSSION

Our present understanding of the whole

process of protein synthesis is summarized
diagrammatically in Fig. 12. Wimere in tlmis

scheme does CAM act?
CAM particles have long been recognized

as defective partially formed ribosomes.

The drug could conceivably interfere with

protein synthesis by causing disintegration
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Fia.
1965

12. 7’i1� rnecimanzsm of protein synthesi.s,

The 30 S ribosomai subunit may attach to
mRNA initially, followed by the 50 S subunit.

The configurations of time tRNA molecules are

i)rol)ably more complex than shown.

of existing ribosomes and defective synthe-
sis of new ones. Such a mechanism has not

been thought likely, and our experiments
show clearly that the rates of appearance

of CAM-particles and of the cessation of
protein synthesis are completely unrelatedi.
At 37#{176},with CAM at 10 �tg/ml, the par-

tides make their appearance relatively
slowly, while the old ribosomes persist;
whereas the blockade of protein synthesis

develops within less than a minute. At 0#{176}
the inhibition of protein synthesis by CAM
at 100 1zg/mi is practically complete in a
few minutes but no CAM particles can be
seen up to at least 15 minutes.

A concentration of CAM (10 j.ng/nml) well

above the bacteriostatic threshold, which
blocked protein synthesis very quickly at
370, acted slowly at 0#{176}.We showed that

this slow onset of action was not due to
slow penetration of CAM into the cells; on

the contrary, time equilibration of cell water
was a rapid process, but the increment in
internal concentration that is believed to
represent binding to the rihosomes devel-

oped slowly. Time inhibition caused by this

same concentration of CAM was total at

37#{176}but only partial at 0#{176}.That some con-

centration should cause incomplete inhibi-
ion is consistent with the demonstrated
reversibility of CAM action, but it is not

clear why the efficacy should be lower at
0#{176}than at 37#{176}.We have shown, in agree-

ment with others (15, 22, 23), that CAM is
bound to ribosomes. It is noteworthy that

the binding increased from zero to one
molecule of CAM per ribosome in just the

concentration range through which the

graded inhibition of protein synthesis is
demonstrable at 0#{176}: no binding at 1 jtg/ml,

0.5 CAM pe1� ribosome at 10 ,ntg/ml, about
1.0 CAM i)d’I� ribosome at 25-50 �g/ml.

The range of partial inhibition at O� was
exploited to carry out certain experiments

not otherwise possible. With five different
amino aci(is (including those closest in

structure to CAM) we found that no one
of them had its incorporation blocked pref-
erentially.3 We also observed, by means

of DEAE-cellulose fractionation of finished
proteins, that time incomplete inhibition re-
fiect.ed a partial effect on the synthesis of
most cell proteins, not a preferential block-
ade of a restricted class of proteins.

We sought evidence that CAM might be

oxidized to an amino acid derivative, which
would he the active agent in blocking pro-

tein synthesis, but we could find none. And

we also decisively ruled out the hypothe-
sis that CA�\i (or a derivative) is in-
corporated into a tRNA complex (analo-

gous to amino acyl-tRNA) or into nascent

protein.

CAM did not preferentially inhibit the
initiation of new protein chains, as meas-
ured by the entry of amino acids into NH2-
terminal positions. Initiation of new chains,
addition of new residues to nascent chains,
and release of completed chains from the

The hypothesis under test was that CAM
blocked the entry of one kind of amino acid into
growing nascent chains. Under conditions of

rapid assembly (37#{176}) every nascent chain would
he blocked so quickly that a preferential block

of timis kind could not he distinguished. At 00,

however, we should expect to see continued

growth of every cimain until the blocked amino

acid was required. Thus most amino acids should

continue to he incorporated, at a slowly diminish-

ing rate, hut the blocked amino acid should not

be incorporated at all.
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ribosomes were all blocked by CAM in a

coordinated fashion. In contrast to the

“puromycin effect,” in whicim nascent iro-
tein is released from the ribosomes (24,

25) , nascent protein chains whose extension

had been blocked by CAM remained at-

tached to the ribosomes.

The effect of CAM upon protein synthe-

sis in E. coil has nothing to do with the
process of attachment of ribosomes to
mRNA. If the drug acted! to prevent such

attachment, then ribosomes already func-
tioning (as polysomes) should complete

their nascent protein chains but be pre-
vented from starting new ones. Thus even

with imigh enough CAM concentration to
block au attachment immediately, protein
synthesis should not stop for about one as-
sembly time, 30 mm at 0#{176}.On the contrary,
we have shown that at 0#{176}CAM (100 �tg/
ml) causes complete blockade of protein

synthesis in a few minutes. Direct measure-

ment of the association between mRNA
and ribosomes in inhibited cells also failed

to reveal any effect of CAM under a variety

Of different conditions.

We shail present. evidence elsewhere
(manuscript in preparation) that mibosomes
attach to nascent mRNA while transcrip-
tion is still in progress. The addition of new
residues at the growing 3’ end (26) , fixed to
the DNA template and RNA polymerase,
results in an outward propagation of the
mRNA strand and its free 5’ end. This
movement of nmRNA consequent to its syn-
thesis could be coordinated with the move-
ment of ribosomes in time direction 5’-� 3’

relative to the messenger strand during the

translation process; certainly the rate of

translation of the nascent mimessage must
be limited by the rate of niRNA synthesis.

The binding of newly incorporated 14c

uridine residues to rihosonmes (as measured,

for example, in the experiments shown in

Table 1) couldi reflect the movement of
new nucleotide residues onto the proximmial
ribosomes in polysomes already attached

to the nascent mRNA, in the imianner of a

magnetic tape moving through the first of

a series of reading heads. According to this
interpretation the failure of CAM in our
experiments to affect time ribosome-’4C-

uridine interaction (Table 1) would mdi-
cate that although protein synthesis is in-
hibited, the movement of ribosomes along
mRNA strands is not. This may be related

to the well-known “uncoupling” by CAM
of the dependence of RNA synthesis upon
protein synthesis in stringent strains.4

Our findings are more decisive in show-
ing how CAM does not act than in eluci-

dating any concrete mechanism of its ac-

tion. Time data are consistent with a

reversible binding at a ribosomal site, pre-

venting further growth of nascent protein
chains, which remain attached to the ribo-

sonies. Others have shown (6, 8, 15, 27)
that CAM does not block the binding of

aminoacyi-tRNA to ribosomes. The con-
figurational relationship of the drug to the
L-amino acids suggests a competition for

some stereospecific locus. Suppose site I
(Fig. 12) contained such a locus, in which

the incoming amino acid (attached to

tRNA) could be held in position for pep-

tide bond formation. If CAM could corn-

pete there, then we simould expect free
amino acids to act similarly. We have
found, Imowever, that very high concentra-

tions of free amino acids do not inhibit
protein synthesis at 0#{176}; neither do they
affect the binding of CAM to ribosomes

(unpublished observations) . Alternatively,
CAM may he regarded as a structural
analog of the terminal amino acid of a nas-

cent protein chain, inasmuch as its amino
group is combined in amide linkage. Site
II might well contain a locus to accommo-

date the carboxy-terminal amino acid of
the nascent protein, especially since the nas-

cent protein-tRNA (in contrast to the

aminoacyl-tRNA in site I) is bound es-
pecially tightly to the ribosome (27). The

essential step in peptide bond formation is
evidently a shift of the terminal carbonyl

C of the nascent protein chain from tRNA-
adenosine in site II to amino N of amino-

acyl-tRNA in site I, i.e., a momentary
transfer of the nascent chain from site II
to site I. The subsequent step (whatever

We are indebted to Dr. Gunther S. Stent for
calling attention to these implications of our

findings.
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its detailed mechanism mmmay be) can be

thought of as a “iminge-flexion” of time
ribosome, so that the nascent chain witll

its newly attached tRNA is recaptured by

site II. This step entails time transiocation

of the ribosomm�e by one reading-frame (ap-
proximately 1OA) relative to time mRNA.

If the translocation process continues in
time presence of CAM, while time nascent
protein chains renmain attached! to the

ribosomes, it would seeni possible that the
primary effect of time drug is to prevent
site II from accepting time nascent protein-
tRNA from site I. It seems fruitless to
speculate furtimer until nmore is known
about the mecimani�m of l)ei)ti(!e bond for-

mation and of ribo�ome movement along

the mRNA.
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