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ABSTRACT 5OS-derived cores were prepared by treat-

ment of 50S subunits with 0.4 M LiCI (0.4c core) and 0.8

M LiCI (0.8c core), respectively. 0.4c cores bind chloram-
phenicol whereas 0.8c cores do not. The split proteins ob-
tained during the transitions 0.4c -- 0.8c were separated by

DEAE-cellulose chromatography and Sephadex G-100 gel
filtration. Reconstitution experiments with the frac-
tionated proteins demonstrated that protein L16 is in-
volved in chloramphenicol binding.
In contrast to chloramphenicol, the CACCA-(N-acetyl-

leucyl) fragment is bound by the 0.8c core, i.e., this core

contains the intact p-site moiety ofthe peptidyltransferase
center.
Puromycin can inhibit chloramphenicol binding com-

pletely. In the concentration range tested (up to 20
mM) the trinkucleotide CCA inhibits chloramphenicol
binding as effectively as puromycin, whereas an amino-
acid mixture shows no inhibition. It is concluded that
chloramphenicol acqs exclusively on the' a-site part of the
peptidyltransferase center interfering with the binding of
the last two or three nucleotides (3' end) of aminoacyl-
tRNA.

Chloramphenicol, a well-known inhibitor of protein synthesis
in prokaryotic cells, binds to ribosomes (1). In vitro (2, 3) and
in vivo (4, 5), the binding occurs in a 1:1 stoichiometry. Only
the large ribosomal subunit (50 S) is involved (6).
The drug action is related to peptide-bond formation. This is

demonstrated by chloramphenicol inhibition of the "fragment
reaction" (7), which is a model reaction for peptide-bond
formation. The fragment reaction uses 50S subunits, a pep-

tidyl-tRNA fragment [CACCA-(N-acetyl-leucyl) ], puro-

mycin as an analogue of an aminoacyl-tRNA fragment,
K+ and Mg++ ions, and the unusual requirement of 33%
alcohol. Although evidence has accumulated that chloram-
phenicol inhibits the binding of the aminoacyl terminus of the
aminoacyl-tRNA (8-12), interference with the peptidyl
recognition center of the peptidyltransferase has been con-

sidered (13-16).
In this paper, we show that the ribosome contains one

binding site for chloramphenicol that is located exclusively
at the a-site moiety of the peptidyltransferase center.

Furthermore, we demonstrate that the ribosomal protein
L16 is involved in chloramphenicol binding. Simultaneously,
the same result was obtained by completely different tech-

Abbreviations: CAM, D(-)-threo chloramphenicol; CACCA-
(Ac[3H]Leu), CACCA-(N-acetyl-['H]leucyl); EF-G, elongation
factor G.
* Paper no. 50 on Ribosomal Proteins. Preceding paper is in prep-
aration by R. S. Yu and H. G. Whittmann.

niques (O. Pongs, R. Bald, and V. A. Erdmann, the following
paper, pages 2229-2233).

MATERIALS AND METHODS

70S, 50S, and 30S ribosomes were isolated from Escherichia
coli strain A19 (17) as described elsewhere (K. H. Nierhaus
and V. Montejo, manuscript in preparation). "C-Labeled
i-phenylalanine (466 Ci/mol) and 4[8H]proline (1.86 Ci/
mmol) were obtained from New England Nuclear Corp.,
Boston, Mass., [04C]chloramphenicol (4.91 Ci/mol) from
Amersham/Searle Corp., England, and puromycin-dihydro-
chloride from Nutritional Biochemicals Corp., Cleveland,
Ohio. Elongation factor G (EP-G) was kindly provided by
Dr. A. Parmeggiani, Institut fur Molekularbiologie, St6ck-
heim bei Braunschweig. The oligonucleotides CpCpA, CpA,
ApC, and UpU were a generous gift from Dr. R. Bald, Max-
Planck-Institut in Berlin-Dahlem.

Equilibrium Dialysi8. Equilibrium dialysis was performed
in plastic dialysis cells (2 X 2 X 2 cm). Each cell contains two
50-,ul chambers separated by a dialysis membrane (Visking,
Serva, Heidelberg). The two cell halves are fixed by a metal
clamp. In one chamber ribosomes (4 A260 units of 30S, 8 A260
units of 50S, or 12 A260 units of 70S) and in the other 0.5 nM
[4C ]chloramphenicol and other compounds were injected by
a Hamilton syringe. The buffer contained 25 mM Tris* HCl, 5
mM MgCl2, 280 mM' NH4CI, and 5 mM 2-mercaptoethanol.
After incubation (20 hr at 40) 10 ul were twice removed from
each chamber and counted. The average difference between
the two chambers was taken as a measure of antibiotic bound
to ribosomes. Each dialysis assay was performed with two
cells. The statistical error was less than ± 5%.
The binding data were plotted according to Scatchard (18)

by the equation

= KA (n- )(A)
where t is mol of chloramphenicol bound per mol of ribosome,
(A) is mol of unbound chloramphenicol, KA is the association
constant, and n is the number of binding sites available on the
ribosome.

Binding of the CACCA-(Ac[8H]Leu) Fragment. The assay
was a modification of the method described by Celma et al.
(19). The incubation mixture contained 30 mM Tris HCl
(pH 7.4), 225 mM KC], 100 mM NH4CJ 10 mM Mg acetate,
50% (v/v) ethanol, the CACCA-(Ac[8H]Leu) fragment with
about 20,000 cpm per assay, and 10 A260 units of 50S subunits
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or 50S derivatives, or an equimolar amount of 5 A260 units of
30S subunits. 180-,ul Aliquots were incubated at 00 for 15
min, and the aggregated ribosomes were pelleted at 7000 X g

for 5 min. 100 Ml of the supernatant or from the control assay
(without ribosomes) were mixed with 0.5 ml of Soluene before
addition of 5 ml of scintillation fluid. The amount of bound
substrate was calculated by the difference between the assay

containing ribosomes and the control assay.

Other Methods. Cores and split proteins from the 50S sub-
unit were prepared, and partial reconstitution and the frag-
ment assay were performed as described elsewhere (K. H.
Nierhaus and V. Montejo, manuscript in preparation).
The EF-G-dependent GTPase test followed the method de-

scribed by Parmeggiani (20).

RESULTS
Identification of the protein involved in
chloramphenicol binding
Table 1, Exp. 1, characterizes the equilibrium dialysis used for
chloramphenicol binding. 70S ribosomes and 50S subunits
bound chloramphenicol nearly to the same extent, whereas
30S subunits showed only background binding.
The binding of cores derived from 50S subunits by LiCl

splitting is demonstrated in Table 1, Exp. 2. 0.4c core (treated
with 0.4 M LiCl) bound chloramphenicol almost as well as

50S subunits, and the 0.8c core showed very little binding.
Binding activity of the 0.8c core can be restored to the 0.4c
core level by reconstitution of the 0.8c core with the difference
split protein SPo.40.8 (Table 1, Exp. 2). The split protein
fraction contained some RNA (23 S and 5S, as seen by RNA
gel electrophoresis). After removal of most of the RNA the
split protein SPO.4-0.8 (containing the proteins L1, L2, L5, L6,

L7, L8/9, L10, L11, L12, L15, L16, L18, L25, L27, L28, and
L30) were fractionated by DEAE-cellulose chromatography
and Sephadex G-100 gel filtration (Fig. 1; for detailed descrip-
tion see K. H. Nierhaus and V. Montejo, manuscript in prepa-
ration). Only the third peak of the elution profile after gel filtra-
tion (Fig. 1) showed binding activity after reconstitution with
0.8c cores. This peak contained the proteins L6, Lli, and L16.
To decide which of these three proteins was responsible for
binding, we tested fractions 39 and 43. The reconstituted par-

ticles (0.8c + fraction 39) and (0.8c + fraction 43) were tested

TABLE 1. Chloramphenicol binding measured by
equilibrium dialysis

[l4(C]Chloram-
phenicol bound

(pM/pM
Exp. Particle particle)

1 30S 0.02
50S 0.80
70S 0.87

2 50S 0.64
0.4c 0.54
0.8c 0.049
SPo.4_0.8 0.03
(0.8c + SPo.4-0.8) 0.41

0. 4c and 0.8c are derived cores obtained by LiCl treatment with
0.4 M and 0.8 M LiCl, respectively. SPo.io0.8 is the protein frac-
tion split off from the 0.4c cores by incubation with 0.8 M LiCl.

TABLE 2. Chloramphenicol binding of 0.8c core and two
reconstituted particles

[14C]-

Chlor-
ampheni-

Relative concentrations of col
protein bound

Particle L6 Lii L16 particle)

0.8c - - - 0.03
(0.8c + fraction 39) ++ + (d) 0.07
(0.8c + fraction 43) - + ++ 0.18

The relative concentrations of the proteins L6, Lli, and L16 in
the particles (0.8c + fraction 39) and (0.8c + fraction 43) were
estimated from the 2-dimensional electrophoresis pattern (Fig. 2).

for chloramphenicol binding, and their protein patterns were
displayed by 2-dimensional electrophoresis (Fig. 2 and Table
2). L6 is present only in (0.8c + fraction 39) and not in (0.8c
+ fraction 43), whereas L16 is found in (0.8c + fraction 39)
in traces and in (0.8c + fraction 43) in much greater amounts.
L1i is present in both particles in about the same amount. In
the chloramphenicol binding test, (0.8c + fraction 43) bound
more than twice the amount of chloramphenicol bound by
(0.8c + fraction 39) (Table 2). The binding by the two par-
ticles was correlated to the amount of L16 (Table 2). From
another preparation of cores and split proteins, we prepared
a particle containing L6 and L11 but not L16. This particle
had the same background binding as the 0.8c core. Therefore,
it can be concluded that L16 is responsible for the chloram-
phenicol binding.

Characterization of the chloramphenicol binding
A Scatchard plot (Fig. 3) of the data for chloramphenicol
binding revealed one binding site for chloramphenicol (KA =
9.0 X 106 M-1).
Table 3 demonstrates that 0.8c core binds the CACCA-

(AcLeu) fragment nearly as well as the 50S subunit. Therefore
the 0.8c core contains the intact p-site part of the peptidyl-
transferase center. On the other hand, the 0.8c core does not

fraction number

FIG. 1. The gel filtration profile (Sephadex G-i00) from basic
protein fraction of the SP0.4..0.8 proteins (O---O). An aliquot of
each fraction was analyzed by acrylamide-gel electrophoresis.
Proteins stained by amido black were scanned with a Joyce-
Loebl scanner. Relative concentrations of proteins were deter-
mined from the areas of protein peaks (----). Furthermore, a
reconstitution was carried out with 0.8c cores and each fraction.
The chaloramphenicol binding of the reconstituted particles was
measured with the equilibrium dialysis technique (O-O).
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TABLE 3. Binding of CACCA-(Ac['H]Leu) fragment

Particle Cpm of bound fragment

50S 1355
0.8c 1295
30S 322

Incubation of particles and the fragment was performed in the
presence of 50% ethanol at 40 for 10 min. After the particles were
pelletted, an aliquot of the supernatant was removed and counted.
The difference from a control without ribosomes gave the cpm of
bound fragment. The method was a modification of Celma et al.
(19).

bind chloramphenicol. Thus, chloramphenicol does not act on
the p-site part of the peptidyltransferase center.
As chloramphenicol inhibits binding of aminoacyl oligonu-

cleotides (for example CCA-Phe) to ribosomes (8, 10), we
checked a mixture of 20 amino acids and oligonucleotides for
inhibition of chloramphenicol binding to ribosomes. As is
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FIG. 2. 2-dimensional electrophoresis pattern of the particles
reconstituted with fractions 39 and 43 of the gel-filtered basic pro-
tein fraction of SPO.4-0.8 (see Fig 1). The (0.8c + fraction 39)
particle bound 0.07 pM and the (0.8c + fraction 43) particle
bound 0.18 pM chloramphenicol per pM particle.

seen in Fig. 4, a mixture of 20 amino acids does not inhibit
even with the highest concentration tested (20 mM). In con-
trast, puromycin as an analogue of an aminoacyl oligonucleo-
tide inhibits chloramphenicol binding. About 85% inhibition
is seen with 40 mM puromycin. At least up to a concentration
of 20 mM the trinucleotide CpCpA inhibited the chloram-
phenicol binding nearly to the same extent as puromycin did.
At 20 mM CpA shows a slight but significant inhibition,
whereas ApC and UpU have no effect (Table 4).
As chloramphenicol acts mainly on the a-site part of the

peptidyltransferase center and the EF-G-dependent GTPase
center seems to be located in the a-site (ref. 21; R. Werner,
K. Bordasch, and K. H. Nierhaus, manuscript in prepara-
tion), an interaction of chloramphenicol and this GTPase
activity could be possible. However, chloramphenicol in con-
centrations up to 25 mM did not significantly alter the EF-G-
dependent GTPase activity (Table 5).

DISCUSSION

Chloramphenicol inhibits the fragment reaction (7). This re-
action can be divided into three steps, as pointed out by
Pestka (8): (a) binding of the peptidyl-tRNA fragment to the
p-site part of the peptidyltransferase center, (b) binding of the
analogue (puromycin) of an aminoacyl-tRNA fragment to
the a-site, and (c) the covalent linkage of the peptidyl residue
to puromycin (peptidyltransferase reaction). There is no
doubt that chloramphenicol acts at least on the a-site moiety
for the following reasons:

(1) A phenylalanyl-tRNA fragment (CACCA-Phe) binds

° 2 6 0 10 12

FIG. 3. A Scatchard plot of the equilibrium dialysis data from
chloramphenicol binding to 50S subunits. Extrapolation to in-
finitely high concentration of unbound drug (A) indicates 1
binding site per 50S subunit. The association constant is KA =
9.0 X 105 (M-').
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to the a-site of 70S ribosomes since this binding occurs at a
puromycin-insensitive site (i.e., phenylalanyl-puromycin
formation does not take place, which is the definition of the
a-site) and can be inhibited by puromycin, i.e., puromycin
binds to the same or an overlapping site (8). Chloramphenicol
inhibits this fragment binding (8).

(2) If chloramphenicol and puromycin both inhibit CA-
CCA-Phe binding, chloramphenicol should inhibit puromycin
binding and vice versa. In fact a partial inhibition of chloram-
phenicol binding by puromycin has been described (11, 12).
Furthermore, Fig. 4 demonstrates that puromycin can com-
pletely inhibit chloramphenicol binding. Thus, chloram-
phenicol and puromycin seem to compete for the same site.

This conclusion has been confirmed by Celma et al. (10) who
demonstrated a complete inhibition of UACCA-Leu binding
under fragment reaction conditions by a chloramphenicol
concentration sufficient to give nearly complete inhibition
of the fragment reaction, whereas under the same conditions
the CACCA-(AcLeu) binding was not affected. CACCA-
(AcLeu) most probably binds to the p-site. Thus, it is evident
that chloramphenicol does not interact with the p-site of the
peptidyltransferase center. This is confirmed by the binding
studies with the 0.8c core. Table 3 shows that the CACCA-
(AcLeu) fragment is bound to the 0.8c core to the same extent
as to the 50S subunit, i.e., the 0.8c core contains the intact
p-site part of the peptidyltransferase center. However, 0.8c
core does not bind chloramphenicol (Table 1, Exp. 2). This
result shows that chloramphenicol does not bind to the p-site
part of the peptidyltransferase center. Therefore, the chloram-
phenicol binding site belongs exclusively to the a-site part of
the peptidyltransferase center.
The minimal structure of aminoacyl-tRNA that can bind

to the a-site part at the peptidyltransferase center consists of
the 3'-terminal CpA and the aminoacyl residue (22, 23).
Therefore we tested the interference of appropriate oligonu-
cleotides (CpCpA, CpA, and as a control, ApC and UpU)
and of an amino-acid mixture with chloramphenicol binding
(Fig. 4 and Table 4). CpCpA inhibited the chloramphenicol
binding as effectively as puromycin at least up to a concentra-
tion of 20 mM; CpA showed a slight inhibition, and ApC, UpU,
and the amino-acid mixture showed no inhibition. We con-
clude that chloramphenicol interferes with the binding of the
last two or three nucleotides (3' end) of aminoacyl-tRNA. In
contrast to the strong inhibition of binding of aminoacyl
oligonucleotides by chloramphenicol, the drug only slightly
affects aminoacyl-tRNA binding to the a-site (24, 25). Thus,

TABLE 4. Inhibition of chloramphenicol binding

pM Bound
CAM/pM 50S

Added compound (20 mM) subunit % Inhibition

Complete 0.73 0
+ puromycin 0.43 41
+ amino acids 0.72 2
+ CpCpA 0.47 36
+ CpA 0.59 19
+ ApC 0.69 5
+ UpU 0.70 4

Chloramphenicol binding was measured by equilibrium dialysis.

^06 ze~~~~~~~~~~eP

O io 20 30 40

ON Pif pM 50S

FIG. 4. Inhibition of chloramphenicol binding by puromycin,
the trinucleotide CpCpA, and an amino-acid mixture. Puromycin-
dihydrochloride was dissolved in 90 mM Tris (unbuffered)-
10 mM MgAc, and the pH was adjusted to 6.5 with 1 N KOH
(concentration of puromycin-dihydrochloride was 120 mM).
The puromycin solution was diluted as indicated; final concen-

tration of the buffer during equilibrium dialysis was 50 mM
Tris .HCl (pH 7.5); other conditions were as described in Methods.
The equilibrium dialysis mixture containing 40 mM puromycin
showed a slight turbidity; all the other mixtures were clear.
CpCpA was the triethylammonium salt of the trinucleotide.
The amino-acid mixture contained the 20 amino acids in equi-
molar amounts. The indicated concentrations are for each of the
amino acids.

the binding of the aminoacyl end of an aminoacyl-tRNA con-

tributes a negligible part to the binding of the whole amino-
acyl-tRNA molecule.
The Scatchard plot revealed one binding site of chloram-

phenicol per 50S subunit (Fig. 3). The plot for 70S ribosomes
is similar to the data for the 50S subunits with n = 1.2 binding
sites per 70S ribosome and the association constant KA = 1 X
106 (M -1) (unpublished observation). Our data do not confirm
the finding of Lessard and Pestka (12) who postulated a sec-

ond binding site-a low affinity site-for chloramphenicol. We
found with high chloramphenicol concentration (0.25-1 mM)
several points with n = 2 up to n = 11, which can be expected
by unspecific binding with low affinity (Fig. 3).
An analysis of the chloramphenicol-binding site was carried

out with 5OS-derived cores and fractionated split proteins.
Reconstitution studies with 0.8c cores and fractionated pro-

teins of the SPo.,o.8 split proteins showed that chloram-
phenicol binding depends on the presence of L16 on the 0.8c
core (see results, Fig. 2, and Table 1, Exp. 2). Although only
the L16-containing fraction showed significant chloram-
phenicol binding after reconstitution with 0.8c cores, the max-
imum yield of chloramphenicol binding was not more than
half (0.18 pM/pM particle) of the activity obtained with
total split proteins SPo.4-0.8 [compare particle (0.8c + frac-

TABLE 5. EF-G-dependent GTPase: Effect of chloramphenicol

Mol of GTP
hydrolyzed per mol

Mixture 70S

Complete 53
+ CAM 5 mM 52
+ CAM 25 mM 46
+ fusidic acid 1 mM 12

EF-G-dependent GTPase was measured as described by Par-
CAM, chloramphenicol. meggiani et al. (20).
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tion 43) in Table 2 with particle (0.8c + SPo.4 ".8) in Table 1,
Exp. 2]. We cannot decide from our experiments whether this
loss of binding activity was due to partial denaturation of
L16 during fractionation or to missing proteins that can

stimulate the L16-dependent binding. In any case, L16 is
involved in chloramphenicol binding. This finding is supported
by affinity labeling experiments showing that the amphenicol
residue of iodoamphenicol can be covalently linked to protein
L16 (0. Pongs, R. Bald, and V. A. Erdmann, the following
paper).
From the discussion above it is clear that L16 is the chlor-

amphenicol-binding protein and that this protein must be
a part of the a-site moiety of the peptidyltransferase center.
Furthermore, L16 should be a neighbor of the peptidyl-
transferase, which is probably protein L11 (K. H. Nierhaus
and V. Montejo, manuscript in preparation).
Yukioka and Morisawa (15) showed that EF-G and GTP

counteract the inhibition of poly(U)-dependent poly(phenyl-
alanine) synthesis by chloramphenicol. As the EF-G-depen-
dent GTPase center seems to be located in the a-site (ref. 21;
R. Werner, K. Bordasch, and K. H. Nierhaus, manuscript
in preparation), the chloramphenicol-binding site may overlap
or may be allosterically linked to the EF-G-dependent GTPase
center. Therefore it was of interest to test whether chloram-
phenicol affects the EF-G-dependent GTPase. Table 5 demon-
strates that even the highest chloramphenicol concentration
(25 mM) tested has no significant influence on the activity
of the EF-G-dependent GTPase. We conclude, that the
GTPase center is not localized in the a-site part of the pep-
tidyltransferase center even if it is part of the complete a-site.
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criticisms and Dr. R. Crichton for critically reading the manu-
script. The technical assistance of Miss F. Bittner and Mr. A.
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