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ABSTRACT

The antibiotic chloramphenicol produces modi®ca-
tions in 23S rRNA when bound to ribosomes from
the bacterium Escherichia coli and the archaeon
Halobacterium halobium and irradiated with 365 nm
light. The modi®cations map to nucleotides m5U747
and C2611/C2612, in domains II and V, respectively,
of E.coli 23S rRNA and G2084 (2058 in E.coli
numbering) in domain V of H.halobium 23S rRNA.
The modi®cation sites overlap with a portion of the
macrolide binding site and cluster at the entrance to
the peptide exit tunnel. The data correlate with the
recently reported chloramphenicol binding site on
an archaeal ribosome and suggest that a similar
binding site is present on the E.coli ribosome.

INTRODUCTION

The antibiotic chloramphenicol (Fig. 1A) inhibits protein
biosynthesis by targeting the peptidyl transferase center on the
large ribosomal subunit. Due to its high speci®city for
bacteria, chloramphenicol is an important drug that has been
widely used clinically, notably in the treatment of eye
infections (1). Although archaea are generally less sensitive
to ribosomal antibiotics, growth of Halobacterium halobium
and Sulfolobus acidocaldarius is inhibited at elevated con-
centrations of chloramphenicol (2,3). Thirteen point mutations
at 11 nucleotides in the peptidyl transferase loop of 23S rRNA
that result in decreased sensitivity or resistance to chloram-
phenicol have been characterized in bacteria, archaea and
mitochondria (Fig. 1 and references therein). Chloram-
phenicol produces a chemical footprint in the peptidyl
transferase loop of Escherichia coli ribosomes, comprised of
altered reactivities to base-speci®c modifying chemicals
(Fig. 1B) (4,5). In the presence of chloramphenicol, protection
effects are observed at nucleotides A2059, A2062, A2070,
G2505 and U2506, while enhanced reactivities are observed at
nucleotides A2058 and A2451. In contrast, a chemical
footprint was not detected in the halophilic archaeon
Haloferax mediterranei, even at 0.1 mM chloramphenicol (5).

An early investigation provided evidence that chloram-
phenicol binds to two sites on the 50S subunit from
equilibrium dialysis measurements (6). These sites were
found to have different binding constants (KD1 = 2 mM and
KD2 = 200 mM), where only the stronger binding site was
involved in inhibition of the reaction between puromycin and
CACCA-Leu-Ac (7). In addition, kinetic analysis of the effect
of chloramphenicol on the puromycin reaction reveals two
phases of inhibition. Competitive and mixed non-competitive
inhibition types with respect to puromycin have been reported
at chloramphenicol concentrations up to and greater than
3 mM, respectively (8). Moreover, there is evidence to suggest
that chloramphenicol can bind to a site that partially overlaps
with that of erythromycin, a macrolide antibiotic that does not
interfere directly with peptide bond formation. Erythromycin
interferes with chloramphenicol binding to ribosomes (9), and
mutations in nucleotides 2057 and 2058 that result in reduced
chloramphenicol susceptibility in E.coli confer cross
resistance to erythromycin (10,11).

Recently, two chloramphenicol binding sites have been
reported in structures of antibiotic-ribosomal subunit com-
plexes solved through X-ray crystallography. In one complex
with the Deinococcus radiodurans 50S subunit, chloram-
phenicol binds to the A site (12). The position of the bound
drug suggests that it hinders substrate binding directly by
interfering with the positioning of the aminoacyl moiety in the
A site. This would correspond to the binding site involved in
the direct inhibition of peptide bond formation by chloram-
phenicol. In the other complex with the Haloarcula maris-
mortui large ribosomal subunit, chloramphenicol binds to a
hydrophobic crevice at the entrance to the peptide exit tunnel
(13). This binding site suggests that chloramphenicol inhibits
protein synthesis by perturbing the egress of nascent
polypeptides into the exit tunnel (14).

In the present investigation, a crosslinking approach has
been used to examine binding of chloramphenicol to both
archaeal and bacterial ribosomes. We ®nd that the drug affects
nucleotides that are also part of the macrolide binding site. The
results correlate with the chloramphenicol binding site
reported recently at the entrance to the peptide exit tunnel
on an archaeal ribosome and suggest that a similar binding site
is present on the E.coli ribosome.
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MATERIALS AND METHODS

Crosslinking of chloramphenicol to E.coli and
H.halobium ribosomes

Ribosomes from E.coli MRE600 and H.halobium R1 cells
were prepared as described previously (15,16). Chloram-
phenicol was incubated with 70S ribosomes (0.15±0.5 mM) in
10±200 ml of 20 mM Tris±HCl (pH 7.5), 50 mM NH4Cl and
10 mM MgCl2 (E.coli) or 70 mM HEPES±KOH (pH 7.8),
60 mM magnesium acetate, 3 M KCl and 1 mM DTT
(H.halobium) for 20 min at 37°C. The concentration of
chloramphenicol was 1.2 mM in all experiments except those
examining chloramphenicol concentration dependence, where
a 10 mM to 10 mM concentration range was investigated. In
some experiments, deacylated tRNA or N-Ac-Phe-tRNA
(1.3 mol/mol ribosomes) was added in the presence of
poly(U) (1 mg/pmol ribosomes) (17). In the antibiotic inter-
ference experiments, other drugs (the ®nal concentration of
the drugs was 200 mM except for puromycin, which was used
at 1 mM) were added separately either to chloramphenicol
complexed with 70S ribosomes or directly to 70S ribosomes
before addition of chloramphenicol. After formation of
ribosomal complexes, samples were placed in a microtiter
tray, on top of an ice-water bath, and irradiated at 254, 312 or
365 nm in a Stratalinker 1800 (with ®ve 8 W bulbs;
Stratagene) for 2±60 min. Samples were extracted with

phenol, (1:1) phenol:chloroform and chloroform, followed
by ethanol precipitation to remove protein and non-cross-
linked antibiotics. Samples from H.halobium were washed
extensively (four to ®ve times) to remove excess salt.
The isolated rRNA was subjected to primer extension
analysis with AMV reverse transcriptase (Finnzymes) and
different 5¢ 32P-labeled deoxyoligonucleotides complementary
to 23S rRNA (Table 1) (18). The extension products were
separated in denaturing polyacrylamide sequencing gels and
autoradiographed.

Isolation of 23S rRNA fragments

Chloramphenicol (1.2 mM) was complexed to ribosomes
(0.15±0.5 mM) in 100±200 ml of the appropriate buffer as
described above for 20 min at 37°C. Samples were irradiated at
365 nm for 30 min, extracted with phenol, and precipitated
with ethanol as described above. The rRNA (25 pmol) was
resuspended in 10 ml of 20 mM Tris±HCl (pH 7.8) and
63.5 mM NH4Cl, followed by the addition of 37.5 pmol of each
complementary oligonucleotide (Table 1 and Figs 2 and 4).
The samples were incubated for 5 min at 55°C, followed by the
addition of 1.5 ml of 10 mM magnesium acetate and 0.25 U of
RNase H (Amersham-Pharmacia). After a second incubation
at 37°C for 5 min, rRNA was precipitated with ethanol. The
released fragments were puri®ed on 5% polyacrylamide±7 M
urea denaturing gels and localized by staining with toluidine

Figure 1. Chloramphenicol and the peptidyl transferase loop of 23S rRNA. (A) The chemical structure of chloramphenicol. (B) Secondary structure of the
peptidyl transferase loop and adjacent regions of E.coli 23S rRNA. Nucleotides that exhibit altered reactivity in the presence of bound chloramphenicol are
indicated with circles (4,23). Filled circles represent protections whereas open circles denote enhancements. Mutations that confer resistance or decreased
susceptibility to chloramphenicol are indicated with the relevant organism(s) in parentheses. E.c., E.coli; H.h., H.halobium; H.s., Homo sapiens; M.m., Mus
musculus; R.r., Rattus rattus; S.a., S.acidocaldarius; S.c., Saccharomyces cerevisiae. All of the eukaryotic mutations were characterized in mitochondrial
rRNAs. Literature references to the indicated mutations are as follows: G2032A (11), G2057A (10), A2058G and A2058U (11), G2061A (36), A2062C (2),
G2447A (37), A2451U (38), C2452A (39), C2452U in H.h. (2), M.m. (40) and S.a. (3), A2503C in S.c. (37) and E.c. (41), U2504C in M.m. (39,42) and H.s.
(38).
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blue (0.1% in 7.5% acetic acid). Excised gel slices were
transferred to 300 ml of 0.3 M sodium acetate (pH 6.0) and
2 mM EDTA, and were extracted overnight with an equal
volume of phenol at room temperature. The rRNA fragments
were recovered through ethanol precipitation, and resuspended
in double distilled water and subjected to primer extension
analysis as described above. The RNase H fragment sizes
given in the text are approximate and based on the fact that
RNase H is known to cleave the RNA strand near the 3¢ end of
an RNA±DNA duplex, followed by exonucleolytic trimming
that stops ~4 nt from the 5¢ end of the hybrid duplex (19). An
extensive effort was made to obtain evidence for direct
chloramphenicol±rRNA crosslinks by isolating a radioactive
RNase H fragment using 14C-labeled chloramphenicol. The
experiments did not yield conclusive results due to both the
low crosslinking yield and speci®c activity of the drug.

RESULTS

Identi®cation of chloramphenicol-dependent modi®cation
sites on E.coli 23S rRNA

Chloramphenicol was added to E.coli 70S ribosomes and the
resulting complexes were irradiated with 365 nm light. Total
rRNA was isolated and examined for chloramphenicol-
induced stops using primer extension analysis with reverse
transcriptase. The entire domain V region was scanned, as
well as a region of domain II centered around helix 35, which
has been connected to the 2058 region of the peptidyl
transferase loop in the chemical footprints of various
macrolide and ketolide antibiotics (20). Chloramphenicol
causes reverse transcriptase stops at nucleotide m5U747 in
domain II and at nucleotides C2611/C2612 in domain V of
E.coli 23S rRNA. The modi®cations at C2611/C2612 are not
observed when the experiments are performed in the presence
of either chloramphenicol or UV light (Fig. 2A, compare lanes
2 and 3 with lane 4). A weak reverse transcriptase stop at
m5U747 is observed in the presence of UV irradiation (Fig. 2B,
lane 2), but increases strongly in the presence of chloram-
phenicol and UV light (Fig. 2B, lane 4). Thus, the stops are
dependent on both UV irradiation and chloramphenicol.

The observed reverse transcriptase stops can arise as a result
of several events, namely formation of a direct drug±rRNA
crosslink, a drug-induced rRNA±rRNA or rRNA±protein
crosslink, or a drug-induced cleavage of the rRNA backbone.
To distinguish between some of these possibilities, the
modi®cations were examined further using oligonucleotide-
directed RNase H cleavage. Smaller fragments of 23S rRNA

containing each modi®cation were excised using RNase H and
a pair of DNA oligonucleotides complementary to rRNA
¯anking the fragments. Fragments were puri®ed on acryl-
amide gels and examined by primer extension analysis. A
modi®cation isolated on a small RNA fragment is due either to
a direct drug±rRNA crosslink or a rRNA±rRNA crosslink
internal to the fragment. On the other hand, a modi®cation that
is not observed on a smaller RNA fragment is due either to a
crosslink to protein or rRNA external to the isolated fragment,
or alternatively, to drug-induced cleavage of the rRNA
backbone.

The modi®cation at m5U747 was isolated on a 200 nt
fragment with oligonucleotides Ec617 and Ec820. Primer
extension analysis showed that the modi®cation is present on
the isolated fragment (Fig. 2C, lanes 2 and 4). As no additional
primer extension stops from a potential rRNA crosslinking
partner were detected on the fragment, the data suggests that
the modi®cation is a direct drug±rRNA crosslink.

The chloramphenicol modi®cations at C2611/C2612 were
®rst observed in a previous investigation of the sparsomycin
binding site on the ribosome and determined to be independent
of sparsomycin (21). In the present study, the modi®cations
were isolated on an 80 nt fragment using oligonucleotides
Ec2563 and Ec2654. The modi®cations were not observed
upon primer extension analysis of the isolated fragment. This
result was con®rmed through isolation of the 3¢ end of 23S
rRNA by cleavage with Ec2563, followed by primer extension
analysis with a different primer located further from the
modi®cation site. The chloramphenicol-dependent modi®ca-
tions at C2611/C2612 are, therefore, not due to direct
chloramphenicol±rRNA crosslinks. In addition, the fact that
the modi®cation at m5U747 could be isolated on a smaller
fragment of 23S rRNA argues against the possibility of a
chloramphenicol-induced rRNA±rRNA crosslink between
positions 747 and 2611/2612.

The effects of irradiation time and chloramphenicol
concentration on the modi®cation yields at C2611/C2612
were examined. The yields of the modi®cations increased
linearly over at least 60 min of irradiation at 365 nm,
suggesting that the UV irradiation employed neither reduced
the capacity of the ribosomes to bind the drug nor damaged the
drug itself (Fig. 3A). Monitoring the modi®cation yields as a
function of chloramphenicol concentration (Fig. 3B) enabled
the dissociation constant to be estimated at ~300 mM. This
correlates with chloramphenicol binding to the weaker of the
two binding sites (KD2 = 200 mM) characterized in E.coli (6).
A similar dependence of modi®cation yield on irradiation time

Table 1. DNA oligonucleotides used for primer extension and RNase H analyses

Name Sequence (5¢ to 3¢) Complementary
23S rRNA nucleotides

Ec617 GGT TTC CCT TCG GCT CCC C 617±635
Ec770 GGC CTT TCA CCC CCA GCC 770±787
Ec821 GGC GCT ACC TAA ATA GCT 821±838
Ec2563 TCG CGT ACC ACT TTA 2563±2577
Ec2654 TCC GGT CCT CTC GTA CT 2654±2670
Hh1928 GTC ATA GTT ACT CCC GCC G 1928±1947
Hh2133 TCC TAC CTA CTC TGC ACA TC 2133±2152
Hh2255 CCG CCC CAG TCA AAC TCC CC 2255±2274

7210 Nucleic Acids Research, 2003, Vol. 31, No. 24



and drug concentration was observed for the modi®cation at
m5U747 (data not shown).

The effect of irradiation wavelength on the modi®cations at
C2611/C2612 was tested by performing the experiment with
254, 312 and 365 nm light (Fig. 3C). Irradiation at 365 nm
produces modi®cations that are entirely chloramphenicol-
dependent at positions 2611 and 2612, whereas chloram-
phenicol-independent stops are also produced at positions
2612 and 2613 upon irradiation at shorter wavelengths
(Fig. 3C). As an earlier study showed that chloramphenicol

binding to ribosomes is enhanced in the presence of peptidyl±
tRNA bound in the P site (22), the effect of a P-site tRNA
substrate on the modi®cations was investigated. The presence
of either deacylated tRNA or N-Ac-Phe-tRNA substrates
bound in the P site did not signi®cantly alter the modi®cation
yields at C2611/C2612 (Fig. 3D).

Identi®cation of a chloramphenicol-dependent
modi®cation site on H.halobium 23S rRNA

Chloramphenicol was added to H.halobium ribosomes and the
resulting complexes were irradiated with 365 nm light. After
isolation of rRNA, the peptidyl transferase loop region of
domain V and the region of domain II including helix 35 of
23S rRNA was examined for chloramphenicol-induced stops
using primer extension analysis. A reverse transcriptase stop
was observed in domain V of 23S rRNA at G2084 (2058 in
E.coli numbering) that was dependent on both UV irradiation
and chloramphenicol (Fig. 4A). No chloramphenicol-
dependent reverse transcriptase stops were observed in the
investigated region of domain II of 23S rRNA.

The modi®cation at G2084 (2058) was isolated on a 320 nt
fragment by RNase H digestion and oligonucleotides Hh1928
and Hh2255. The fragment was puri®ed on a polyacrylamide
gel and subjected to primer extension analysis (Fig. 4B). The
primer extension stop at G2084 (2058) is also observed on the
isolated rRNA fragment (Fig. 4B, lanes 2 and 4). No evidence
for additional primer extension stops from a potential
crosslinking partner was detected within the isolated fragment
(data not shown). The data suggest that chloramphenicol is
crosslinked directly to G2084 (2058) of H.halobium 23S
rRNA.

Interference of the E.coli and H.halobium modi®cations
by antibiotics

Altered nucleotide reactivities to base-speci®c modifying
chemicals have been observed at nucleotides 2058 and
adjacent regions of the peptidyl transferase loop with other
antibiotics (23). Thus, the ability of a group of antibiotics to
interfere with the chloramphenicol-dependent rRNA modi®c-
ations at nucleotides C2611/C2612 of E.coli and G2084
(2058) of H.halobium 23S rRNAs was tested. Antibiotics were
added individually to pre-incubated chloramphenicol±
ribosome complexes, followed by a second incubation period
and irradiation with 365 nm light. Ribosomal RNA was
isolated and the peptidyl transferase loop region was analyzed
by primer extension. Identical results were obtained irrespec-
tive of the order of addition of chloramphenicol (data not
shown).

For the modi®cations at C2611/C2612 of E.coli 23S rRNA,
strong reductions in modi®cation yields are observed with the
macrolide antibiotics carbomycin and erythromycin (Fig. 5A).
Pristinamycin IIA could compete with the modi®cations to a
lesser degree (Fig. 5A). The other drugs tested, blasticidin S,
gougerotin, celesticetin and lincomycin, did not interfere
signi®cantly with the modi®cations (Fig. 5A). The antibiotics
puromycin and pristinamycin IIA interfered with the modi®c-
ation at G2084 (2058) of H.halobium 23S rRNA, whereas
blasticidin S, gougerotin, carbomycin, erythromycin, celes-
ticetin and anisomycin produced no signi®cant changes in
modi®cation yields (Fig. 5B).

Figure 2. Chloramphenicol-dependent, UV-induced modi®cations in E.coli
23S rRNA. (A and B) Ribosomes (0.15 mM) were incubated with (+) and
without (±) chloramphenicol (1.2 mM) for 20 min at 37°C, and with (+) and
without (±) UV irradiation at 365 nm for 30 min. Ribosomal RNA was isol-
ated and analyzed by primer extension with primers Ec2654 (A) and Ec770
(B). (C) RNase H analysis of the modi®cation at 747. Ribosomes (0.5 mM)
were incubated with (+) and without (±) chloramphenicol (1.2 mM) for
20 min at 37°C, irradiated at 365 nm for 30 min, followed by isolation of
rRNA. A small portion of each sample (70S) was analyzed directly by
extension from primer Ec770. The remainder of each sample was treated
with RNase H in the presence of oligonucleotides Ec617 and Ec820. The
released fragment (Frag.) was gel-puri®ed and subjected to primer extension
using primer Ec770. In (B) and (C), 23S rRNA from the E.coli IB10 strain
lacking the m1G745 methyltransferase and the strong stop at G745 was used
for the sequencing tracks (43). The rRNA modi®cation-induced stop is dis-
placed by one base below the corresponding stop in the sequencing tracks
(G, A, U and C).
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The streptogramin A antibiotic pristinamycin IIA is able to
interfere with the modi®cations at both C2611/C2612 and
2058. This is consistent with the fact that a A2059G mutation
in H.halobium confers resistance to virginiamycin M1, and
also that a range of nucleotide protection and enhancements
have been documented at positions 2058 and 2059 in the
chemical footprints of streptogramin A antibiotics in E.coli,
Bacillus megaterium, H.halobium and Hf.mediterranei (5,24).
In a streptogramin A antibiotic-large ribosomal subunit
complex, the drug binds to the A and P sites, inducing a
conformational change of 2062 (13). This nucleotide is
positioned between two hydrophobic crevices at the active
site and the exit tunnel and can interact with antibiotics bound
to either crevice.

Puromycin interferes with the modi®cation at G2058.
Puromycin yields a protection effect at position G2058 in
Haloferax gibbonsii and Hf.mediterranei ribosomes (25).
Unlike other nucleotides affected in the chemical footprint of
puromycin (A2439, A2503, G2505, G2553), G2058 is not
immediately adjacent to the puromycin binding site in the
complex of the CCdAp±puromycin inhibitor bound to the
large ribosomal subunit (26). As antibiotics produce diverse
organism-dependent effects in this region (24), the data
indicate that drug binding to the peptidyl transferase center
leads to changes in the conformation of 2058.

DISCUSSION

Two distinct chloramphenicol binding sites have been iden-
ti®ed on drug-large ribosomal subunit complexes solved by
X-ray crystallography, one in the bacterium D.radiodurans
(12) and the other in the archaeon H.marismortui (13). The
binding site on the bacterial ribosome was observed in the
presence of 0.1 mM chloramphenicol, in both soaking and co-
crystallization experiments (12), and correlates with the higher
af®nity site (KD1 = 2 mM) reported in the literature (6). The
antibiotic is bound in the A site and positioned <4.4 AÊ away
from nucleotides G2061, A2451, C2452, U2500, U2504,
G2505 and U2506 (12). The position of the bound drug is
consistent with the results of chemical footprinting experi-
ments on E.coli ribosomes (4,5). The altogether different
binding site on the archaeal ribosome was observed at higher
chloramphenicol concentrations (up to 20 mM) and corres-
ponds to the lower af®nity site (KD2 = 200 mM) described
previously (6). Here chloramphenicol is bound in a

hydrophobic pocket at the entrance to the peptide exit tunnel
(13). The apparent lack of a high af®nity binding site on
archaeal ribosomes is in agreement with both the lack of a
chemical footprint on Hf.mediterannei ribosomes with
0.1 mM chloramphenicol (5) and the decreased susceptibility
of archaeal versus bacterial ribosomes to the drug.

Figure 3. Chemical characteristics of the chloramphenicol-dependent
modi®cations at C2611/C2612 of E.coli 23S rRNA. Complexes between
70S ribosomes (0.15 mM) and chloramphenicol (1.2 mM, unless otherwise
indicated) were irradiated with 365 nm light (30 min, unless otherwise
indicated). Ribosomal RNA was isolated and analyzed by primer extension
from EC2654. (A) Time dependence. Complexes were irradiated for the
time (in minutes) indicated above the gels. (B) Chloramphenicol
concentration dependence. Complexes were irradiated with increasing
concentrations of chloramphenicol (in mM) indicated above the gels. A
dissociation constant was estimated by quantifying the modi®cation yields
at C2611/C2612 relative to the natural stop at C2613 using a
phosphoimager. (C) Wavelength dependence. Complexes were incubated in
the absence (±) or presence (+) of chloramphenicol and either untreated or
irradiated with 254, 312 or 365 nm light. (D) The effect of P-site-bound
tRNA. Deacylated tRNAPhe or N-Ac-Phe-tRNA was included in marked
samples. The lanes marked G, A, U and C represent sequencing tracks.
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A UV crosslinking approach has been used to identify
chloramphenicol-dependent modi®cations on the 23S rRNAs
of organisms from two domains of life, the bacterium E.coli
and the archaeon H.halobium. The modi®cation sites occur at
different nucleotide positions in each organism (Fig. 6A). As
crosslinking reactions are dependent on the position and
identity of speci®c functional groups, this result is not
unexpected since the sequence at positions 2058 and 2611
of 23S rRNA (using E.coli numbering) is not conserved
between E.coli and H.halobium (Fig. 6A). The modi®cation
sites identi®ed in this work are clustered at the entrance to the
peptide channel on the large ribosomal subunit (Fig. 6B).

The modi®cation sites identi®ed in the present work
correlate strongly with chloramphenicol binding to the site

observed on the H.marismortui ribosome. Importantly, the
data suggest that this chloramphenicol binding site also exists
on the E.coli ribosome. In the H.marismortui 50S subunit±
chloramphenicol complex, the drug is bound in a hydrophobic
crevice composed of nucleotides 2058 and 2059 and the top of
the G2057±C2611 base pair (11). The modi®cations at 2058 in
H.halobium and 2611/2612 in E.coli involve nucleotides that
form the hydrophobic crevice (Fig. 6). The modi®cation at 747
can also be explained by chloramphenicol binding in the
hydrophobic crevice. The closest distance between nucleo-
tides 747 and 2611 is 4.56 AÊ , measured between the O2P atom
of 747 and the 2¢-hydroxyl group of C2611 (Fig. 6B). The
proximity of 747 to the chloramphenicol binding site is
supported by a crosslink between domains II and V of 23S
rRNA, induced under conditions of mild UV irradiation and
without antibiotics, between positions G748 and U2613/
A2614 (27±29). Moreover, the conformation of another

Figure 5. Interference of antibiotics with the chloramphenicol-dependent
modi®cations. Complexes were formed between ribosomes (0.15 mM) and
chloramphenicol (1.2 mM) by incubating at 37°C for 10 min. A second anti-
biotic was added and incubation was continued at 37°C for another 20 min.
The samples were irradiated for 30 min at 365 nm, followed by isolation of
rRNA. Primer extension analysis was carried out using primers (A) Ec2654
for the modi®cations at C2611/C2612 in E.coli and (B) Hh2133 for the
modi®cation at G2084 (2058) in H.halobium. The drugs used were aniso-
mycin (Ani), blasticidin S (Bla), carbomycin (Car), celesticetin (Cel),
erthyromycin (Ery), gougerotin (Gou), lincomycin (Lin), pristinamycin IIA
(PIIA) and puromycin (Pur). All antibiotics were used at a concentration of
200 mM with the exception of puromycin, which was used at a concentra-
tion of 1 mM. The lanes labeled G, A, U and C represent sequencing tracks.

Figure 4. A chloramphenicol-dependent, UV-induced modi®cation in
H.halobium 23S rRNA. (A) Complexes were formed between ribosomes
(0.15 mM) and chloramphenicol (1.2 mM) by incubating at 37°C for 20 min.
The samples were irradiated for 30 min at 365 nm, followed by isolation of
rRNA and primer extension with primer Hh2133. (B) Ribosomes (0.5 mM)
were incubated with (+) and without (±) chloramphenicol (1.2 mM) for
20 min at 37°C, irradiated at 365 nm for 30 min, followed by isolation of
rRNA. A small portion of each sample (70S) was analyzed directly by
extension from primer Hh2133. The remainder of each sample was treated
with RNase H in the presence of oligonucleotides Hh1928 and Hh2255. The
resulting fragment (Frag.) was gel-puri®ed and subjected to primer exten-
sion using primer Hh2133. The rRNA modi®cation-induced stops are dis-
placed by one base below the corresponding stop in the sequencing tracks
(G, A, U and C).
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nucleotide in helix 35 of domain II of 23SrRNA, A752, is
affected by binding of the macrolide antibiotic erythromycin
(20,30).

The modi®cation sites overlap with a portion of the
macrolide binding site. The macrolide antibiotics interfere
with the modi®cations at C2611/C2612. This is consistent
with the structures of macrolide-large ribosomal subunit

complexes where C2611 forms part of a hydrophobic crevice
into which one edge of the lactone ring of macrolide
antibiotics inserts (14). The macrolide antibiotics did not
interfere with the modi®cation at 2058 in H.halobium under
the investigated conditions. This is likely due to the reduced
af®nity of macrolide antibiotics to archaeal ribosomes, which
has been rationalized by the presence of a G instead of an A at
position 2058. The two hydrogen-bond donors in the exocyclic
N2 amino moiety of G2058 interrupt the hydrophobic binding
surface for the lactone ring, upon which there are no
hydrogen-bond acceptors (14).

In addition to biochemical and genetic data discussed
earlier linking the binding sites of chloramphenicol and
erythromycin, other evidence indicates that the two antibiotics
inhibit protein synthesis through a similar mechanism. An
accumulation of short peptides has been observed with both
chloramphenicol and the macrolide antibiotic erythromycin in
in vitro poly(A)-directed polylysine translation assays (31,32).
Both drugs have also been reported to enhance the release of
oligopeptidyl±tRNAs by interfering with positioning of the
nascent peptide (33,34). A possible biological role for a
chloramphenicol binding site at the entrance to the peptide exit
tunnel could be in translation attenuation regulation of
chloramphenicol resistance in bacteria. Current models sug-
gest that leader peptides of a de®ned sequence and length and
the inducer chloramphenicol function together in ribosome
stalling, leading to conformational changes in the 5¢ leader
regions of cat or cmlA mRNA transcripts and subsequent
translation initiation of the resistance determinants (35).
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