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Ribosomes, the site of protein synthesis, are a major target for natural and synthetic antibiotics. Detailed knowledge of antibiotic
binding sites is central to understanding the mechanisms of drug action. Conversely, drugs are excellent tools for studying the
ribosome function. To elucidate the structural basis of ribosome±antibiotic interactions, we determined the high-resolution X-ray
structures of the 50S ribosomal subunit of the eubacterium Deinococcus radiodurans, complexed with the clinically relevant
antibiotics chloramphenicol, clindamycin and the three macrolides erythromycin, clarithromycin and roxithromycin. We found that
antibiotic binding sites are composed exclusively of segments of 23S ribosomal RNA at the peptidyl transferase cavity and do not
involve any interaction of the drugs with ribosomal proteins. Here we report the details fo antibiotic interactions with the
components of their binding sites. Our results also show the importance of putative Mg+2 ions for the binding of some drugs. This
structural analysis should facilitate rational drug design.

The high-resolution crystallographic structures of the ribosomal
subunits revealed many of the molecular details of ribosomes,
including the decoding centre at the 30S subunit and the peptidyl
transferase centre at the 50S subunit1±6. The exact mechanism for
the peptidyl transferase activity, however, is still unclear2,7±9. The
peptidyl transferase centre is the main target site for many anti-
biotics and substrate analogues, such as puromycin10.

The therapeutic use of antibiotics has been severely compro-
mised by the emergence of drug resistance in many pathogenic
bacteria. The molecular mechanisms by which bacteria become
resistant usually involve drug ef¯ux, drug inactivation, or altera-
tions in the antibiotic target site. Although ribosomal proteins can
affect the binding and action of ribosome-targeted antibiotics, the
primary target of these antibiotics is rRNA11. Many cases of
antibiotic resistance in clinical strains can be linked to alterations
of speci®c nucleotides of the 23S rRNA within the peptidyl
transferase centre12. However, to date the exact mode of interaction
and the chemical moieties involved in binding have not been
determined. The structural basis for this antibiotic action is also
unknown.

Complexes of ribosomal subunits with antibiotics are essential
to understand the molecular mechanisms of antibiotic binding,

antibiotic resistance, and for rational drug design. Conversely,
antibiotics have been extremely useful to elucidate functional
aspects of protein biosynthesis and to de®ne the structural compo-
nents involved in ribosome function.

To determine ribosome±antibiotic interactions in eubacteria and
to understand better the mechanism of the peptidyl transferase
activity, we determined the structure of the 50S subunit of
D. radiodurans complexed with each of the following antibiotics:
chloramphenicol, clindamycin (a lincosamide), and the macrolides
erythromycin, clarithromycin and roxithromycin. Analysis of the
obtained X-ray structures allowed us to propose the structural
principles for the action of the antibiotics examined.

Results
The 3.1 AÊ structure model of the 50S subunit of D. radiodurans13 was
used as a reference to determine the structures of the 50S±antibiotic
complexes (Table 1). The electron density maps of the 50S±anti-
biotic complexes allowed us to unambiguously determine the
binding sites of the ®ve antibiotics. The chemical nature of the
50S±antibiotic interactions could be deduced largely from the
mode of binding. On the basis of our difference electron density
maps and on the available biochemical and functional data, we
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Table 1 Crystallographic data

Parameter Chloramphenicol Clindamycin Erythromycin* Clarithromycin* Roxithromycin*
...................................................................................................................................................................................................................................................................................................................................................................

Resolution (AÊ ) 25±(3.62±3.5) 35±(3.21±3.1) 20±(3.62±3.5) 50±(3.62±3.5) 50±(3.87±3.8)
Rsym (%) 12.4 (57.7) 11.8 (57.0) 12.2 (45.8) 9.8 (50.6) 10.7 (24.4)
Completeness (%) 88.5 (71.0) 94.4 (82.2) 79.5 (71.4) 85.2 (78.1) 64.8 (66.8)
Redundancy 3.9 3.8 5.4 4.9 3.7
hI/j(I)i 9.5 (2.1) 6.5 (2.1) 7.2 (1.8) 8.1 (2.1) 6.2 (2.2)
Unit cell (AÊ ) 171:1 3 409:3 3 696:9 170:3 3 410:1 3 697:2 169:2 3 410:0 3 695:0 169:9 3 412:7 3 697:0 170:4 3 410:7 3 694:8
R/Rfree (%) 27.5/32.1 26.8/30.3 26.8/30.1 27.3/32.3 20.9/27.4
Bond length (AÊ )² 0.0038 0.0050 0.0037 0.0037 0.0035
Bond angles (8) 0.69 0.77 0.66 0.65 0.67
...................................................................................................................................................................................................................................................................................................................................................................

Values in parentheses correspond to the high-resolution bin.
* Macrolide antibiotics.
² r.m.s. deviations for bond length and bond angles. The estimated coordinate error ranges from 60.45 AÊ for clindamycin to 60.65 AÊ for roxithromycin.
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propose the structural basis for the modes of action of the anti-
biotics chloramphenicol, clindamycin, erythromycin, clarithromy-
cin and roxithromycin.

Each of the antibiotics that we analysed targets the 50S subunit
only at the peptidyl transferase cavity, although the binding site
from each class of antibiotic differs from each other. Each class of
antibiotic interacts exclusively with speci®c nucleotides assigned to
a multi-branched loop of domain V of the 23S rRNA in the two-
dimensional structure (Figs 1a, 2a and 3a), explaining previous
mutational and footprinting data10,14,15. None of the antibiotics
show any direct interaction with ribosomal proteins. Binding of
these antibiotics did not result in any signi®cant conformational
change of the peptidyl transferase cavity.

Chloramphenicol
Chloramphenicol is known to block peptidyl transferase activity by
hampering the binding of transfer RNA to the A site16,17. Chlor-
amphenicol has several reactive groups that can form hydrogen
bonds with various nucleotides of the peptidyl transferase cavity:

two oxygens of the para-nitro (p-NO2) group, the 1OH group, the
3OH group and the 49 carboxyl group.

One of the oxygens of the p-NO2 group of chloramphenicol
appears to form hydrogen bonds with N4 of C2431Dr (C2452Ec)
(see Methods for de®nition), which has been shown to be involved
in chloramphenicol resistance14. The other oxygen of the p-NO2

group interacts with O29 of U2483Dr (U2504Ec) (Fig. 1a±c).
The 1OH group of chloramphenicol is located at hydrogen-

bonding distance (less than 4 AÊ ) to N2 of G2044Dr (G2061Ec) of
the 23S rRNA. This nucleotide has been implicated in chloramphe-
nicol resistance in rat mitochondria14. A mutation of the neighbour-
ing nucleotide, A2062Ec, confers resistance to chloramphenicol in
Halobacterium halobium18.

The 3OH group of chloramphenicol is fundamental for its
activity, and in vivo modi®cation of this group confers resistance
to the drug19,20. The 3OH group is within hydrogen-bonding
distance to 49O of U2485Dr (U2506Ec) and to O29 of G2484
(G2505Ec). The 3OH group of chloramphenicol is also involved
in interactions coordinated through a putative Mg ion (Mg-C1, see
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Figure 1 Interaction of chloramphenicol with the peptidyl transferase cavity. a, Chemical

structure diagram of chloramphenicol showing the interactions (arrows) of its reactive

groups with the nucleotides of the peptidyl transferase cavity. Arrows between two

chemical moieties indicate that the two groups are less than 4.4 AÊ apart. b, Secondary

structure of the peptidyl transferase ring of D. radiodurans showing the nucleotides

involved in the interaction with chloramphenicol (coloured nucleotides). The colours in the

secondary structure diagram match those of the chemical diagram. c, Stereo view

showing the nucleotides interacting with chloramphenicol at the peptidyl transferase

cavity of D. radiodurans. The difference electron density map (2F o 2 F c) is contoured at

1.2j. The antibiotic is shown in green. Nucleotide numbering is according to the E. coli

sequence. Putative Mg ions (Mg-C1, Mg-C2) are indicated.
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below). The 49 carbonyl group of chloramphenicol appears to
form a hydrogen bond with the 29OH of U2485Dr (U2506Ec)
(Fig. 1a).

Mg2+ antibiotic interactions
In addition to the interactions between chloramphenicol and RNA
nucleotides, two ions (Mg-C1 and Mg-C2) are involved in chlor-
amphenicol binding. We propose these ions to be hydrated Mg2+.
However, at the present resolution we cannot exclude the possibility
of the ions being either K+ or NH4

+. These ions are not present in the
native 50S structure or in the 50S complexes with the other
antibiotics that we analysed. Thus, their presence at these particular
locations depends on chloramphenicol binding.

Mg-C1 mediates the interaction of the 3OH group of chloram-
phenicol with O4 of U2485Dr (U2506Ec) and with the 29OH and
49O of G2484Dr (G2505Ec). Both of these nucleotides have pre-
viously been reported as being protected by chloramphenicol16. Mg-
C2 mediates the interaction of one of the oxygens of the p-NO2

group with O2 of U2479Dr (U2500Ec) and O4 of U2483Dr

(U2504Ec). Mg-C1- and Mg-C2-mediated interactions further
stabilize the interaction of chloramphenicol with the peptidyl
transferase cavity. The presence of these ions seems crucial for the
interaction of chloramphenicol with the ribosome, and thus for the
inhibition mechanism of this drug.

Notably, the putative Mg2+ (Mg101) found overlapping with the
chloramphenicol location in the native structure is not observed in
the chloramphenicol±50S complex, suggesting that the coordinat-
ing effect of chloramphenicol is suf®cient to maintain the local
structure of the 50S subunit in the absence of Mg101. The involve-
ment of metal ions in chloramphenicol binding can partially explain
why chloramphenicol, in spite of being a small molecule, has been
shown by chemical footprinting to protect certain nucleotides on
the peptidyl transferase ring from chemical attack, or to enhance the
chemical reactivity of other nucleotides in the same region14.
Furthermore, generation of new metal-ion-binding sites owing to
antibiotic binding, as we observed for chloramphenicol, may
explain the mode of action and/or binding of other drugs as well,
and could be used as a tool in rational drug design.
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Figure 2 Interaction of clindamycin with the peptidyl transferase cavity. a, Chemical

structure diagram of clindamycin showing the interactions (arrows) of its reactive groups

with the nucleotides of the peptidyl transferase cavity. Arrows between two chemical

moieties indicate that the two groups are less than 4.4 AÊ apart. b, Secondary structure of

the peptidyl transferase ring of D. radiodurans showing the nucleotides involved in the

interaction with clindamycin (coloured nucleotides). The colours in the secondary

structure diagram match those of the chemical diagram. c, Stereo view showing the
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antibiotic is shown in green. Nucleotide numbering is according to the E. coli sequence.

© 2001 Macmillan Magazines Ltd



articles

NATURE | VOL 413 | 25 OCTOBER 2001 | www.nature.com 817

A2058 G2505

A2062A2062

U2609

C2610 C2610

A2059A2059

G25057
(A2040Dr)

G25057
(A2040Dr)

L4L4

L22 L22

A2058

U2609

G2505

L22 L22

A2058A2058

G25057
(A2040Dr)

G25057
(A2040Dr)

G2505G2505

C2610C2610

U2609 U2609

A2059A2059

L4L4

A2062A2062

N N

N

N

NH
2

G2505Ec

A2058Ec

N

N
N

N

NH2

A2059Ec

A G C
A

G G AC GA
A

A
A

G AC
C
C
C
GUG
G C

C
C
G
G
G
G A U

A
A

C
A

G
G C UGA

UGGC
A
C

C
U

C
G

A
UG

UC

G
G
C
UA

G
C
U

G
G

GUUC
A

G
A

A
C

G
U

C
GU

G
A

G
A

C
A G

U
U

C
G

G
U
C

UC
UA

UCCGCU

73

74

90

93

89
(2050)

(2450)

(2500)
(2600)

NH

N

N

O

NH2

N

O

OH

H
H H

H O

OP–O

O

O

Erythromycin      R1 = H;     R2 = O
Clarithromycin    R1 = CH3; R2 = O
Roxithromycin     R1 = H;    R2 = N-O-CH2-O-CH2-CH2-O-CH3

N

N
N

N

N
H

2

(A2040Dr)
G2057Ec

U2609Ec

H
N

N

O

O

N

N
N

N

NH2

A2062Ec

(C765Dr)
A753Ec

8A

(C759Dr)
ψ746Ec

6A

L4-Arg 111
(Lys 90 E. coli)

L22-Gly 63
(Gly 64 E. coli)

8A

9A

N + CH
3

CH
3

CH
3

CH3

CH
3

CH
3

CH3

CH3

CH3

H3C

H
3 C

H3C

H3C

OH

OR1

OH

O

O

O

O

O
O

R2

O
H2C

HOHO

9
8

7
6

5

4

3
2

1

10
11

12
13 1'

2' 3'
4'

5'

5''

4''

3''2''
1''

a

b

d

c

Figure 3 Interaction of macrolides with the peptidyl transferase cavity. a, Chemical

structure diagram of the macrolides (erythromycin, clarithromycin and roxithromycin)

showing the interactions (coloured arrows) of the reactive groups of the macrolides with

the nucleotides of the peptidyl transferase cavity (coloured). Coloured arrows between two

chemical moieties indicate that the two groups are less than 4.4 AÊ apart. Distance of

macrolide moieties to groups implicated previously in antibiotic interaction (L4, L22 and

domain II of the 23S rRNA) are shown. b, Secondary structure of the peptidyl transferase

ring of D. radiodurans showing the nucleotides involved in the interaction with clindamycin

(coloured nucleotides). The colours in the secondary structure diagram match those of the

chemical diagram. c, Stereo view showing the erythromycin binding site at the peptidyl

transferase cavity of D. radiodurans. The stereo view for clarithromycin is identical to that of

erythromycin. d, Stereo view showing the roxithromycin-binding site at the peptidyl

transferase cavity of D. radiodurans. For c and d the difference electron density map

(2F o 2 F c) is contoured at 1.2j. Green, antibiotic; yellow, part of ribosomal protein L4; light

green, part of ribosomal protein L22. Nucleotides that interact with the antibiotic are shown

with their chemical structure. Nucleotide numbering is according to the E. coli sequence.

© 2001 Macmillan Magazines Ltd



Clindamycin
In contrast to chloramphenicol, lincosamides interact with the A
and P site21. Although the binding site for the lincosamide clin-
damycin differs from that of chloramphenicol at the peptidyl
transferase cavity the two sites appear to be partially overlapping
(Figs 2a±c and 4). We did not localize any new metal ions involved
in the binding of clindamycin; however, Mg101 was also displaced
on clindamycin binding.

Clindamycin has three hydroxyl groups in its sugar moiety that
can participate in hydrogen-bond formation (Fig. 2a±c). The 2OH
of clindamycin appears to form a hydrogen bond with N6 of
A2041Dr (A2058Ec), the pivotal nucleotide for lincosamide
binding22. Although the 2OH group is also less than 4.0 AÊ away
from O6 of A2590Dr (G2611Ec), additional hydrogen bonds to this
nucleotide is unlikely, because mutations of U2590Dr (C2611Ec)
appear to alter only the conformation of the 23S rRNA and thus
affect the position of nucleotide A2041Dr (G2058Ec)23 (Fig. 2c) (see
below also).

The 3OH group can interact with N6 of nucleotide A2041Dr
(A2058Ec) and with the non-bridging phosphate-oxygens of
G2484Dr (G2505Ec). Thus, N6 of A2041Dr (A2058Ec) can interact
with both the 2OH group and the 3OH group of clindamycin. These
structural data explain in the most straightforward way why
A2041Dr (A2058Ec) mutations confer resistance to clindamycin.
The hydrogen bond with N6 of A2041Dr (A2058Ec) can also
explain why the dimethylation of the N6 group, which disrupts
the hydrogen bonds, causes resistance to lincosamides24. The 3OH
group of clindamycin could additionally interact with N1 of
A2041Dr (A2058Ec) and N6 of A2042 (A2059Ec).

The 4OH group of clindamycin could form a hydrogen bond with
N6 of A2042 (A2059Ec). This interaction explains why mutations in
A2042 (A2059Ec) cause clindamycin resistance in several bacterial
pathogens24. In addition to the sugar-mediated interactions, the
carbonyl group of clindamycin could form a hydrogen bond with
29OH of G2484 (G2505Ec).

The A- and P-site character of clindamycin may be explained by
the location of its proline moiety and the interaction of its 89 carbon
and its sulphur atom with the 23S rRNA. The location of the proline
moiety of bound clindamycin partially overlaps that of the phenyl
moiety of chloramphenicol. The proline moiety is on average 3.5 AÊ

away from the tyrosil moiety of the puromycin-binding site
described by ref. 2, thus giving an explanation to the A-site character
of clindamycin. The 89 carbon of clindamycin is located 2.5 AÊ away

from the N3 of C2431Dr (C2452Ec), a nucleotide shown to be
involved in P-site tRNA binding25. This location of the 89 carbon
may explain the P-site character of clindamycin. The sulphur atom
of clindamycin is located around 3 AÊ from base G2484Dr
(G2505Ec), which has been photo-crosslinked to the tRNAs
bound to the A and P sites25. Although the two latter clindamycin
groups cannot form hydrogen bonds, interactions, such as van der
Waals or hydrophobic interactions, between these groups and
nucleotides of the 23S rRNA may be expected.

Macrolides
In contrast to chloramphenicol and the lincosamides, macrolides
of the erythromycin class do not block peptidyl transferase
activity26. Although they bind to the peptidyl transferase ring,
the erythromycin group of the macrolides, which includes clari-
thromycin and roxithromycin, is thought to block the tunnel that
channels the nascent peptides away from the peptidyl transferase
centre2,27,28. Our results con®rm this assumption. We could unam-
biguously determine that the macrolides erythromycin, clarithro-
mycin and roxithromycin all bind to the same site in the 50S
subunit of D. radiodurans, at the entrance of the tunnel (Fig. 5).
Their binding contacts clearly differ from those of chlorampheni-
col, but overlap those of clindamycin to a large extent (Figs 3a
and 4).

Most of the 14-member-ring macrolides, which include erythro-
mycin and its related compounds, have three structural compo-
nents: the lactone ring, the desosamine sugar, and the cladinose
sugar. The reactive groups of the desosamine sugar and the lactone
ring mediate all the hydrogen-bond interactions of erythromycin
and its second generation derivatives clarithromycin29 and
roxithromycin30 with the peptidyl transferase cavity.

The 29OH group of the desosamine sugar appears to form
hydrogen bonds at three positions: N6 and N1 of A2041Dr
(A2058Ec) and N6 of A2042Dr (A2059Ec). The hydrogen bonds
between the 29OH and N1 and N6 of A2041Dr (A2058Ec) explain
why this nucleotide is essential for macrolide binding, thus shed-
ding light on the two most common ribosomal resistance mechan-
isms against macrolides: the N6 dimethylation of A2041Dr
(A2058Ec) by the erythromycin resistance family of methylases31,
and rRNA mutations changing nucleotide identity at this position32.
The dimethylation of the N6 group would not only add a bulky
substituent causing steric hindrance for the binding, but will
prevent the formation of hydrogen bonds to the 29OH group. The
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mode of interactions proposed by our structure implies that a
mutation at A2041Dr (A2058Ec) will disrupt the pattern of hydro-
gen bonding, therefore impairing binding and rendering bacteria
resistant. A2041Dr (A2058Ec) is one of the few nucleotides of the
peptidyl transferase ring that are not conserved among all phylo-
genetic domains. Mitochondrial and cytoplasmic rRNAs of higher
eukaryotes have a guanosine at position 2058Ec33. Therefore, the
proposed mode of interaction explains the selectivity of macrolides
for bacterial ribosomes.

Our results also explain the importance of the 29OH group of the
desosamine sugar for erythromycin binding known from structure
activity relation (SAR) studies34. Changing the 29OH group will not
allow the suggested mode of interaction to take place. The 29OH of
the desosamine sugar is located 4 AÊ away from N6 of A2040Dr
(G2057Ec), a nucleotide forming the last base pair of helix 73.
Although an interaction with this group cannot be ruled out, this
base pair seems to be engaged mainly in maintaining the right
conformation of A2041Dr (A2058Ec)23. Moreover, in contrast to
most eubacteria where the last base pair of helix 73 is a G×C pair, in
D. radiodurans this base pair is an A×U pair, thus making a speci®c
interaction of A2040Dr (G2057Ec) in the binding of macrolides
unlikely.

The dimethylamino group of the desosamine sugar exists in both
protonated (.96±98%) and neutral (2±4%) forms. This group, if
protonated, could interact through ionic interactions in a pH-
dependent manner with the backbone oxygen of G2484Dr
(G2505Ec) (Fig. 3a, b). At physiological pH, both species appear
to be able to bind ribosomes with the same kinetics34; however, the
only study that revealed a strong correlation between pH and
potency of inhibition of in vitro protein synthesis for the macrolide
erythromycin concludes that the neutral macrolide form was the
inhibitory species35. If the neutral macrolide form is in fact the
inhibitory species, a hydrogen bond between the dimethylamine of
the macrolides and the nucleotide G2484Dr (G2505Ec) could not be
formed.

On the basis of our structural information, it will be of interest to
derivatize macrolides at the dimethylamine position. These modi-
®cations could improve binding and result in the inhibition of the

peptidyl transferase activity. One of the few macrolides able to
inhibit peptidyl transferase is tylosin. Tylosin, which contains a
mycarose moiety, has been shown to protect A2506Ec, the neigh-
bouring nucleotide of G2484Dr (G2505Ec), from chemical
modi®cation36. Similarly, modi®cation of the dimethylamine
group to a reactive group that would interact with G2484Dr
(G2505Ec) in a pH-independent manner may lead to more effective
macrolides and structurally related compounds.

Only three of the hydroxyl moieties of the lactone ring are within
hydrogen-bonding distance to the 23S rRNA: the 6-OH, the 11-OH
and the 12-OH groups. The 6-OH group is within hydrogen-
bonding distance to N6 of A2045Dr (A2062Ec). Although the
6-OH group has been substituted by a metoxygroup to improve acid
stability in clarithromycin29, the oxygen of the metoxy group is still
at hydrogen-bonding distance to N6 of A2045Dr (A2062Ec). Our
structure explains why the chemical footprinting experiments
implicate this nucleotide in macrolide binding37.

The 11-OH and 12-OH groups of the lactone ring could each
form a hydrogen bond with O4 of U2588Dr (U2609Ec). Hydrogen
bonds at these positions can explain substitutions of any of these
two hydroxyl groups causing a moderate decrease of binding, as
would be expected for groups involved in only one hydrogen-bond
interaction with the same 23S rRNA nucleotide35.

The reactive groups of the cladinose sugar are not involved in
hydrogen-bond interactions with the 23S rRNA. Cladinose dispen-
sability is con®rmed by SAR studies35 showing that the 40-OH is
dispensable for macrolide binding. A closely related group of
antibiotics, the ketolides, which bind tighter to ribosomes than
macrolides, do not have a cladinose sugar. Moreover, the Kd of
erythromycin and the ketolide RU56006, a derivative of erythro-
mycin that lacks the cladinose sugar, are on the same order of
magnitude37.

Although the three macrolides differ slightly in structure (Fig. 3a),
we observed no differences in their binding site or mode. Our
electron density map shows a small part of the etheroxime chain (R2
in Fig. 3a) of roxithromycin pointing towards the tunnel (Fig. 3d);
however, this part is not involved in interactions with 23S rRNA or
ribosomal proteins.

Our structure does not indicate direct interactions between
erythromycin and helix 35 (H35), which has previously been
implicated in the binding of erythromycin37,38, and resistance
mutations37. The distance between OH-11 of the lactone ring and
N4 of C765Dr (A752Ec), a nucleotide of H35 proposed to interact
with erythromycin37,38, is 8.5 AÊ . The CH3 group branching from
position 13 of the lactone ring is located about 4.5 AÊ away from the
O2 of C759Dr (G745Ec) of H35. Nonetheless, hydrophobic van der
Waals or ion-coordinated interactions between the lactone ring and
this helix loop of the 23S rRNA cannot be ruled out, suggesting that
footprinting effects at A752Ec might be of an allosteric nature.

Two ribosomal proteins, L4 and L22, have been implicated in
erythromycin resistance39. The closest distance of erythromycin (12-
OH) to L4 (R111Dr/K90Ec) is 8 AÊ , whereas the closest distance from
(8-CH3) to L22 (G63Dr/G64Ec) is 9 AÊ (Fig. 3a). These distances
are greater than one would expect for any meaningful chemical
interaction. Therefore, the resistance of macrolides acquired by
mutations in these two proteins is probably the product of an
indirect effect that is produced by a perturbation of the 23S rRNA
owing to the mutated proteins40.

Overall, it is dif®cult to explain the high af®nity of macrolides (Kd

10-8 M) for the ribosome solely by the proposed seven hydrogen
bonds. The binding of erythromycin and its derivatives may be
further stabilized by van der Waals forces, hydrophobic interactions
and the geometry of the rRNA that tightly surrounds the macrolide
molecules.

Overlapping binding sites
Two of the 23S rRNA nucleotides involved in the interactions with
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Figure 5 Top view of the D. radiodurans 50S subunit showing erythromycin (red) bound at

the entrance of the tunnel. Yellow, ribosomal proteins; grey 23S rRNA; dark grey, 5S

rRNA.
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chloramphenicol are also involved in interactions with clindamycin:
G2044Dr (G2061Ec) and G2484Dr (G2505Ec). Both nucleotides
were previously shown by chemical footprinting to be protected by
chloramphenicol or clindamycin binding15.

The common nucleotide moieties involved in the interaction of
the 23S rRNA with clindamycin and with the macrolides are N6 of
A2041Dr (A2058Ec), N6 of A2042Dr (A2059Ec) and the non-
bridging phosphate oxygen of U2484Dr (U2505Ec). These positions
are targeted by the sugar moiety of clindamycin and the desosamine
sugar of the macrolides, both of which are located in almost
identical locations in the structure of the 50S±clindamycin and
the 50S±macrolide complexes. The overlapping of binding sites may
explain why clindamycin and macrolides bind competitively to the
ribosome and why most RNA mutations conferring resistance to
macrolides also confer resistance to lincosamides15.

All examined antibiotics target nucleotide G2484Dr (G2505Ec).
The importance of this nucleotide position has been established
previously41. Although this nucleotide was shown to be protected
from chemical modi®cation on chloramphenicol, lincosamide, or
macrolide binding16,17,22, no mutation of G2484Dr (G2505Ec) con-
ferring resistance to these antibiotics has been reported. In addition,
G2484Dr (G2505Ec) is also one of the nucleotides protected on
binding of peptidyl-tRNA42. The identity of this nucleotide is
important for protein synthesis, albeit not for ribosome±antibiotic
interactions where the position of its backbone oxygen or the 29OH
of the sugar appear to be the essential requirement.

Although overlapping binding sites may be coincidental,
common nucleotide moieties may also point towards essential
23S rRNA nucleotides targeted by antibiotics to inhibit ribosomal
function. The structural information derived from the overlapping
binding sites will not only be useful to understand antibiotic action
but could also have therapeutic implications as it can indicate which
antibiotic combination therapies would be meaningful, and can
open the door for the design of hybrid antibiotics.

Mechanism of antibiotic action
The relative binding sites for chloramphenicol, clindamycin and
erythromycin at the 23S rRNA with respect to the A-site substrate
analogue CC-puromycin (according to ref. 2) and the 39 end of P-
and A-site tRNAs (according to ref. 43) docked in our structure are
shown in Fig. 4. From these sites it can be seen that chloramphenicol
acts as a competitor of puromycin and thus as an inhibitor of the A
site, consistent with previous ®ndings26. In contrast to puromycin,
which acts as a structural analogue of the 39-end aminoacyl tRNA,
the location of chloramphenicol suggests that this drug may act by
interfering with the positioning of the aminoacyl moiety in the A
site. Thus, chloramphenicol may physically prevent the formation
of the transition state during peptide-bond formation. Further-
more, the carbon of the dichloromethyl moiety of chlorampheni-
col, a moiety shown to be important for chloramphenicol
activity44, is close to the amino acceptor group of CC-puromycin2

(Fig. 4). The presence of such an electronegative moiety in the
vicinity of the amino acceptor could also hamper or at least
contribute to the inhibitory effect of chloramphenicol on peptide-
bond formation.

Clindamycin clearly bridges the binding site of chloramphenicol
and that of the macrolides (Fig. 4), and overlaps directly with the A
and P sites. Thus, its binding position gives a structural explanation
for the hybrid nature of its A and P sites. Clindamycin can interfere
with the positioning of the aminoacyl group at the A site and the
peptidyl group at the P site while also sterically blocking the
progression of the nascent peptide towards the tunnel.

The macrolide binding site is at the entrance of the tunnel (Fig. 5).
This location can allow the formation of 6±8 peptide bonds before
the nascent protein chain reaches the bound macrolide. When
bound, macrolides reduce the diameter of the tunnel entrance
from 18±19 AÊ to less than 10 AÊ ; however, as the space not occupied

by erythromycin hosts a putative, hydrated Mg2+ ion (Mg33), the
passage available for the nascent protein will be between 6 and 7 AÊ in
diameter. Our structural results are consistent with previous bio-
chemical ®ndings, showing that small peptides (up to eight resi-
dues) can be produced by erythromycin-bound ribosomes45. It is
possible that ribosomes could escape the inhibitory effects of
macrolides if proteins with speci®c leader sequences are translated
that allow the threading of the narrowed tunnel.

Overall, the binding sites of the antibiotics analysed suggest that
their inhibitory action is not only determined by their interaction
with speci®c nucleotides. These antibiotics could also inhibit
peptidyl transferase by interfering with the proper positioning
and movement of the tRNAs at the peptidyl transferase cavity.
This sterical hindrance may be direct, as in the case of chloram-
phenicol, or indirect, as in the case of the three macrolides. In
addition to sterical hindrance, antibiotic binding may physically
link regions known to be essential for the proper positioning of the
aminoacyl- and peptidyl-tRNAs, and thus prevent the conforma-
tional ¯exibility needed for protein biosynthesis.

The overall interaction of each analysed antibiotic together with
the lack of any major conformational changes on antibiotic binding
to the ribosome points towards the theory that the peptidyl
transferase centre evolved as a template for the proper binding of
the activated substrates, that is, the aminoacyl-tRNA and the
peptidyl-tRNA7. However, we cannot completely exclude the pre-
sence of a catalytic nucleotide.

Discussion
Our work reveals the functional interactions involved in the binding
of antibiotics to the peptidyl transferase cavity of a bacterial
ribosome. All 23S rRNA nucleotides involved in interactions with
these ®ve antibiotics are part of the peptidyl transferase cavity of the
50S subunit. None of the antibiotics examined show any direct
interaction with ribosomal proteins. Chloramphenicol targets
mainly the A site, where it interferes directly with substrate binding.
Clindamycin interferes with the A site and P site substrate binding
and physically hinders the path of the growing peptide chain.
Macrolides bind at the entrance to the tunnel where they sterically
block the progression of the nascent peptide. Although the binding
sites of the antibiotics differ from each other, they show some
overlapping nucleotides.

The structural model of the peptidyl transferase centre in com-
plex with the examined antibiotics should not only enable a rational
approach for antibiotic development and therapy strategies but
could be also used to identify new target sites on the eubacterial
ribosome. M

Methods
Base numbering

Bases are numbered according to the D. radiodurans 23S rRNA sequence. A `Dr' is added at
the end of the base number for further identi®cation. Corresponding Escherichia coli base
numbers of the 23S rRNA sequence are given in parenthesis and have an `Ec' added after
the base number.

D. radiodurans cell growth and ribosome isolation

Cells were grown as recommended by the American Type Culture Collection (ATCC) with
minor modi®cations to ATCC medium 679. Ribosomes were isolated as described46.

50S crystals

Crystals of 50S belong to the space group I222 and contain one particle per asymmetric
unit. Crystals were grown by vapour diffusion, in 10 mM MgCl2, 60 mM NH4Cl, 5 mM
KCl, 10 mM HEPES, pH 7.8, using low concentrations (0.1±1%) of poly- and mono-
valent alcohols (dimethyl-hexandiol:ethanol) as precipitant. Co-crystallization was
carried out in the presence of 0.8±3.5 mM of the antibiotics chloramphenicol,
clindamycin, erythromycin and roxithromycin. Soaking of 50S crystals was performed for
clarithromycin and chloramphenicol in solutions containing 0.1 mM of the respective
antibiotic. Chloramphenicol data was collected from crystals grown in the presence of the
antibiotic as well as from soaked crystals. Both data sets resulted in the same experimental
density in the chloramphenicol difference maps and thus were merged. Difference maps
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for all other tested antibiotics were obtained from either co-crystallized or soaked crystals
alone.

X-ray diffraction

Data were collected at 85 K from shock-frozen crystals with bright synchrotron radiation
beam at ID19 at Argonne Photon Source/Argonne National Laboratory (APS/ANL),
ID14/2 and 4 at European Synchrotron Radiation Facility/European Molecular Biology
Laboratory (ESRF/EMBL), and at BW6 at Deutsches Elektronen-Synchrotron (DESY).
Data were recorded on MAR345, Quantum 4, or APS-CCD (charge-coupled device)
detectors and processed wit HKL2000 (ref. 47).

Placements and re®nement

The 3.1 AÊ structure of the 50S subunit was re®ned against the structure factor amplitudes
of each of the 50S±antibiotic complexes, using rigid body re®nement as implemented in
CNS48. We used SigmaA weighted difference maps for the initial manual placement of the
antibiotics. Each of the 50S±antibiotic models was further re®ned in Refmac49. For the
calculation of free R-factor (as reported in Table 1) a subset of re¯ections (10% of the data)
was omitted from the re®nement.

The experimental density allowed us the unequivocal placement of the ®ve antibiotics
that we studied. Taking into account the estimated coordinate error (Table 1) and the
limits imposed by the resolution, we analysed all of the rRNA groups located less than
4.4 AÊ from any antibiotic moiety. Here we report all moieties from the previous group
having the potential to form hydrogen bonds.

Coordinates and ®gures

Coordinates of chloramphenicol, clindamycin, erythromycin, roxithromycin and
clarithromycin were taken from Cambridge Structural Database. Antibiotics were
modelled into the difference density based on their crystal structure. Figures were
produced with RIBBONS50 or MOLSCRIPT51 programs.
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