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The structures of the large ribosomal subunit of Deinococcus radio-
durans (D50S) in complex with the antibiotic lankamycin (3.2 A)
and a double antibiotic complex of lankamycin and lankacidin C
(3.45 A) have been determined, in continuation of previous crystal-
lographic studies on lankacidin-D50S complex. These two drugs
have been previously reported to inhibit ribosomal function with
mild synergistic effect. Lankamycin, a member of the macrolide
family, binds in a similar manner to erythromycin. However, when
in complex with lankacidin, lankamycin is located so that it can
form interactions with lankacidin in the adjacent ribosomal binding
site. When compared to the well-documented synergistic antibio-
tics, Streptogramins A and B, the pair of lankacidin and lankamycin
bind in similar sites, the peptidyl transferase center and nascent
peptide exit tunnel, respectively. Herein, we discuss the structural
basis for antibiotic synergism and highlight the key factors in-
volved in ribosomal inhibition.

protein exit tunnel | ribosomes

he ribosome is the universal biomacromolecular multicompo-

nent assembly that translates the genetic code into proteins.
It consists of two unequally sized subunits that act together in
protein biosynthesis. Decoding and mRNA transit take place on
the small subunit, whereas the large subunit provides the machin-
ery for peptide bond formation, nascent protein chain elongation,
and its protection.

As a key player in translation, the ribosome is targeted by many
antibiotics, all of which impair its function and lead to inviable
cells. Simultaneously with the advent of the high-resolution struc-
tures of the ribosome, the target sites of antibiotic binding and
inhibition have been located and described in detail (1). Further-
more, the crystallographic information has provided enlighten-
ment to mechanisms for antibiotics function and resistance,
despite minor structural differences (2) observed in different stu-
dies by investigating crystal structures obtained under conditions
barely mimicking pathogen—antibiotics relations (e.g., the ribo-
somes from Thermus thermophilus that normally grows at tempera-
tures that cause disintegration of the antibiotics, namely >75 °C;
the entire ribosome from Escherichia coli that was crystallized
without its mRNA and tRNA substrates, thus representing an
artificial functional state; the ribosomes from the archaeon
Haloarcula marismortui that grows at very high salt consecrations,
namely ~3 M KCl, thus cannot exist within human or animal cells
and contain features representing eukaryotes rather than the
pathogenic eubacteria).

Although ribosomal interfering antibiotics have been in clini-
cal use since the 1950s, rapid resistance, cross-resistance, and
drug toxicity drive the need for new treatments for bacterial
infection. A potential way to overcome some of the resistance
issues is to use pairs of small molecules that inhibit synergistically
the ribosome in two different positions. Synercid™, a pair of
semisynthetic streptogramins (namely Quinupristin/Dalfopristin,
Fig. 1) is currently used as a synergetic pair against Gram-positive
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resistant strain, such as methicillin-resistant Staphylococcus
aureus (MSRA) and vancomycin-resistant Enterococcus faecium
(VREF) (3, 4). Since its clinical approval by the US Food and
Drug Administration (FDA) in 1999, this drug combination
suffers some resistance by MSRA (5, 6). The synergistic effect
of the streptogramins is driven by the streptogramin A (i.e.,
Dalfopristin) member, which upon binding to the 50S subunit sig-
nificantly increases the K, of the streptogramin B (i.e., Quinu-
pristin) component (7).

Lankamycin (LM) and lankacidin C (LC) (Fig. 1) are another
pair of antibiotics that are produced by a single organism,
Streptomyces rochei. Their genes for production are harbored
in a large plasmid pSLA2-L (8-10). This dual production hints
that their mode of action may also be synergistic. Our previous
studies have indicated moderate synergism in their ability to
inhibit cell growth as well as cell-free translation (11) and demon-
strated that both of these antibiotics bind to 50S ribosomal
subunit.

LC, a 17-membered conjugated macrocycle, bridged by a
6-membered lactone, binds in the peptidyl transferase center
(PTC) in the 50S subunit (11). LM, a member of the macrolide
family, differs from erythromycin in its substituent groups on the
macrolactone ring, as well as the two deoxysugars at the C-3 and
C-5 positions. However, as these differences are rather modest,
it was assumed that LM should bind to the ribosome at the
nascent protein exit tunnel in similar position and mode as ery-
thromycin. Interestingly, although LM and LC are able to bind
simultaneously, erythromycin disrupts the binding of LC (11).

To obtain a clearer understanding as to the mechanism of
synergism of ribosomal inhibition by LM and LC, we determined
the three dimensional crystal structures of the complexes of
50S subunit of Deinococcus radiodurans (D50S) with LM (LM-
D50S) and LM/LC (LM/LC-D50S). This ribosome was shown
to serve as an excellent model for eubacterial ribosomes, includ-
ing bacterial pathogens, and compared them to the structure of
the (LC-D50S) complex that has been recently reported (11).

Results

Complete sets of X-ray diffraction data were collected for the
D50S complexes with LM-D50S and with both LM and LC
(LM/LC-D50S) to a maximum resolution of 3.2 and 3.45 A,
respectively. Using isomorphous replacement to obtain initial
phases, clear electron density was observed for the binding sites
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Fig. 1.

Chemical structure of ribosomal interfering antibiotics. The desosamine amino sugar of erythromycin, which is replaced by a D-chalcose moiety in

Lankamycin, is shown in green. The chemical differences between Synercid™ and the Virginiamycin pair is shown in red.

of LM in LM-D50S and LM and LC in LM/LC-D50S, allowing
unambiguous determination of the binding sites of the antibio-
tics (Fig. 2).

LM-D50S Binding Site. The binding site of LM in the 50S subunit is
located at the nascent protein exit tunnel near its entrance. In its
binding site LM makes contacts with rRNA nucleotides and not
with any r proteins. It forms hydrogen bond contacts between the
chalcose sugar and A2058 (E. coli numbering used throughout
text), the ketone on C-9 and 2’-OH on A2058, and a bridging
polar contact between the hydroxyl pendant of C-13 and the ri-
bose sugar of C2611 (Fig. 34). The other contacts it makes with
the ribosome are hydrophobic interactions with A2059, A2062,

Fig. 2.

G2505, U2506, C2510, and C2611, completing the binding pocket
for LM.

Binding of LM causes a significant change in position of the
flexible nucleotide A2062 (important in other synergetic antibio-
tic interactions; see below) away from the antibiotic (compared to
the unbound conformation). Presumably this is due to the steric
hindrance of the methyl group C-6 of the macrolide ring, which
would be in close contact with the exocyclic amine of A2062. This
base movement causes a slight change in the conformation of
the nucleobases surrounding A2062. Interestingly it is A2062
that forms a significant hydrogen bond with a related macrolide
erythromycin (Ery) between the hydroxyl group at C-6 on Ery and
the exocyclic amine on A2062 (Fig. 44). Notably, in the complex
of Ery with the large ribosomal subunit of Haloarcula marismortui

(A and B) View of the entire ribosomal 50S structure, r proteins, and rRNA are drawn as cartoon ribbons, whereas the antibiotics are shown as spheres

colored in red and green for lankamycin and lankacidin, respectively. (A) LM-D50S complex, (B) LM/LC-D50S complex, (C and D) enlargement of the binding
regions shown in A and B with the [2f, — f.] unbiased electron density map drawn at 1c around the antibiotics, (C) LM-D50S complex, and (D) LM/LC-D50S
complex (gray; surrounding rRNA backbone).
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Fig. 3. Binding pockets of LM and LM/LC in the 50S subunit (dashed bonds
indicate a hydrogen bond). (A) Interaction network of LM (yellow) with
surrounding rRNA (gray). (B) Interaction network of LM and LC (cyan) with
surrounding rRNA (gray).

(H50S) the conformation and position of A2062 are similar to
those observed in the unbound ribosome (Fig. 4C).

Upon macrolide binding there is also a significant rearrange-
ment of the position of C2610, a nucleotide that is located at the
entrance to the exit tunnel. In its native conformation, C2610
would sterically clash with the macrolides (LM and Ery, Fig. 4C);
however, in the presence of the antibiotics it moves away from the
tunnel.

The [ICsy] of LM (Table 1) shows that compared to Ery it
exerts a weaker inhibition of ribosomes by a few orders of mag-
nitude (11). A comparison of the structures of LM-D50S complex
with the Ery-50S complex (Fig. 3) shows that LM, although
binding in the same binding pocket, does not benefit from two
of Ery’s main interactions, a hydrogen bond to A2062 and a salt
bridge that Ery makes between its protonated amine on the
desoamine sugar and the phosphate oxygen of G2505. This,
coupled with the significant rRNA rearrangements occurring
as a consequence of A2062 rotation rearrangements upon LM
binding, yields insight as to the reasons for the weaker binding
of LM to the 50S subunit compared to Ery.

LM/LC-D50S Binding Site. The structure of both the LM and LC in
complex with the 50S subunit reveals that they bind in the same
general sites that each uses when they are separately bound.
LM binds in a similar manner, although it translates slightly closer
to the PTC (~1 A), whereas LC resides in an almost identical
position (Figs. 2 and 3). Both antibiotics make similar contacts
with the ribosome, contacting only rRNA or each other.

In its position within the LM/LC-D50S complex, LM maintains
the hydrogen bond contacts between the ribose of C2611 as in
the LM-D50S, but forms a hydrogen bond with endocyclic nitro-
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gen in A2059 instead of A2058. The arcanose moiety also forms a
new hydrogen bond between the acetate oxygen and U2586.
A2062 is in a similar position as in the native D50S and Ery/
D50S complex structures and forms a new hydrogen bond
between the exocyclic amine and the hydroxyl group on C-8 of
the macrolactone ring. Interestingly, G2505 forms a bridging
hydrogen bond between the two antibiotics (Fig. 2F). There
are also very similar hydrophobic interactions with surrounding
bases within the binding pocket of LM being completed by
A2058, A2503, U2609, and C2610.

In the double antibiotic/D50S complex structure, LC resides in
almost exactly the same binding site as in its native LC-D50S
complex (11). It makes hydrophobic contacts with A2451,
C2452, U2504, and U2585 and hydrogen bonds with A2053,
G2061, C2452, and U2506 (see Fig. 2F). There is also the brid-
ging polar contact to LM mediated by G2505. LC binds in a well-
defined Mg'! binding site (Fig. 3B), with the ketoamide group
displacing the native position of the Mg!, suggesting that the
binding of this antibiotics is actually responsible in some manner
for mediating the rRNA stability in this region.

Binding of LC into the PTC also induces coordinated changes
in the positions of several rRNA nucleotides. There is coordi-
nated movement of U2585 and U2506 (Fig. 3B), wherein upon
binding of LC, U2585 moves away from LC to avoid a steric
collision. This movement induces a change in the position of
U2506 as it is no longer sterically hindered by U2585; this move-
ment is also confirmed by 23S rRNA footprinting studies (see
below vide infra).

LC and LM also make multiple van der Waals contacts be-
tween them. The arcanose and chalcose rings of LM are within
hydrophobic contacts with the conjugated section of the LC
macrolactone ring. These interactions would not be achieved
unless LM also moved closer to the PTC as it does in the double
antibiotic structure.

23S rRNA Footprinting Studies. The structures of D50S-LM, and
D50S-LM/LC are supported by previously published high-resolu-
tion chemical footprinting of the 23S rRNA of D. radiodurans in
complex with the combinations of LM and LC (11). When added
alone, LM protects A2059 and A2058 from DMS modification
and U2609 from CMCT [1-cyclohexyl-(2-morpholinoethyl)carbo-
diimide metho-p-toluene sulfonate] modification in the same
manner that Ery does. The crystallographic results confirm this
observation, showing an overlap between Ery and LM positions
(Fig. 44). LC partially protects A2059 as in the case of LM, yet it
causes a hypersensitive response to DMS modification on A2058.
Curiously, neither A2058 nor A2059 are in the binding vicinity
of LC, but drug binding in the region of the PTC and entrance
to the exit tunnel desensitizes these bases from chemical cleavage.
This may suggest that these bases are involved in an induced fit
mechanism that confers protection. However, as so far there is
no structural evidence for large rearrangement of these bases
compared to the native conformations, it is more likely that
any drugs binding in this region (PTC, exit tunnel) act as mainly
as steric inhibitors for DMS or CMCT, disallowing chemical
cleavage.

When in complex (LC/LM), modification of A2058 is weaker
than when induced by LC alone. A similar intermediate effect
has been observed for the flexible U2585. LM and Ery do not
affect the accessibility of U2585, and LC alone shields U2585
from alterations. However, in complex with LM, this shielding
is partially relieved.

U2585 is part of the LC binding pocket, situated in proximity
of the LC ketoamide group. The Mg!! ion in the native D50S
structure and in the complex D50S-LM creates a hydrogen
bond with U2585 and is displaced by LC. This observation can
also explain the solvent accessibility of U2585 as the Mg!" does
not hinder modification by CMCT.

PNAS | February 15,2011 | vol. 108 | no.7 | 2719
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Fig. 4.

(A) Structural overlay of binding site around Ery and LM {Ery-H50S complex [7Y12 (12)] with Lankamycin-D50S complex (this work)}; note the shift of

A2062 upon LM binding compared to its position in an empty subunit and to its position when Ery and LM/LC bind. (B) Structural overlay of the binding site
around Lankacidin; the two bases that display correlated movement between the structures are shown. The two spheres are the position of Mg" ions in the
D50S and LM-D50S structures. [D50S-Native: TNKW (13); LM-D50S: this work; LC-D50S: 3/Q4 (11); LM/LC-D50S: this work]. (C) Overlay of the structures of various
complexes of 50S with Erythromycin [H50S: 7Y/2 (12); LM-D50S (this work); LC-D50S: 3JQ4 (11); and LM/LC-D50S (this work)]. Only selected nucleotides are

shown for clarity.

Discussion

The crystallographic structures of the 50S ribosomal subunit in
complex with LM as well as with LM with LC together give a clear
indication as to their mechanisms for ribosomal inhibition. LM
binds in the exit tunnel in a very similar manner to other members
of the macrolide antibiotic family, essentially overlapping with
the binding site of erythromycin (1, 2). Like other members of
this family, LM action arises from physically blocking the progres-
sion of the nascent peptides through the tunnel. The binding
site of LC in complex with LM is very similar to the previously
reported D50S-LC structure, with drug binding in the PTC,
preventing the proper placement of the aminoacyl end of the
A-Site tRNA.

Table 1. Comparison of [IC5,] values for antibiotic inhibition of
cell-free translation

Antibiotic [ICsp] (1M)
Lankamycin (11) 275
Lankacidin (11) 1.5
Erythromycin (11) 0.2
Virginiamycin M (14) 0.8
Virginiamycin S (15) 2.5
Synercid™ (16) ~0.1

2720 | www.pnas.org/cgi/doi/10.1073/pnas.1019406108

The synergistic behavior of LM/LC can possibly be explained
by a few factors. LM is not a strong translation inhibitor, poten-
tially owing to the steric hindrance of the methyl group at C-6
that hinders A2062 from forming a vital contact. However, the
presence of LC in the PTC slightly rearranges the surrounding
rRNA causing a slight repositioning of LM. This repositioning
makes it possible for A2062 to bind to the lactone ring in LM,
as well as for the positioning of the two antibiotics within hydro-
phobic interaction distance. It seems that A2062 is a vital base
for the interactions between LM and LC. It has previously been
reported that it is an extremely flexible nucleotide, serving as a
“exit tunnel sensor” (17). It also appears to undergo significant
movement upon its interactions with members of the streptogra-
min family (12, 18), potentially also mediating their synergistic
ribosomal inhibition.

A comparison of the structural overlay of another synergetic
pair of Streptogramins Synercid™: Quinupristin and Dalfopristin,
clearly shows that both components bind to a similar region of
the ribosome. LM and Quinupristin (Qn) bind in the exit tunnel
and LC and Dalfopristin (Dn) are located in the PTC (Fig. 5). In
fact, there are many similarities in their modes of action; both
make hydrophobic contacts with each other, both make bridging
contacts with the same nucleotide (A2602 for Qn/Dn and G2505
for LM/LC), both bind the 50S subunit making contacts solely

Belousoff et al.



Fig. 5. Comparison of the binding of Synercid™: to the lankamycin/lankacidin pair. A and B are the same orientation and view of the PTC and exit tunnel
region of the two structures [Synercid™: PDB ID code 1SM1 (18)]. (C and D) The calculated surface areas of both the LM/LC pair (Left) and the Synercid pair

(Right).

with TRNA, and their binding is facilitated by an induced fit
mechanism.

However, the Synercid™ combination is far more effective in
ribosomal inhibition than the LM/LC pair (Table 1). First, Qn and
Dn have a much larger van der Waals surface area (nearly 4 times
that of the LM/LC combination, Fig. 5). This produces a much
larger displacement in the rRNA, causing severe deleterious
conformational changes (i.e., a 180° flip in U2585, Fig. 5). It has
been shown that even after removal of Qn and Dn the affected
cells have a lag time in recovery, most probably due to the exten-
sive reorganization of their ribosomal internal structure (19, 20).
Second, because of their more complex chemical nature (Fig. 1),
they make substantially more contacts within their respective
binding sites (18). Some insights are to be gained from these
structural comparisons. The [ICs] (11) values (Table 1) indicate
that Synercid™ is significantly stronger than its family members
(Virginiamycin S/M), possibly because its semisynthetic optimiza-
tion that led to its relatively larger displacement size (Fig. 1). It
seems that displacement size in this region of the ribosome plays a
key role in ensuring ribosomal inhibition, as seen in the weaker
inhibition by the LC/LM pair.

The relative size difference between Synercid™ and LC/LM
accounts only partially for their respective synergistic behavior.
It appears that in these two cases synergism arises from the anti-
biotics interactions with the ribosome, which involve conforma-
tional rearrangements, alongside the interactions with each other,
resulting in an effect that is stronger than their arithmetically
additive values. Thus, in both cases the binding of LC or Dn
on the PTC components modulates the shape of the exit tunnel,
allowing for tighter binding of the antibiotic partner, LM or Qn.
This behavior was observed for streptogramins A and B (7), as well
as for the LC/LM pair, particularly when comparing the three
structures: D50S-LM, D50S-LC, and D50S-LC/LM, where the
macrolide component enjoys more interactions with rRNA in the
presence of LC. Moreover, in both cases the two components form
hydrophobic interactions with each other (Fig. 5 C and D). This
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type of intermolecular interaction further anchors the antibiotics
to their respective binding sites, while simultaneously lowering the
degrees of freedom within the binding pocket.

Curiously, it seems that over the course of evolution two sepa-
rate families of synergistic antibiotics have undergone convergent
evolution to attack the same sites of the 50S subunit. Although
it is clear that universal conclusions cannot be drawn from two
cases, it is interesting that from two disparate starting points
nature optimized simultaneous attack at very similar sites in
the translation apparatus. From a drug discovery perspective, it
highlights the importance of these two critical sites for future
antibiotic leads. Modification of the macrolide component to
further strengthen its binding may lead to more optimal syner-
getic combination.

Conclusions

The two structures of D50S-LM and D50S-LM/LC, supported by
detailed chemical footprinting of 23S rRNA, show the binding
sites of these antibiotics in the 50S ribosomal subunit and indicate
that flexible nucleotides, such as A2062, may play a key role in
drug binding. The stronger binding of LC aids the positioning
of LM, thus allowing for synergistic inhibition of the ribosome,
much in the same way as the Streptogramin A/B synergism.
Although these drugs are not as effective as Synercid™, ideas for
their development can be taken from the way Synercid™ was
developed from virginiamycin M and S (Fig. 1), as well as from
the valuable lessons derived from this study. It is also clear, at
least in the two structures of synergistic antibiotics, that each of
the synergistic drug components need to be within close proxi-
mity, as both structures reported thus far display interdrug hydro-
phobic contacts.

This work also may yield clues to the development of more
potent 508 ribosomal interfering antibiotics. Enlargement of one
or both of the components may lead to better synergism and
more potent inhibition. Additionally covalent linkage of these
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Table 2. Crystallographic data and refinement parameters

Parameters LM-D50S LM/LC-D50S
Crystals merged 4 8
Osc angle (¢°) 0.3° 0.2°
Beam line ESRF 23-2 SLS-PXI
Detector MARCCD-225 Pilatus-6M
Resolution (A) 35-3.20 (3.31-3.20) 35-3.45 (3.57-3.45)
Rrerge (%) 17.8 (71.3) 21.6 (85.7)
Completeness (%) 93.2 (34.0) 84.3 (85.6)
Redundancy 3.7 (2.2) 4.6 (4.5)
/o 7.1 (2.4) 5.6 (1.4)
Space group 1222 1222
Unit cell (A) a; 170.6 a; 169.7
b; 410.2 b; 408.6
C; 695.1 C; 693.3
Ruork/Riree (%) 25.4/29.4 23.5/29.1
rmsd bonds, (A) 0.01 0.01
rmsd angles, (°) 1.1 1.3

two drugs could lead to a powerful single molecule inhibitor that
simultaneously binds two crucial sites in the ribosome.

Materials and Methods

D50S subunits were isolated and crystallized as previously described by
McLellan et al. (21). The crystals of the LM-D50S complex were soaked in
a solution of Hepes (pH = 7.8 at 21 °C, 10 mM), MgCl, (15 mM), ammonium
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chloride (75 mM), ethanol (20% vol/vol), 2-ethyl-1,3-hexanediol (10%
vol/vol), and LM (900 uM) for 6 h prior to flash freezing. Crystals of the
LM/LC-D50S complex were grown in the presence of LM (400 uM) and were
subsequently soaked in the same buffer conditions as above with LC (25 pM).

Diffraction data were collected using a highly collimated synchrotron
X-ray beam, using thin slice phi oscillation scans. Data were processed
using MOSFLM (22), HKL2000 (23), and CCP4 (24). Map tracing and phase
and model refinements were performed using COOT (22), CNS (25, 26),
and PHENIX (27). Densities for the antibiotics were located on standard
Fourier difference maps as well as simulated annealed composite-omit maps.
Chemical restraints for the antibiotics were prepared using the PRODRG
server (28) (http://davapci.bioch.dundee.ac.uk/prodrg/) and were fitted to
the difference maps. Mg?*, Na+*, and K+ ions were located manually by care-
ful analysis of the Fourier difference map; no attempt was made to model
discrete water molecules. The antibiotic interactions with the ribosome
were examined using LigPlot (29), and all images were generated by PyMOL
(30). Crystallographic refinement details can be seen in Table 2.
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