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Abstract

Thermorubin is a small molecule inhibitor of bacterial protein synthesis, but relatively little is
known about the molecular mechanism by which it blocks translation. The structure of the
complex between thermorubin and the 70S ribosome from Thermus thermophilus reported here
shows that thermorubin interacts with the ribosome in a way that is distinct from any other known
class of ribosome inhibitor. Though it is structurally similar to tetracycline, it binds to the
ribosome at an entirely different location - the interface between the small and large subunits that
is formed by intersubunit bridge B2a. This region of the ribosome is known to play a role in the
initiation of translation, and thus the binding site we observe is consistent with evidence
suggesting that thermorubin inhibits the initiation stage of protein synthesis. The binding of
thermorubin induces a rearrangement of two bases on helix 69 of the 23S rRNA and presumably
this rearrangement blocks the binding of an A-site tRNA, thereby inhibiting peptide bond
formation. Due in part to its low solubility in aqueous media, thermorubin has not been used
clinically, although it is a potent antibacterial agent with low toxicity (Theraputic Index > 200).
The interactions between thermorubin and the ribosome, as well as its adjacency to the observed
binding sites of three other antibiotic classes, may enable the design of novel derivatives that share
thermorubin’s mode of action but possess improved pharmacodynamic properties.

Introduction

Small molecule inhibitors of bacterial protein synthesis are widely used as antibiotics 1. In
part because of misuse of these agents, drug-resistant bacteria eventually arise for each
antibiotic, necessitating the development of new antibiotics 2. Unfortunately, drug discovery
has not kept pace with the increase in bacterial resistance, and the current need for new
antibiotics to treat infectious diseases, especially those of nosocomial origin, is outstripping
supply 3. Thus, identifying new ways to target bacterial protein synthesis may lead to the
creation of new antibiotics that are capable of addressing this issue. Here we show that the
little-studied antibiotic thermorubin binds to the 70S ribosome from 7.thermophilusin a way
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that is distinct from related ribosomal inhibitors but adjacent to the binding sites of different
families of antibiotics, thus opening up the possibility of developing new antibiotic
compounds.

Thermorubin is a natural product that was isolated from 7hermoactinomyces antibioticus, a
thermophilic actinomycete that grows best at ~50°C 4. Besides having antibiotic properties,
it has been shown also to be a potent aldose reductase inhibitor °. Its mechanism of action as
an antibiotic is the inhibition of protein synthesis in both Gram-positive and Gram-negative
bacteria, but it is inactive against yeast, fungi and higher eukaryotes 6. Relatively strong
activity has been reported against several bacteria, including Staphylococcus aureus (MIC =
0.006 wg/mL), Streptococcus pyogenes (MIC = 0.025 pg/mL) and Streptococcus pneumonia
(MIC =0.05 pg/mL) ’. Its structure bears a superficial resemblance to that of the
tetracyclines (TCs), since its core is a linear tetracycle, but it differs in being a totally
aromatic anthracenopyranone, and surprisingly it does not contain a single chiral center.
Unlike the TCs, thermorubin binds to both the large and small ribosomal subunits with
roughly equal affinity (Kq = 1-2j.M), but binds one hundred-fold more tightly to the full
70S particle 8, suggesting a single high affinity binding site on the 70S assembly that is
formed by two separate contributions from regions on the large and small subunits.

Thermorubin is also capable of chelating two magnesium ions under intracellular ionic
concentrations. Thermorubin is able to inhibit protein synthesis, but only under certain
conditions. First, it does not inhibit poly(U)-directed poly(Phe) synthesis at low magnesium
concentrations (5mM) or in the absence of initiation factors , nor does it affect the
reactivity of puromycin with the 70S ribosome complex with AcPhe-tRNA and poly(U) °.
However, when initiation factors are also present, thermorubin inhibits both poly(U)-
directed poly(Phe) synthesis and the binding of fMet-tRNA to the 70S ribosome 6.
Interestingly, it is also able to block poly(U)-directed poly(Phe) synthesis when the
magnesium concentration is raised to 12 mM °. Finally, thermorubin promotes subunit
association at magnesium concentrations that ordinarily promote subunit dissociation .

We have determined the crystal structure of thermorubin in complex with the 70S ribosome
from 7. thermophilus and observe that it binds to the ribosome in the vicinity of inter-
subunit bridge B2a and near the binding sites of several other ribosomal inhibitors 10: 11: 12,
However, thermorubin binds in a way that is distinct from these other compounds and
causes a unique conformational change of the ribosomal RNA. This, combined with the fact
that thermorubin apparently targets the initiation stage of protein synthesis, has led us to
conclude that the mechanism by which thermorubin inhibits protein synthesis is functionally
different from these previously studied compounds.

We determined the co-crystal structure of thermorubin in complex with the 70S ribosome
from T. thermophilus at 3.2 A resolution, and the resulting statistics are shown in Table 1.
The structure was solved by molecular replacement using a model of the 70S ribosome 13
and refinement was carried out using the PHENIX packagel4. Coordinates for thermorubin
were withheld during refinement of the structure, and an unbiased F,-F difference Fourier
electron density map was used to position the small molecule crystal structure of
thermorubin®® on the 70S ribosome.

Thermorubin interacts with both the large and small subunits

We observe that thermorubin interacts with both the large and small subunits (Figure 1),
which is consistent with available biochemical evidence 8. The antibiotic binds between
helix 69 of the 23S RNA and helix 44 of the 16S RNA in the region of inter-subunit bridge

J Mol Biol. Author manuscript; available in PMC 2012 September 02.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bulkley et al.

Page 3

B2a (Figure 2a). This binding site, which is shared equally between both subunits, explains
why thermorubin is able to bind either the large or small subunits individually, as well as the
full 70S particle. The tetracylic moiety of thermorubin stacks against the bases of C1409 and
G1491 of the small subunit and A1913 of the large subunit (Figure 1). The base of U1915 of
the 23S RNA supplies an additional stacking interaction with the drug’s orthohydroxyphenyl
moiety. Residues C1409 and A1913 also appear to form hydrogen bonds with the antibiotic
at oxygens 3 and 4 via their 2’-hydroxyl groups. Finally, our data suggest that two cationic
species coordinate the drug, bridging metal chelating sites on the antibiotic and electron-rich
regions of the ribosomal RNA. These interactions most likely involve magnesium ions,
although the second site is very tightly coordinated, and thus may not be sufficiently large to
accommodate a magnesium ion. The presence of two bound cations is consistent with the
observation that thermorubin chelates two magnesium ions in solution®.

Rearrangement of the bases of C1914 and A1913

The binding of thermorubin causes conformational changes of the ribosomal RNA that have
important functional consequences. The bases of A1913 and C1914 lie at the tip of helix 69
on the 23S RNA, and when thermorubin binds, the bases of these residues are repositioned
(Figure 2b). The adenine at position 1913 moves up towards thermorubin’s binding site and
stacks against the aromatic tetracycle of the antibiotic. Also, the coordination of the N1 of
A1913 with the magnesium ion that is bound by oxygens 6 and 7 of thermorubin further
stabilizes this rearrangement. A slight movement of the sugar at position 1913 also takes
place, facilitated by the formation of a hydrogen bond between the 2’-OH on the ribose
sugar and oxygen 4 of thermorubin. While A1913 moves towards thermorubin, C1914 is
pushed away. The base of C1914 ordinarily stacks against the base of U1915 10:13:16 pyt
the terminal orthohydroxy phenyl moiety of the drug displaces the base of C1914 from its
stacking interaction and forms a hydrogen bond with the 2* hydroxyl on the ribose sugar of
C14009 via oxygen 3. With this position blocked, the base of C1914 rotates out, away from
the central axis of helix 69 and into the region normally occupied by a bound A-site tRNA
(Figure 3b).

Discussion

Our observation that the conformational change produced by the binding of thermorubin is
likely to block the binding of an A-site tRNA is consistent with biochemical evidence
suggesting that the binding of thermorubin to the 70S ribosome blocks the initiation phase of
bacterial protein synthesis. Thermorubin has relatively little effect on /n vitro poly(U)
dependent poly-phenylalanine synthesis, a process that bypasses the normal route of
translation initiation 8 9, whereas thermorubin effectively inhibits the /n vitrotranslation of
an endogenous mRNA containing a start codon and Shine-Dalgarno sequence 6. While
poly(U) dependent poly-phenylalanine synthesis is not inhibited by thermorubin under
physiological magnesium concentrations (6mM), the drug is able to block poly-
phenylalanine synthesis under elevated magnesium concentrations (12mM) °. Interestingly,
the level of inhibition that can be achieved depends on whether thermorubin is introduced
before or after poly(U) is added to the system. Prior incubation of 70S particles with
thermorubin leads to near-complete inhibition of polyphenylalanine synthesis, while
simultaneous addition of poly(U) and thermorubin leads only to a 30% reduction of poly-
phenylalanine synthesis even at the highest concentrations of thermorubin. The structure of
the complex between thermorubin and the 70S ribosome suggests that an A-site tRNA and
thermorubin could not simultaneously occupy the ribosome (Figure 3b). Thus, it may be that
thermorubin preferentially binds during the initiation phase because a ribosome at this stage
of protein synthesis is more likely to have an A-site that is vacant of tRNA.
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It has also been observed that thermorubin is able to prevent initiator tRNA from binding to
the £.coli ribosome when initiation factors are present®. The region of the ribosome at which
thermorubin binds, inter-subunit bridge B2a (Figure 2a), has been shown to play a role in
factordependent translation initiation 17- 18 and IF1 and 1F2 have been observed to make
contacts with this region 1% 20:21:22 Both C1914 and A1913 lie adjacent to IF2 when it is
bound in a 70S initiation complex, and both of these bases are repositioned by the binding of
thermorubin. Thus, the rearrangement of C1914 and A1913 may alter the interaction
between bridge B2a and initiation factors in such a way that the binding of initiator tRNA in
the P-site is blocked. From the structure presented here, it is clear that thermorubin alone
would have relatively little effect on the accommodation of a P-site tRNA during translation
initiation. Instead, our data show that the binding of thermorubin repositions the base of
C1914 of the 23S RNA into the A-site, which would clash with an accommodated A-site
tRNA, not an initiator tRNA in the P-site. As we do not know exactly which stage of
initiation thermorubin inhibits, it is also possible that f-Met tRNA is accommodated in the P-
site, but it is the decoding of the first A-site bound tRNA that is inhibited. Bridge B2a is
dispensable for /n vitro protein synthesis, but its removal by deletion or mutation of helix 69
is lethal to £. coli cells 23: 24, raising the possibility that thermorubin interferes with another
aspect of bridge B2a function by binding to this region of the ribosome.

In addition to its role in translation initiation, bridge B2a links the large and small subunits
during inter-subunit ratcheting, which occurs during the elongation phase of protein
synthesis 2°. Thermorubin binds in a cleft formed by helix 69 and helix 44 at the edge of
bridge B2a and could be expected to increase the stability of this region of the inter-subunit
bridge. It has been shown that bridge B2a undergoes at least a 7A movement during
ratcheting 26, and it is possible that thermorubin prevents this motion by rigidifying the link
between helix 69 and helix 44. Two observations support this idea. The first is that
thermorubin prevents dissociation of the 70S ribosome into subunits 1°. Second,
thermorubin inhibits protein synthesis at higher magnesium concentrations (above 12

mM) 9, suggesting that the combined stabilizing effects of high magnesium and thermorubin
cooperatively block translation by limiting inter-subunit mobility.

While thermorubin is a potent inhibitor of ribosomes from both Gram-positive and
Gramnegative bacteria, it is essentially inactive against ribosomes from yeast, fungi 4, and
higher eukaryotes 7. This specificity is explained by differences in the structures of the
eukaryotic and prokaryotic ribosomal RNA that form the thermorubin binding site. Upon
binding to the bacterial ribosome, the tetracyclic, aromatic region of thermorubin stacks
against the bases of C1409 and G1491, which form a Watson-Crick base pair (Figure 1). In
the yeast 80S ribosome, the equivalent bases C1646 and A1754 are not capable of forming a
Watson-Crick base pair, suggesting that they may not be able to accommodate thermorubin.
Examination of the crystal structure of the yeast 80S ribosome reveals that A1754 base pairs
with U1647 (one residue above C1646, the equivalent of £. colibase C1409), and thereby
eliminates the long, flat, aromatic surface against which thermorubin packs when bound to
the prokaryotic ribosome 27. It would be interesting to see whether mutation of G1491 to an
adenosine in £.coliwould render the bacterial ribosome resistant to thermorubin. Because
thermorubin may depend on initiation factors to inhibit protein synthesis, it is possible that
its prokaryotic specificity is also a result of differences between how prokaryaotic and
eukaryotic translation initiation factors interact with the ribosome.

Despite its potency against a variety of gram positive and gram negative bacteria /n vitro,
thermorubin is relatively ineffective in the treatment of bacterial infections when
administered orally or intravenously ’. It is likely that the compound’s limited solubility in
aqueous solution prevents it from reaching the site of infection, given that thermorubin is
effective against Streprococcus pyogenes only when administered intraperitoneally 4.
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Consequently, chemical modifications of thermorubin will be necessary to improve its
pharmacokinetic characteristics to enable the compound to be used clinically. The location
of thermorubin next to the binding sites of three other families of antibiotics!0: 11 12
identifies and further extends a contiguous antibiotic binding surface that can be used for the
structurebased design of novel antibacterial substances (Figure 3c). Perhaps a completely de
novo drug could be designed to target the large ribosomal surface seen to bind these four
antibiotics; a similar strategy is being implemented successfully by Rib-X Pharmeceuticals?®
to obtain a new antibiotic class that targets the bacterial peptidyl transferase center.

Materials and Methods

Thermorubin was isolated from Thermoactinomyces antibioticus as reported previously?.
70S ribosomes from 7. thermophilus were purified and crystalized according to previously
published work, with minor adjustments in the crystallization procedure 30, Briefly, purified
70S ribosomes were diluted to 10 mg/mL in buffer composed of 5 mM Hepes pH 7.5, 50
mM KCI, 10 mM NH4Cl and 10 mM MgAc, and then equilibrated via sitting drop vapor
diffusion against a reservoir solution made up of 2.9% (w/v) PEG 20K, 9% (v/v) MPD, 175
mM L-arginine and 100 mM Tris-HCI pH 7.6. Immediately prior to equilibration, the
ribosome-containing solution was mixed in a ratio of 3 to 4, ribosome to reservoir solution.
Crystals appeared after approximately 4 days and were harvested after 8 days. Following
stabilization by gradually increasing the concentration of 2-methyl-2,4-pentanediol to 40%
(v/v), thermorubin was added to the mother liquor at a concentration of 100 wM. After 12
hours of equilibration, the crystals were flash frozen in a nitrogen cryostream at 80 K.
Diffraction data were collected at the National Synchrotron Light Source on beamline X-25
using a Pilatus 6M detector. Data reduction was performed with the program XDS 31 and an
initial solution was generated by molecular replacement with PHASER 32 using the 7.
thermophilus 70S ribosome as a search model 13, The solution was then refined with the
PHENIX package 33,
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Figure 1.

Interactions between thermorubin and the ribosome. (a) An unbiased F,-F difference
Fourier map of thermorubin in complex with the 7. thermophilus 70S ribosome. The
difference electron density is contoured at 3o, with the corresponding model for
thermorubin shown in yellow, oxygen atoms in red, and two putative ions shown as grey
spheres. (b) The chemical structure of thermorubin with the positions of various oxygen
atoms numbered. The diagram also shows interactions between the drug and cations as well
as nucleotides of the ribosomal RNA. (c) Detailed view of the binding site of thermorubin.
The antibiotic is shown in yellow, with residues of the 16S RNA shown in beige and
residues of the 23S RNA in purple.
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Figure 2.

The binding site of thermorubin. (a) An overview of the ribosome in complex with
thermorubin. The large subunit is shown in blue and the small subunit in gold, with
thermorubin in red. A close up view of thermorubin bound to the ribosome shows the drug
nestled between helix 69 (blue-grey) of the large subunit and helix 44 (yellow) of the small
subunit. (b) Conformational changes in residues C1914 and A1913 of helix69 of the large
ribosomal subunit induced by the binding of thermorubin. The “unliganded” helix 69 shown
above is taken from a structure of the complex between aminoacylated tRNA, paromomycin
and the 70S ribosome (PDB code 2WDI)!1. The “liganded” helix 69 shown below is the
complex between thermorubin and the 70S ribosome.
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Figure 3.

Comparison between the positions of thermorubin and other antibiotics that bind in the
region of intersubunit bridge B2a. (a) Orientation of helix 69 with A-site tRNA and
viomycin in complex with the 70S ribosome (PDB codes 3KNH and 3KNI). The antibiotic
viomycin is shown in tan, A-site tRNA in green and helix 69 in blue. (b) Orientation of helix
69 when thermorubin is bound. A-site tRNALL (PDB 3KNH) is superimposed to show that
reorientation of residue C1914 when thermorubin binds would result in a clash between
accommodated A-site tRNA and helix 69 of the 23S RNA. (c) Superimposition of
thermorubin with viomycin! (PDB 3KNH), paromomycin!? (PDB 2WDG) and
hygromycin B12 (3DF1), other antibiotics that bind in the vicinity of intersubunit bridge
B2a. Each structure was superimposed using the phosphate backbone of the 16S RNA in the
program LSQMAN34,
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Table 1

Data collection and refinement statistics for 70S-thermorubin complex

Data collection
Space group
Cell dimensions
a b cA)
Resolution (A)
Rinrgd (%)
I/ol
Completeness
Redundancy
Refinement
Ruork (%)
Riree (%)
Bond rmsd (A)
Angle rmsd (°)

P2:2:2

210.1, 449.4, 621.7
50-3.2 (3.28-3.20)
20.7 (87.0)

9.09 (1.92)

(%) 99.9 (99.9)
76(7.3)

24.3
27.2
0.010
114
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