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Crystal Structure of the Bacterial Ribosomal
Decoding Site Complexed with a Synthetic
Doubly Functionalized Paromomycin
Derivative: a New Specific Binding Mode to an
A-Minor Motif Enhances in vitro Antibacterial

Activity

Jiro Kondo,"™ Kandasamy Pachamuthu,” Boris Francois,” Janek Szychowski,”
Stephen Hanessian,*™® and Eric Westhof*™™

The crystal structure of the complex between oligonucleotide
containing the bacterial ribosomal decoding site (A site) and the
synthetic paromomycin analogue 1, which contains the y-amino-
a-hydroxybutyryl (L-haba) group at position N1 of ring Il (2-DOS
ring), and an ether chain with an O-phenethylaminoethyl group
at position C2" of ring Ill, is reported. Interestingly, next to the pa-
romomycin analogue 1 specifically bound to the A site, a second
molecule of 1 with a different conformation is observed at the
crystal packing interface which mimics the A-minor interaction
between two bulged-out adenines from the A site and the

Introduction

Aminoglycosides are clinically important antibiotics targeting
the bacterial ribosomal decoding site (A site) in the 30S ribo-
some. The molecular mechanisms of their action on protein
biosynthesis have been well investigated during the past
decade.? It has been revealed by X-ray analyses that several
types of natural aminoglycosides such as 4,5-disubstituted (for
example, paromomycin and neomycin), 4,6-disubstituted (for
example, geneticin and tobramycin), and 4-monosubstituted
(for example, apramycin) aminoglycosides specifically bind to
and stabilize the decoding “on” state of the Asite in a con-
served manner.>® In other words, the A site, which is a molec-
ular switch monitoring correct Watson-Crick base pairings be-
tween the mRNA codon and the tRNA anticodon, is always
turned “on” in the presence of aminoglycosides, which eventu-
ally induces misreading of codons.”'?

Although they have been known as potent antibacterial
agents, their widespread use in clinical practice has been com-
promised because of the rapid emergence of drug-resistant
strains of bacteria.l""*'¥ Resistance to aminoglycosides arises
mainly from 1) chemical modification of aminoglycosides by
resistance enzymes and 2) chemical modification and/or point
mutations of A-site nucleotides. To overcome this problem,
modified aminoglycosides that can delay or avoid acquired re-
sistance by pathogenic bacteria are required.
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codon-anticodon stem of the mRNA-tRNA complex. Improved
antibacterial activity supports the conclusion that analogue 1
might affect protein synthesis on the ribosome in two different
ways: 1) specific binding to the A site forces maintenance of the
“on” state with two bulged out adenines, and 2) a new binding
mode of 1 to an A-minor motif which stabilizes complex forma-
tion between the ribosome and the mRNA-tRNA complex regard-
less of whether the codon-anticodon stem is of the cognate or
near-cognate type.

In preceding papers,'*'® we reported several promising re-

sults of our analogue design paradigm by taking advantage of
the structural information available from X-ray analyses. In the
course of these studies, we have discovered a compound with
potent antibacterial activity in both Gram-negative and Gram-
positive bacteria. Compound 1 is a paromomycin derivative
with a y-amino-a-hydroxybutyryl (L-haba) group at position N1
of ring Il, and a phenethylaminoethyl ether substituent group
at position C2” of ring lll. The former modification was first
identified in the natural compound butirosin which may steri-
cally disturb resistance enzyme recognition.'” In addition, it
has been revealed by X-ray analysis of the bacterial A site in
complex with amikacin that the r-haba group can increase
binding affinity of aminoglycosides to the A site through three
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additional direct contacts.”” Introduction of a hydrophobic
ether group at C2"” of paromomycin has resulted in the discov-
ery of excellent first-generation lead compounds for the devel-
opment of new and potent bactericidal aminoglycoside ana-
logues.'® Herein, we discuss the detailed structure of the
bacterial A site complexed with the new synthetic paromomy-
cin analogue 1, revealing for the first time two types of specific
binding modes. First the classical binding of 1 to the A site as
observed for the C2" ether analogues,'®'” and second, a “new
specific” binding to the A-minor motif exhibited by a second
molecule of the same analogue 1.

Results and Discussion
Overall structures

The 2D structure of crystallized RNA fragment and the 3D
structure of the RNA-1 complex are shown in Figures 1a and
2a, respectively. The overall conformation of the RNA duplex is
almost identical with those previously reported for RNA-ami-
noglycoside complexes.t®'% The root-mean-square devia-
tions (RMSDs) of the corresponding atoms of RNA duplexes
between the RNA-paromomycin complex® and the present
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Figure 1. a) Secondary structure of the crystallized RNA duplex. The two bacterial A sites are boxed and the unob-
served 5’-overhanging cytosine residues are gray. Geometric nomenclature and classification of nucleic acid base
pairs are according to the classification in reference [30]. b) Chemical structures of paromomycin analogues 1, 2,
and 3. The paromomycin moiety, the L-haba group, and the ether chain at C2” of ring Ill with the phenethylami-

noethyl group are colored black, red, and blue, respectively.
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RNA-1 complex optimally superimposed are 1.1 A. Four con-
tiguous Watson—-Crick G=C base pairs are formed at the center
of duplex, and three Watson-Crick G=C base pairs close the
stem at both ends. Overhanging cytosine residues are disor-
dered in the solvent channel. A single aminoglycoside mole-
cule specifically binds to the deep/major groove of each A site
as regularly observed.®*'%? |n addition, besides the analogue
1 inserted into the A site, a second molecule of 1 is present at
the crystal packing interface (see Figure 2b).

Specific binding of 1 to the bacterial A site

Compound 1 is a 4,5-disubstituted aminoglycoside in the paro-
momycin series containing the L-haba group at position N1 of
ring Il and the phenethylaminoethyl ether chain at position
C2" of the ring lll (see Figures 1b and 3a). As observed in pre-
vious papers,”” key characteristic and common interactions be-
tween aminoglycosides and the bacterial A site, which help to
stabilize the “on” state of the bacterial A site with bulged-out
A1492 and A1493, are also conserved in the RNA-1 complex.
Thus, 1) ring | is inserted into the A site helix by stacking on
the G1491 residue; 2)ring | forms a pseudo pair with the
Watson-Crick sites of the universally conserved A1408 residue;
and 3) ring Il (2-DOS) makes four
hydrogen bonds through N1—
H--04(U1495), N3—H--N7(G1494),
N3—H--0O2P(G1494), and N3—

N H--O1P(A1493).
o The overall conformation and
binding mode of 1 are very
close to those of another paro-
momycin analogue 2 (PDB-ID:
2BEO) reported previously (see
Figure 1b and 4a)" As ob-
OH served in the RNA-2 complex,
rings lll and IV of 1 are also ori-
ented very differently from the
parent paromomycin in the
Asite™ There is a 40° flip
around the [-p-ribofuranosyl
linkage of the paromamine unit
compared to paromomycin. The
sugar pucker of ring Il also
changes from C2'-endo in paro-
momycin to C3"-endo in 1. As a
result, the orientation of ring IV
OH in 1 rotates 90° from that ob-
served in paromomycin. All 12
direct contacts between the pa-
romomycin moiety and the
Assite observed in the RNA-2
complex are conserved in the
RNA-1 complex (the H-bond
06-H--04(U1406) is observed in
only one A site with symmetrical
U14060U1495 base pair, see Fig-
ure 3i). In addition to the direct
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RNA-Paromomycin Derivative Complex

a)

Figure 2. Three-dimensional structure of the crystal packing interaction in a) the RNA-1 crystal and b) its local
stereoview. The view in a) shows a central duplex (gray) interacting with two symmetry-related duplexes (green
and orange) through the A-minor motif with two bulged-out adenines, A1492 and A1493 (orange and green). The
specifically (yellow) and “new specifically” (cyan) bound 1, shown in ball and stick, recognize the A site and the A-

minor motif respectively.

contacts, nine water-mediated contacts are observed between
1 and the A site atoms. The hydrophobic ether chain at posi-
tion C2” extends across the deep/major group of the A site,
points into the solvent, and forms no direct contact with the
RNA (see Figure 3a).

The stereoview of the specific interaction of the L-haba
group in 1 to the bacterial A site is shown in Figure 5. As ob-
served in the previously reported RNA-amikacin (PDB-ID:
2G5Q) and two RNA-neamine-derivative complexes (PDB-ID:
2F4T and 2F4U),"*2" the L-haba group interacts with the upper
side of the A site (see Figures 4b and 5). Three direct contacts,
02*—H--N4(C1496), 02*—H--04(U1495), and N4*—H--06(G1497),
and one water-mediated contact, O2*—H---W--02P(U1495), are
observed in the RNA-1 complex (a direct contact N4*—H---N4-
(C22b) and a water-mediated contact N4*—H--W--06(G2a) are
also observed, but the C22b and G2a residues are outside the
usual span of the Asite). One of two direct contacts, N4*—
H--06(G1497), is not observed in the two RNA-neamine-deriva-
tive complexes (solved at 2.6 and 3.0 A), because the N4* atom
of the L-haba group points away from the G1497 residue (see
Figure 4b). The O1* atom of the L-haba group is not involved
in any interaction with the A site. It is important to note that,
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although amikacin and the two
neamine-derivatives are 4,6-dis-
ubstituted aminoglycosides, the
interaction patterns between the
A site and the L-haba group in 1
are practically conserved.

A new binding of 1 to the A-
minor motif

Besides the specifically bound 1
in the A site, a second molecule
of 1 is present at the crystal
packing interface (see Fig-
ure 2b). Its conformation is
almost identical to the common-
ly observed pattern in paromo-
mycin, and different from that of
1 specifically bound to the A site
(see Figure 6a). As in the case of
paromomycin, ring lll of 1 in the
second bound molecule adopts
the usual C2'-endo sugar pucker,
whereas in the A site bound
molecule 1 it is C3’-endo. The
phenethylaminoethyl chain at
position C2" is stabilized by an
intramolecular hydrogen bond
06—H:-N3**. The second bound
molecule 1 with the new confor-
mation makes four direct con-
tacts with the bulged-out A1492
and A1493 by using the L-haba
group and two direct contacts
with the G=C stem of a neigh-
boring RNA duplex in conjunction with ring IV (see Figure 6a-
¢). In addition to these hydrogen-bonding contacts, the O-phe-
nethylaminoethyl group stacks on the A1492 residue (see Fig-
ure 6¢c—e). As a result, the bound 1 in the new conformation
stabilizes the A-minor motif between the two bulged-out ade-
nines and the central G=C base pairs, belonging to a symmetri-
cally-related molecule and that mimic the codon-anticodon
stem.

This additional binding mode for analogue 1 is completely
different from the nonspecific binding modes found around
the A site in the RNA-kanamycin, RNA-ribostamycin, RNA-neo-
mycin, and RNA-neomycin-derivative complexes.*® In the first
complex, one of the two A sites contains two bound kanamy-
cin molecules, one in the specific binding mode and the other
one in the nonspecific binding mode. In the second complex,
both A sites contain two bound ribostamycin molecules, one
in the specific binding mode and the other one still in the non-
specific binding mode. And, in the third and fourth complexes,
besides specifically bound neomycin or neomycin-derivative
molecule in the A site, one nonspecifically bound aminoglyco-
side is present in the deep/major groove at the interface of co-
axially stacked RNA helices. All these nonspecifically bound
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Figure 3. Specific binding of 1 to the bacterial A site. a) Structure adopted by compound 1 inside the bacterial

A site. Ring number (I-1V) and atom names are specified. The E. coli numbering is used for the RNA atoms, and
‘W’ stands for water molecule. b-i) Atomic details of the contacts involving each base pair of the minimal A site in-
teracting with 1. Direct contacts and water-mediated contacts between 1 and the minimal A site are shown in red
and black dashed lines, respectively.
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Therefore, we refer to this new
binding mode found in the pres-
ent RNA-1 complex as the “new
specific” binding mode.

An important question s
whether the “new specific” bind-
ing mode of 1 to the A-minor
motif has any beneficial effect in
its antibacterial activity. To
answer this question, we have
determined the minimal inhibi-
tory concentration (MIC) of 1 in
wild type Gram-negative (Escher-
ichia col) and Gram-positive
(Staphylococcus aureus) bacteria,
and have compared them with
those of the parent paromomy-
cin and two paromomycin deriv-
atives with only a single modifi-
cation, that is addition of the L-
haba group at position N1 of
ring Il (compound 3), or the
ether chain with the 2-N-(3-pyri-
dylmethyl)-ethylamino group at
position C2” of ring Il (com-
pound 2) (see Table2 and Fig-
ure 1b)."®"  Surprisingly, addi-
tion of the L-haba group at posi-
tion N1 of paromomycin does
not improve antibacterial activi-
ty, although the L-haba group
can interact with the upper side
of the Asite with three direct
and one water-mediated contact
as discussed above (indeed com-
pound 3 has higher binding af-
finity to a prototypical segment
of the 16S bacterial A site than
paromomycin®®?).  Addition of
the hydrophobic ether chain at
position C2"" of paromomycin as
in compound 2 slightly improves
antibacterial activity only in S.
aureus but not in E. coli. On the
other hand, compound 1 with
the double modification has a
superior level of antibacterial ac-
tivity compared to parent paro-
momycin in both E. coli and S.
aureus, though compound 1 has
a similar K, compared to com-
pounds 2 and 3. These results

aminoglycosides do not play any key role, neither forcing two
adenine residues to be bulged out, nor stabilizing the A-minor
contacts between these two adenines and the Watson—Crick
pairs. In contrast, in the present complex, the second molecule
1 makes specific contacts and stabilizes the A-minor motif.
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indicate that the improvement of antibacterial activity with the
dual modification might be related to the binding of the ami-
noglycoside in the “new specific’” mode to the A-minor motif
between two bulged-out adenines from the A site and the
codon-anticodon stem of the mRNA-tRNA complex.

ChemMedChem 2007, 2, 1631 - 1638
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a)

Figure 4. Stereoviews of superimposition between a) 1 (yellow) and 2 (cyan, PDB-ID: 2BE0), and b) between 1
(yellow), amikacin (cyan, PDB-ID: 2G5Q), neamine-derivative 1 (green, PDB-ID: 2F4T), and neamine derivative 2

(pink, PDB-ID: 2F4U) in the bacterial A site helix.

FULL PAPERS

group in 1 interacts with the
upper side of the A site as ob-
served in the RNA-amikacin and
two RNA-neamine-derivative
complexes; 3) A “new specific”
binding mode of 1 stabilizing
the A-minor motif is observed
with the conformation of ring IlI
different from that in the “specif-
ic” bound molecule in the A site,
suggesting that conformational
switching allows 1 to select two
different targets; 4) Results from
antibacterial activity assays sug-
gest that 1 might affect protein
synthesis in two different ways:
a) specific binding to the A site
maintains the “on” state with
two bulged-out adenines and
b) the “new specific” binding to
an A-minor motif which stabiliz-
es complex formation between
ribosomes and the mRNA-tRNA
complex, eventually inducing
misreading of the codon. Very
recently, it has been confirmed
that the cyclic peptide antibiotic
viomycin binds the ribosome
near the intersubunit bridge
formed between 16S rRNA helix
44 and 23S rRNA helix 69, and
stabilizes the intermediate state
of ribosomal translocation.”® By
analogy with the binding mode
of viomycin, the “new specific”
binding of 1 to an intersubunit
A-minor motif may induce simi-
lar effects on protein synthesis.
A synergistic effect of these two
specific binding modes could
provide an explanation of the
potent antibacterial activity of 1
in both wild type Gram-negative
and Gram-positive bacteria ex-
emplified by E. coli and S.
aureus.

Figure 5. Stereoview of specific interactions of the L-haba group in 1 to the bacterial A sites. Direct contacts and
water-mediated contacts are shown in red and black dashed lines, respectively.

Conclusion

The conclusions derived from the present work can be sum-
marized as follows. 1) Compound 1 specifically binds to the
A site like its parent paromomycin and other aminoglycoside
antibiotics with the conformation of ring Ill different from that
of the parent paromomycin but identical to that in the 2-N-(3-
pyridylmethyl)-ethylamino ether analogue 2; 2)The L-haba

ChemMedChem 2007, 2, 1631 - 1638
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Past efforts toward the synthe-
sis of aminoglycoside analogues
targeting the 30S ribosome have
been concerned with increasing
their affinity to the A site.?” The

dual binding modes exhibited by analogue 1, targeting the
A site and the A-minor motif presents a new paradigm for ami-
noglycoside modification with the objective to overcome re-
sistance and/or to point mutations of A-site nucleotides. Pre-
liminary studies indicate that no O3’-phosphorylation was de-
tectable for analogues 1 and 2 in the presence of APH(3')-

1635

www.chemmedchem.org


www.chemmedchem.org

C HEMM E DCHEM S. Hanessian, E. Westhof, et al.

a)

NTagaz.. 28 Experimental Section

Crystallization
Crystallization procedures are es-
sentially the same as published
previously.?®'%2% The asymmetri-
cal loop of the bacterial A site was
inserted between Watson—Crick
1 (A-minor motif binding) pairs in sequences designed to
fold as a double helix (see Fig-
ure 1a). The RNA oligomer was
synthesized by Dharmacon
w (Boulder, CO) and purified by HPLC
and reverse phase chromatogra-
phy. Prior to crystallization, com-
pound 1 (see Figure 1b) was dis-
solved at 4 mm in 50 mm sodium
cacodylate buffer (pH6.4), and
2mm  RNA solution containing
100 mm sodium cacodylate
(pH 6.4), 25 mMm sodium chloride
and 5 mmM magnesium sulfate was
annealed by heating at 85°C for
2 min followed by slow cooling to
37°C. Same volumes of RNA solu-
tion and aminoglycoside solution
were mixed at 37°C and then
cooled the mixture slowly to room
temperature (21-25°C).
Crystallization was performed by
the hanging-drop vapor diffusion
method at 37°C as follows, 1 uL of
RNA-1 solution was combined
with 1 pL of crystallization solution
containing 1-5% (v/v) 2-methyl-
2,4-pentanediol and 1-5% (v/v)
glycerol, and equilibrated over a
50% (v/v) 2-methyl-2,4-pentanediol
reservoir. Suitable crystals for X-ray
experiments were recovered and
vitrified in liquid ethane after soak-
ing briefly in cryoprotectant con-
taining 125 mm sodium cacodylate
(pH 6.4), 12.5 mm sodium chloride,
150 mMm potassium chloride, 2 mm
1, and 40% 2-methyl-2,4-pentan-
diol.
Data collection, structure deter-
mination, and refinement
X-ray data were collected at 100 K
with synchrotron radiation
(0.9999 A) at the PX beamline in
the Swiss Light Source (SLS; Villin-
gen, Switzerland) with a CCD de-
tector (marCCD) set 200 mm from

04'(G13b)

34
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O1PG1z0) 2 9
271 N2™

w
28
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c)

d)

e)

Figure 6. “New specific” binding of 1 to the A-minor motif. a) Contacts made by the “new specific” bound 1. Ring

number (I-1V) and atom names are specified. The numbering used for the RNA atoms corresponds to that in Fig-

ure 1a, and “W” stands for water molecule. b) and c) Atomic details of the contacts between 1 and RNA atoms. d)
and e) Stereoviews of the intermolecular A-minor interaction stabilized with “new specific” binding of 1. Direct

contacts and water-mediated contacts between analogue 1 and RNA atoms are shown in red and black dashed the crystal. Oscillations and expo-

lines, respectively. sure times were 1° and 1 s. Images

were processed at a resolution of

1.8 A with the program Crystalclear

(Rigaku/MSC). The crystal belongs

to the space group P2,2,2, with unit cell dimensions a=35.5 A,

[25] . . .
llla. Re.sults pertaflfnng to the.se and related a-lspects ?f ami- p=43.0A, c=988 A. R, and completeness are 7.0% and 100%
noglycosides modifications will be communicated in due  for the 14605 unique reflections, respectively. The statistics of data
course. collection and the crystal data are summarized in Table 1.
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ment for analogue 1.

Crystal data
Space group

Table 1. Crystal data, statistics of data collection, and structure refine-

P2,2,2,

Unit cell [A] a=35.5,b=43.0,c=98.8
Z 1

Data collection
Beamline PX of SLS
Wavelength [A] 0.9999
Resolution [A] 324-1.8
of the outer shell [A] 1.9-1.8
Observed reflections 278304
Unique reflections 14605
Completeness [%)] 100.0
in the outer shell [%] 100.0
Ronerge™ [%] 7.0
in the outer shell [%] 60.9
Redundancy 19.1
in the outer shell 11.2

Refinement

Resolution range [A] 32.0-1.8
Used reflections 14603
R-factor'® [%] 21.1
Riec® 243
Number of DNA atoms 900
Number of antibiotic molecules 3
Number of water molecules 206
RMSD
Bond length [A] 0.006
Bond angles [°] 0.9
Improper angles [°] 13

[a]l Number of dsRNA in the asymmetric unit. [b] Ryerge =100 Zp; | ln— <
It > | /Zpi < ;> - [c] Rfactor=100Z | |F, | — | F.||/Z|F,|, where |F,| and
|F.| are optimally scaled observed and calculated structure factor ampli-
tudes, respectively. [d] Calculated using a random set containing 10% of
observations that were not included throughout refinement.*”

Table 2. Antibacterial activities of paromomycin derivatives.

Aminoglycoside L-haba® Side chain K, [um]? MIC [um]®  MIC [um]@

at C2"® E. coli S. aureus
Paromomycin No No 0.15 2.5-5 1.2-25
1 Yes Yes 0.1184 0.6-1.3 0.6-1.2
2 No Yes 0.13 12-25 <15
3 Yes No 0.0866 5.0-10 1.3-2.5

[a] Presence of the L-haba group at position N1 of paromomycin ring II.
[b] Presence of the ether chain with O-phenethylaminoethyl group (com-
pound 1) or 2-N-(3-pyridylmethyl)-ethylamino group (compound 2) at po-
sition C2” of paromomycin ring lll. [c] Dissociation constants with a proto-
typical segment of 16S bacterial A site. [d] Minimal inhibitory concentra-
tions in Gram-negative (Escherichia col) and Gram-positive bacteria
(Staphylococcus aureus).

The RNA-1 crystal is in the same spacegroup and has unit cell di-
mensions similar to the previously reported RNA-paromomycin
crystal® suggesting isomorphism of the two crystals. Therefore the
crystal structure of the RNA-paromomycin complex (PDB code:
1J7T) was used as a probe for the molecular replacement method.
All MR calculations were performed with the program AMoRe.”®
The atomic parameters of the structure were refined with the pro-
gram CNS™ through a combination of rigid-body refinement, si-
mulated-annealing, crystallographic conjugate gradient minimiza-

ChemMedChem 2007, 2, 1631 - 1638

tion refinements, and B-factor refinements, followed by interpreta-
tions of the omit map at every nucleotide residue. The parameters
and topology files for molecule 1 was obtained on the Heterocom-
pound Information Center-Uppsala server (University of Uppsala,
Sweden).”® The statistics of structure refinement are summarized
in Table 1. Crystallized RNA duplex contains two identical but inde-
pendent A sites, and one of the two A sites is better defined struc-
turally (lower temperature factors and more identified solvent
peaks). Therefore, in Figures 3 and 5, only the better defined A site
is used to represent the specific binding interaction with com-
pound 1. Figures 2-6 were drawn using The PyMOL Molecular
Graphics system (2002) Delano Scientific, San Carlos, CA.B"
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