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Leishmaniasis, a parasitic disease caused by protozoa of the genus
Leishmania, affects millions of people worldwide. Aminoglyco-
sides are mostly known as highly potent, broad-spectrum antibi-
otics that exert their antibacterial activity by selectively targeting
the decoding A site of the bacterial ribosome, leading to aberrant
protein synthesis. Recently, some aminoglycosides have been clin-
ically approved and are currently used worldwide for the treat-
ment of leishmaniasis; however the molecular details by which
aminoglycosides induce their deleterious effect on Leishmaina is
still rather obscure. Based on high conservation of the decoding
site among all kingdoms, it is assumed that the putative binding
site of these agents in Leishmania is the ribosomal A site. However,
although recent X-ray crystal structures of the bacterial ribosome
in complex with aminoglycosides shed light on the mechanism of
aminoglycosides action as antibiotics, no such data are presently
available regarding their binding site in Leishmania. We present
crystal structures of two different aminoglycoside molecules bound
to a model of the Leishmania ribosomal A site: Geneticin (G418),
a potent aminoglycoside for the treatment of leishmaniasis at a
2.65-Å resolution, and Apramycin, shown to be a strong binder
to the leishmanial ribosome lacking an antileishmanial activity at
1.4-Å resolution. The structural data, coupled with in vitro inhibi-
tion measurements on two strains of Leishmania, provide insight
as to the source of the difference in inhibitory activity of different
Aminoglycosides. The combined structural and physiological data
sets the ground for rational design of new, and more specific,
aminoglycoside derivatives as potential therapeutic agents against
leishmaniasis.

Leishmania growth inhibition | ribosomal decoding site | X-ray analysis

Aminoglycosides (AGs) are well known broad-spectrum anti-
bacterial agents, which inhibit bacterial growth by interfering

with translation processes during protein synthesis. AGs were
shown to bind bacterial ribosomes at a rather conserved rRNA
helical core located at the top of helix 44 that comprises part of
the ribosomal A site in the small ribosomal subunit (1). The
molecular mechanisms of AG action in bacterial cells have been
extensively investigated over the last decade; and it is well docu-
mented that their binding to the A site of bacterial ribosomes
affects translation accuracy and reduces translational rate (1–4).
In addition to the aforementioned studies on prokaryotes, the

action of AGs is not limited to bacterial ribosomes. Indeed, AGs
were long shown to interfere with several aspects of eukaryote
translation. Such works highlighted the potential of some AGs for
treating nonsense mediated human genetic disorders by encoding
near-cognate tRNA molecules at premature termination codon
positions (5–7). Other studies have shown that specific AGs can
be used as alternative treatments for infections caused by human
parasitic protozoa such as trypanosomiasis, giardiasis, amoebiasis
and leishmaniasis (8–12). Nevertheless, despite the great po-
tential use of AGs for additional therapeutic purposes, very little
information is available regarding their molecular mechanisms
of action in eukaryotes.
Leishmaniasis is a spectrum of diseases caused by parasitic

protozoa belonging to the genus Leishmania. It affects mil-
lions of people worldwide, appearing mainly in tropical and

subtropical areas (12). The parasite is transmitted by sandflies
and, depending on the type of disease, can be fatal if untreated.
The current state-of-the-art in treating leishmaniasis is based on
chemotherapy using a limited array of drugs such as antimony
containing agents, amphotericin B, and recently Miltefosine (12).
However, due to the emergence of pronounced parasite drug re-
sistance in some regions, relatively high costs, and/or the severe
toxic effects, there has been an extensive search over the last few
years for new therapeutic agents. Paromomycin, a clinically
approved AG for the treatment of various bacterial and par-
asitic infections, is the major component of a topical ointment
(Leishcutan) used to treat cutaneous leishmaniasis caused by sev-
eral species of parasites, and attempts have been made to further
improve existing formulations (13–15). Paromomycin is also
effective against visceral leishmaniasis, the fatal form of this disease
(16), and it is registered in India and Nepal. Clinical trials using
Paromomycin in combination with other antileishmanial drugs
are underway to prevent development of parasite resistance (17).
Despite the focus on AGs as antileishmanial agents their

mechanism(s) of action in these parasites are still rather obscure.
However, the rRNA A site is highly conserved among organisms
belonging to all five kingdoms of life (Fig. 1), and together with
recent evidence showing that AGs interfere with the leishmanial
protein synthesis machinery (9, 18, 19), this implies that the puta-
tive binding site of AGs in Leishmania is similar to that present in
bacteria; namely, the leishmanial A site. Recent works by Kondo
and coworkers (10, 20) described the binding pattern of several
natural and semisynthetic AGs to an A1408G mutant Mycobac-
terium A-site construct. These works demonstrate that the similar
interaction patterns, as well as A-site conformational changes,
occur upon AGs binding to wild-type and mutant bacterial strains.
Due to higher sequential similarity between the mutant bacterial
A sites and several eukaryotic parasites, the authors implied that
a similar mode of interaction exists in protozoa.
In the present study, we show the crystal structures of two

AGs, Geneticin (G418) and Apramycin (Fig. 2), bound to rRNA
duplexes mimicking their putative leishmanial ribosome binding
site at 2.65-Å and 1.40-Å resolutions, respectively. The crystallo-
graphic studies imply for a great similarity in the decoding
mechanisms of leishmanial and bacterial ribosomes; along with
a rather distinct mechanism of action upon binding of AGs
that differ at their substitution pattern around the conserved
aminocyclitol–2-deoxystreptamine (2-DOS) ring (ring II). Our
Leishmania susceptibility assays indicate that the induced confor-
mational change upon AGs binding is highly important for their
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antiparasitic activity. These studies set ground for the under-
standing the decoding mechanism, as well as other mechanisms
of AG action in eukaryotes at the molecular level.

Results
Leishmania A Site and AGs: An Overview. To explore the inter-
actions of AGs with their putative leishmanial binding site, we
determined the 3D structures of two AG representatives, G418
and Apramycin (Fig. 2), bound to rRNA duplexes that mimic
their putative parasite binding site at 2.65-Å and 1.4-Å reso-
lutions, respectively (G418–Leish, Apra–Leish; Fig. 3 and Figs.
S1 and S2). The rRNA constructs contain two A sites corre-
sponding to the sequences of leishmanial A site separated by four
G–C pairs (Fig. S1). Similar constructs representing bacterial and
human A sites have been previously used to explore AGs binding
pattern within the A site by crystallographic means (21–23).
Based on its primary sequence, the leishmanial A site is quite

distinct from the conserved bacterial one. As can be seen in Fig.
1, 5 out of 15 nucleotides located in positions 1408–1410 and
1490–1491 are different. However, our results indicate that de-
spite the differences in the sequences between the two A sites,
the overall geometric features dictating their 3D structures are
rather conserved. In both A sites, two canonical base pairs are
obtained between four nucleotides located in positions 1409:1491
and 1410:1490; therefore, the resulting helical core is composed
of three noncanonically paired nucleotides of which two are highly
conserved (A1492, A1493) and one, located at position 1408, that
is varied (A in bacteria vs. G in Leishmania). This geometric
similarity does not come as a surprise, because both sites are
believed to be an important molecular switch dictating the tRNA
recognition at the ribosomal A site. However, because AGs mostly
interact with the nucleotide bases, and there are significant dif-
ferences in sequence, we hypothesized that the obtained inter-
action patterns and conformational changes induced by different
AGs might differ in Leishmania from the ones present in bacteria.
Overall, in both the G418–Leish and Apra–Leish structures,

a single AG molecule was found to specifically interact with the
deep/major groove of each A site (Fig. S1). In the Apra–Leish
structure, two additional Apramycin molecules were found to
interact with the G–C pairs region connecting the two putative
binding sites present in the rRNA model (Figs. S1B and S3).
Similar nonspecific interactions with the nonnatural constructed
G–C pair region were previously reported in the studies of both
natural and semisynthetic AG derivatives in complex with human
and bacterial A-site constructs (24–26). In addition, in various
crystal structures of human and bacterial models crystallized in
the presence of Cobalt Hexammine (Co-Hex), two Co-Hex mol-
ecules were shown to occupy the very same positions as those
obtained for the extra two Apramycin bound molecules in our

leishmanial crystal structure (21, 27, 28). However, despite the
fact that both ligands (G418 and Apramycin) were shown to bind
the same region of their primary binding site, the two ligands
demonstrated a significantly different interaction pattern with
the rRNA construct, and thus each AG induces a different
conformational change to the A site. The conformational change
induced by G418 is similar to that already observed for the
bacterial A site, where two conserved adenine residues, A1492
and A1493 (using the nucleotide numbering of Escherichia coli),
are fully bulged out from the helical core (Fig. 3 A and D). In
contrast, Apramycin induces a rather different conformation, in
which the A1492 base moiety is sequestered within the helical
core, forming a pair with G1408, whereas A1493 is bulged out
(Fig. 3B and Fig. S1).

The Binding Mode of G418 to the Leishmanial A Site: “ON” State.
Upon binding to the deep major groove of the leishmanial A site,
G418 forms 14 electrostatic contacts with the rRNA bases and
phosphate oxygen atoms (Fig. 4). Ring I forms a pseudo base
pair with G1408, by forming two hydrogen bonds involving the
ring oxygen and the 6′-OH group (Fig. 4B). The planar nature of
these interactions is dominated by stacking interactions of ring I
and A1491 (Fig. 4C). On the opposite side of ring I, two OH
groups located at the 3′ and 4′ positions make additional con-
tacts with the oxygen atoms belonging to the phosphate back-
bone of the two conserved adenine residues, A1492 and A1493
(Fig. 4C). These interactions prevent the two adenine residues
from flipping back inside the helical core. This interaction is
therefore deemed to be highly important for the induction of the
flipped out conformation of A1492 and A1493. The chiral exo-
cyclic methyl group at 6′ position, (R)-6′-Me, points in the
middle of the A1491–U1409 pair (Fig. 4D); thus adding some
hydrophobic stabilization as the one observed upon G418 ring I
interaction with the G1491–C1409 pair in bacteria (23). Ring II
interacts with three sequential residues A1493, G1494, and
U1495 (Fig. 4E). Due to the high conservation of these residues,
similar interactions were previously highlighted in the explora-
tion of wild-type and mutant bacterial A sites in complex with
AGs containing a 2-DOS ring (20, 23). Ring III forms five hy-
drogen bonds with G1405, U1406, and C1407; these interaction
are typical to 4,6-disubstituted AGs containing a garoseamine
ring (ring III) at position 6 (Fig. 4F). Similar interactions were
previously reported for the interaction of 4,6- disubstituted gar-
oseamine derivatives such as Gentamicin C1A and G418 with
bacterial A sites (23, 24).
Superposition of the G418–Leish structure with the crystal

structure of G418 bound to the bacterial A site (G418–Bact)
indicated a rather similar binding mode with rmsd values of 0.9 Å
(Fig. 3D). The overall conformation of the binding site upon
G418 binding was nearly identical to the one present in the

Fig. 1. Secondary structures of the bacterial (A), leishmanial (B), and human
(C) cytoplasmic A sites. Orange, A/G1408; green, G/A1491; blue, A1492; red,
A1493. The rRNA residues are numbered according to the numbering used in
E. coli 16S rRNA.

Fig. 2. Chemical structures of aminoglycosides used in this study. The com-
mon 2-deoxystreptamine ring (ring II) along with the substitution patterns are
highlighted in blue.
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bacterial A site, where the two conserved adenines 1492 and
1493 are flipped out from the helical core prone to interact with
both the mRNA and the tRNA codon:anticodon complex. This
conformational state was earlier referred to as an ON state (27,
28) and is known to mimic the conformational change resulting
from the complexation of a cognate aminoacylated-tRNA mole-
cule and the mRNA at the bacterial ribosomal A site; thus, sig-
naling for the continuation of translation process. The induced
conformational change upon AGs binding to bacterial ribosomes
is believed to play a major role in their ability to induce trans-
lational miscoding (24). The structural similarity between the two
structures (G418–Leish and G418–Bact) together with docu-
mented evidence for AGs such as Paromomycin enhancing mis-
coding events in leishmanial ribosomes (18) might suggest a similar
mechanism of action in Leishmania.

The Binding Mode of Apramycin to the Leishmania A-Site: “OFF”
State. In contrast to G418, Apramycin demonstrated a looser
interaction network, maintaining only 6 direct contacts with the
leishmanial A site (Fig. 5). Four of these contacts are mediated
by ring II (2-DOS) that interacts with the RNA bases and
phosphate backbones of the three conserved residues G1405,
U1406, and G1494 (Fig. 5B). The two additional remaining
bonds are between the 2’-NH2 group located at the bicyclic ring I
to the O6 atoms of G1494 and G1408 (Fig. 5A). As can be seen
from the superposition with the bacterial-A site–Apramycin
complex (Apra–Bact) (Fig. 3E and Fig. S4) the binding pattern
of Apramycin to the leishmanial A site is rather distinct from the
one observed in bacteria (rmsd, 2.2 Å). As a matter of fact, when
only the two ligand molecules are compared their atoms barely
overlap; with the molecules oriented in a ∼180° horizontal flip
one to another. As a result Apramycin induces a distinctive con-
formational change upon binding to the leishmanial A site; where

only A1493 is flipped out from the helical core. A1492, which is
directed toward the helical core forms pseudo canonical inter-
actions with G1408 (Fig. 5C). A conformation where one of the
two conserved adenines (A1492 and A1493) or both are directed
toward the helical core was earlier referred as an OFF-state
conformation (27, 28). This conformation usually occurs when an
inappropriate or no tRNA molecule is present at the ribosomal
A site; therefore it might signal for translational arrest.
Previously, two structures of Apramycin bound to different

human cytoplasmic A-site constructs have been reported (21,
29). Interestingly, the binding pattern observed upon Apramycin
binding to the leishmanial A site was found to be rather similar
to the one observed in previous studies exploring the binding of
Apramycin to human cytoplasmic double A-site constructs (su-
perposition rmsd, 1.4 Å; ref. 21; Fig. 3 C and F). The human
A site departs from the leishmanial one by a single nucleotide
located in position 1409 (C1409 human vs. U1409 Leishmania;
Fig. 1). However, although these two A sites share greater se-
quential similarity compared with the bacterial one, the geometry
of the two A sites is more distinct due to the abrogation of the
1409:1491 Watson–Crick pair in the human A site; giving its he-
lical core a more complex conformational arsenal. Nevertheless,
despite the noticeable differences in the orientations of A1491–
A1493, Apramycin binding and interaction with the leishmanial A
site is nearly identical to the one observed in the human A site
(Fig. 3F).

In Vitro Inhibition of Leishmania donovani and Leishmania major
Promastigote Growth by AGs. The results described above pro-
vide insight into the modes of interactions between AGs and
RNA constructs derived from the leishmanial ribosomes. How-
ever, to date a comprehensive study comparing susceptibility to
different AG derivatives was not carried out. To evaluate the

Fig. 3. Crystal structure visualization of G418 (A)
or Apramycin (yellow; B) leishmanial A-site rRNA
complexes. Electron density 2Fo-Fc maps are con-
toured at 1.0σ around the AG. (C) A representation
of Apramycin bound to the human A-site construct
(PDB ID code 2G5K). A1491 is highlighted in green,
A1492 in blue, A1493 in red and U1409 in purple.
(D) Superimposition of G418 bound to the bacterial
A site (orange) and the leishmanial A site (blue).
G418 is highlighted in ball-and stick representa-
tion. Superimposition was performed using the
PyMol software align algorithm using all identical
atoms (rmsd, 0.9 Å). PDB ID codes are 1MWL and
4K32 for the bacterial and Leishmania structures,
respectively. (E) Superimposition of Apramycin
(ball and stick) bound to the bacterial (orange) and
leishmanial (blue) A sites (rmsd, 2.2 Å). PDB ID
codes are 1YRJ and 4K31 for the bacterial and
Leishmania structures, respectively. (F) Superimpo-
sition of Apramycin (ball and stick) bound to the
human cytoplasmic (green) and leishmanial (blue)
ribosomal A sites (rmsd, 1.4 Å). PDB ID codes
are 2G5K and 4K31 for the human and Leishmania
structures, respectively. In all figures A/G1491, A1492,
A1493, and A/G1408 are highlighted in the rele-
vant colors.
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effect of AGs on Leishmania growth, five representative deriv-
atives were chosen. Paromomycin and Neomycin B were chosen
as representatives of the 4,5-disubstituted 2-DOS group; G418
and Gentamicin as 4,6-disubstituted and Apramycin as mono-
substituted. The representatives of each group differ by the na-
ture of the substituent group at the 6′-position of ring I (Fig. 2),
which is known to be an important component of selectivity to-
ward eukaryotic species (30). Drug susceptibility was tested using
two species, L. major and L. donovani, which induce cutaneous
and visceral leishmaniasis in humans, respectively. The concen-
trations giving 50% of growth inhibition (LC50) are listed in
Table 1. All AGs tested inhibited Leishmania growth in a dose-
dependent manner. The LC50 values obtained for the 6′-OH
AGs (Paromomycin and G418) were in the μM range, and
showed good agreement with previous published values for these
compounds (18, 35, 36). The obtained LC50 values for the
6′-NH2 derivatives (Neomycin and Gentamicin) were higher than
those obtained for the 6′-OH derivatives, and are also in good
agreement with previously reported work demonstrating the
lower potency of Neomycin B, compared with Paromomycin, for
treatment of leishmaniasis (18). These results are also correlated
well with the fact that 6′-NH2 derivatives are less effective against
AG resistant bacterial strains containing an A1408G substitution
(30). Interestingly, Apramycin was the least effective compound
and did not appear to inhibit Leishmania growth even at 2,000 μM.
Moreover, it should be noted that all AGs tested were more ef-
fective against L. major growth than L. donovani; these differences
might be attributed to the differences in the promastigote surface
glycocalyx that affects AG permeability (36).

Discussion
Recent studies, demonstrating the potential of some AGs to
influence translational processes of eukaryotes, highlighted these
compounds as potential therapeutic candidates for the treatment

of a wide variety of parasite related infections (8–12) and some
genetic disorders caused by nonsense mutations (5–7). However,
despite these promising clinical results, the mechanistic and struc-
tural information regarding AGs action in eukaryotes is currently
very limited. In the present study, we deciphered the crystal struc-
tures of two AGs bound to their putative binding site in leishmanial
ribosomes. Leishmania is a eukaryotic parasite causing mild to se-
vere symptoms in humans, as well as dogs. It affects as many as 12
million people worldwide, with 1.5–2 million new cases each year
(37). The leishmanial ribosome shares great similarity with human
ribosomes, with only a single nucleotide differentiating between the
AGs putative binding sites (U1409 in Leishmania vs. C1409 in
human; Fig. 1); therefore, the results presented here not only shed
light on the mechanistic parameters of AGs action against these
protozoan parasites, but also serve as a potential model for the
exploration of their binding mode to human ribosomes.
Our structural results demonstrate distinct modes of binding

for the two AGs tested. G418 binding was similar to that present
in bacteria and induced an ON-state conformation where the two
conserved adenine residues, A1492 and A1493, are flipped out
from the binding site (Figs. 3A and 4). In contrast, Apramycin
demonstrated a rather unique binding pattern, inducing a dif-
ferent conformational change upon binding to the A site where
only one adenine residue, A1493, is flipped out (Figs. 3B and 5).
The leishmanial growth inhibition results showed an activity
gap of at least 2 orders of magnitude between these compounds
(Table 1), suggesting that the differences in induced confor-
mational changes for the two compounds play an importance in
their activity.

G418 Inhibits Leishmania Growth by Translatory Miscoding. The
structural data for the G418–Leish structure reveals considerable
similarity to the binding pattern of disubstituted AGs in bacterial
A sites (Fig. 3D). The induced conformational change upon G418
binding is nearly identical in both systems, possessing an ON-state

Fig. 4. Description of the contacts between G418 and the leishmanial A site.
(A) The 3D structure of bound G418. Ring numbers (I–III) and atom names
are specified. rRNA atoms are numbered according to the E. coli numbering.
Hydrogen bonds and salt bridges are presented as black dashed lines. Bond
lengths are presented in dark green in ångström (Å). (B–F) The atomic details
of the contacts involving the rings with conserved and nonconserved rRNA
residues.

Fig. 5. Description of the contacts between Apramycin and the leishmanial
A site. Ring numbers (I–III) and atom names are specified. rRNA atoms are
numbered according to the E. coli numbering. Hydrogen bonds and salt
bridges are presented as black dashed lines. Bond lengths are presented in
dark green in angström (Å). (A and B) The atomic details of the contacts in-
volving ring I (A) and the bicyclic ring II (B) with conserved and nonconserved
rRNA residues. (C) Pseudo Watson–Crick interactions of A1492 and G1408.

13336 | www.pnas.org/cgi/doi/10.1073/pnas.1307365110 Shalev et al.
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conformation; therefore, mimicking the conformational effect
upon cognate tRNA binding to the A site. These finding suggest
that G418 has a similar mechanism of action for the two systems,
altering the ribosomes ability to distinguish between cognate and
near/noncognate tRNAs, thus resulting in multiple miscoding
events and eventually leading to cell death. Although no direct
evidence is currently available showing that G418 induces mis-
coding by leishmanial ribosomes, G418 has long been marked as
a potent miscoding agent in eukaryotes (38). In addition, a re-
cent work has demonstrated the ability of a structurally related
derivative, Paromomycin, to induce miscoding in Leishmania
(18). Our modeling data with Paromomycin indeed indicate that
the two compounds share a rather great similarity in their
binding mechanisms and both might cause the induction of an
ON-state conformation upon binding (Fig. S5).
Our in vitro viability assays indicated that both Paromomycin

and G418 are capable of inhibiting leishmanial growth in the low
micromolar range (Table 1); these values are similar to the
minimum inhibitory concentration values reported in bacterial
systems for the two compounds (Table 1); thus adding an addi-
tional support to the suggested similarity in their mechanism of
action in bacteria and Leishmania. However, the obtained results
indicate that G418 is ∼10 times more potent than Paromomycin
against the two Leishmania strains tested. Although no such
potency gap for the two derivatives has been documented in
wild-type bacterial strains, similar tendency has been reported
in A1408G mutant bacteria (23), sharing greater binding site
similarity with Leishmania. These results also correlate well with
the higher miscoding (38) and premature termination codon
suppressing potency reported for G418 over Paromomycin in
eukaryotes (39).

Apramycin Induces an OFF-State Conformation. In contrast to G418,
Apramycin seems to bind the leishmanial A site in a rather distinct
binding mode, where A1492 is directed toward the helical core
and A1493 is partially flipping out. This conformational state has
previously referred as OFF state and was suggested to describe
a nondecoding ribosomal state, which usually occurs in the ab-
sence of a cognate tRNA molecule at the A site. These structural
insights are in good agreement with a recent solution NMR
structure indicating the lack of A1492 and A1493 destacking upon
Apramycin’s binding to an rRNA bacterial A-site model (40). The
results also correlate with some recent evidences for Apramycin’s
ability to inhibit translocation in bacterial ribosomes, but not
to induce bacterial miscoding (34, 40) or premature termination
codon suppression in eukaryotes (26).
However, unlike in bacterial systems, where Apramycin is

conserved as a potent antibacterial agent, our LC50 results in
Leishmania indicated a rather low activity of the compound
(LC50 > 2,000 μM; Table 1). These results correlate well with
previous studies demonstrating low potency of Apramycin to
A1408G or A1491G mutant bacteria (34); and could be explained

either by the distinct A-site conformation observed in X-ray
experiments designed to explore Apramycin’s binding pattern in
bacteria (34, 41) (Fig. 3E), or by the possibility of alternative
binding sites at the bacterial ribosome. The conformational
alternatives suggested for Apramycin in bacterial systems cannot
be obtained in the leishmanial A site due to the alternations in
the rRNA sequence preventing several H bonds from forming,
therefore limiting the binding affinity of such conformations.
Interestingly, the conformation obtained upon Apramycin’s

binding to the leishmanial A site shares great similarity with
Apramycin’s interactions with human ribosomes (Fig. 3 C and
F), thus indicating a rather conserved interaction pattern in
eukaryotes. Such similarity could be attributed to the presence of
the highly conserved guanine residue in position 1408, maintaining
a preserved interaction with the OH moiety located in the bicyclic
ring I (Fig. 5A). The differences obtained between the confor-
mational changes induced upon Apramycin binding to the two
eukaryotic A sites probably result from the disruption of the
1409:1491 Watson–Crick pair in the human A site enhancing the
mobility of A1491, therefore resulting in its further direct stabili-
zation outside the helical core by a flipped out A1493 of a neigh-
boring molecule within the crystal packing (Figs. 3 C and F and 5C)
(21, 26). The recent indications of the rather low translation
inhibition of human ribosomes by Apramycin (42), together with
the obtained structural similarity in Apramycin’s binding to
eukaryotic A sites, further support our bioactivity results indicating
a low susceptibility of eukaryotic parasites to Apramycin.
In summary, the presented data show the mechanistic parameters

governing the interactions of AGs in leishmanial ribosomes, and
supplies the molecular explanation for their potent activity against
Leishmania. The data also reveal that in contrast to bacterial sys-
tems, the substitution pattern of AGs around the 2-DOS ring
affects their binding mode and might induce an entirely different
conformational change upon binding. Our data also indicate that
the induction of an ON-state conformation is highly important
for AGs potency as anti-Leishmania agents; thus implying the
significance of miscoding events in the killing mechanism. Due to
the high similarity to human ribosomes, our Leishmania struc-
tural data also supply indirect evidence regarding AGs action in
humans. The structures will be highly beneficial in the rational
development of new derivatives as potential therapeutic agents
to treat leishmaniasis and genetic disorders.

Materials and Methods
Crystallization. RNA duplexes containing two leishmanial A-site internal loops
were used as models in the crystallographic studies (Fig. S1). The duplexes
were composed of two identical ssRNA corresponding to the following se-
quence: 5′-UUG CGU CGU UCC GGA AAA GUC GC-3′. Before crystallization,
RNA solution containing 2 mM RNA in 100 mM sodium cacodylate (pH 7.0)
and 25 mM NaCl was denaturated at 90 °C for 2 min followed by a slow cool-
down (∼2 h) to 37 °C. Equal volumes of RNA and a solution containing 4 mM
AG were mixed and incubated at 37 °C for 10 min. Crystallization experi-
ments were performed at 20 °C using the hanging-drop vapor diffusion
method. Droplets were prepared by mixing 1 μL of RNA/AG solutions and
1 μL of crystallization solutions containing 50 mM sodium cacodylate pH
7.0, 1 mM spermine tetrahydrochloride, 1–20% (vol/vol) 2-methyl-2,4-
pentanediol (MPD) and 100–250 mM KCl or NaCl, and were equilibrated
against 500 μL of reservoir solution containing 40% (vol/vol) MPD. Crystals
emerged after 4–6 d.

Crystal Handling, Data Collection, Structure Determination, and Refinement.
Crystals were soaked in 40% MPD and flash frozen in liquid nitrogen. X-ray
data were collected at ID-14–4 in c. Data processing and refinement were
performed as described in the SI materials and methods and the crystallo-
graphic data are summarized in Table S1. The atomic coordinates and struc-
ture factors of G418 and Apramycin A-site complexes have been deposited in
the Protein Data Bank (PDB) with ID codes 4K32 and 4K31, respectively.

Leishmania Cell Culture and Promastigote Viability Assay (LC50). Two strains
of Leishmania were used in the present work: L. donovani (MHOM/SD/
1962/1S-Cl2d) and L. major (MHOM/IL/2003/LRC-L1025). Promastigotes
were grown in complete Schneider’s Drosophila medium containing 20%

Table 1. In vitro inhibition of Leishmania promastigotes by AGs
along with their MIC values in E. coli

Aminoglycoside

LC50, μM
MIC, μM

L. major L. donovani E. coli

Paromomycin 31.4 ± 5.7, n = 5* 48.1 ± 5.8, n = 6* 22†

Neomycin >1,000 >2,000 24†

G418 1.95 ± 0.05, n = 2* 5.8 ± 0.9, n = 4* 9†

Gentamicin 273.1 >2,000 6†

Apramycin >1,000 >2,000 2–3‡

MIC, minimum inhibitory concentration.
*Each value represents the mean ± SE of n repeats. Growth inhibition curves
are presented in Fig. S6.
†MIC values in E. coli were previously reported (31–33).
‡MIC values were calculated from Matt et al. (34).
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FCS and antibiotics at 26 °C. Compounds were screened for leishmani-
cidal activity using an alamarBlue (AbD Serotec) viability assay essentially
as described (43); modification and materials are given in SI Materials
and Methods.
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