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Specificity of aminoglycoside antibiotics for the A-site of the

decoding region of ribosomal RNA

Chi-Huey Wong, Martin Hendrix, E Scott Priestley and William A Greenberg

Background: Aminoglycoside antibiotics bind to the A-site of the decoding
region of 16S RNA in the bacterial ribosome. an interaction that is probably
responsible for their activity. A detailed study of the specificity of aminoglycoside
binding to A-site RNA would improve our understanding of their mechanism of
antibiotic activity.

Results: We have studied the binding specificity of several aminoglycosides
with model RNA sequences derived from the 16S ribosomal A-site using surface
plasmon resonance. The 4,5-linked (neomycin) class of aminoglycosides showed
specificity for wild-type A-site sequences, but the 4,6-linked class (kanamycins
and gentamicins), generally showed poor specificity for the same sequences.
Methylation of a cytidine in the target RNA, as found in the Escherichia coli
ribosome, had negligible effects on aminoglycoside binding.

Conclusions: Although both 4,5- and 4,6-linked aminoglycosides target the

same ribosomal site, they appear to bind and effect antibiotic activity in different
manners. The aminoglycosides might recognize different RNA conformations or
the interaction might involve different RNA tertiary structures that are not equally
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sampled in our ribosome-free model. These results imply that models of
ribosomal RNA must be carefully designed if the data are expected to

accurately reflect biological activity.

Introduction

There is tremendous interest in developing small mol-
ccules that sclectively target RNA because of their poten-
tial as therapeutic ugents. Aminoglveosides [1] provide the
best current lead structures because they have evolved to
rccognize specific sites within ribosomal RNA (2] As a
class. aminoglycosides have been known for five decades
and the antbacterial properties of thousands of denivatives
have been measured. At the molecular level, however,
little is understood about the principles governing amino-
glvcoside—RNA  recognition. Only  recently, beginning
with the pioncering work of Noller's group [3.4]. have the
propertics of aminoglvcosides been investigated at the
RNA-binding level.

By far the largest number of aminoglycosides fall in the
class that binds to the Assite of the ribosomal decoding
region. T'he function of the A-site during protein synthesis
is to bind the charged aminoacyl tRNA corresponding to
the next mRNA codon in a transeript. Tn a mechanism that
has vet to be clarified. the decoding region helps to ensure
selection of the correct cognate tRNAL which is chosen
with higher specificity than would be expected solely from
the three basce pair codon-anticodon interaction. Amino-
glvcosides that bind to the decoding region (Figure 1)
interfere with the ribosomal ‘proofreading’ mechanism,
and lead to miscoding and/or premature termination. as

well as inhibiting nascent polypeptide trunslocation along
the ribosome. These activities are believed to be the cause
of the bactericidal action of these antibiotics [1].

The A-site-binding aminoglveosides include the 4.5-
linked 2-dcoxystreptamine derivatives ncomycein Bl paro-
momvcein and ribostamycin. as well as the 4.6-linked
Kanamvyceins and gentamicins. The structurally dissimilar
antibiotics hyvgromvein B and apramyein also belong to
the A-site-binding group. One characteristic ot all these
A-site binders, in chemical footprinting experiments, is
the strong protection of the G1494 N7 ot the 168 riboso-
mal RNA. Otherwise, there are notable differences with
respect to other footprints. as well as the observed pat-
terns of antibiotic resistance. For example. methylation of
the G14053 N7, which is found in the gentamicin producer
strain Micromonospora purpurca. confers resistance to the
4.6-linked  2-dcoxystreptamine  derivatives  gentamicin
and kanamycin but not to ncomyein B (a 4.5-linked
aminoglveoside) [2].

The presence of ribosomal proteins is not necessary for
binding of aminoglvcosides to the decoding region, a phe-
nomenon first demonstrated by Purohit and Stern [5].
They showed that a 30-nucleotide stem loop containing
nucleotides corresponding to both the A-site and P-site of
the decoding region binds to ncomvein B or paromomvein
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with high affinity, giving rise to a protection pattern similar
to that observed for 16S ribosomal RNA in the context of
the cntre ribosome [5]. Later it was shown that an c¢ven
shorcer RNA hairpin (AS-wt), which corresponds to only
bases of the A-site, contains an intact aminoglycoside-
binding site [6,7]. Extensive mutational analysis has
defined the nucleotides required for specific recognition of
these antibiotics (Figure 2), which include a looped out
nuclcotide 1492, adjacent to a G-C basc pair [6]. In the
position corresponding to base 1493 in Fscherichia coli 16S
rRNA numbering either a uridine or a guanosine is required
In order to close up the other side of the bulge a base pair is
needed at position 14091491,

The structure of paromomycin complexed with the A-site
model AS-wt RNA has been determined recently using
nuclear magnetic resonance (NMR) spectroscopy [8]. Paro-
momycin sits in a pocket created by a bulged residuc
(A1492) and a non-canonical A1408-A1493 base pair (see

Figure 2). The 2,6-diaminoglucose ring stacks against the
underside of the C1409-G1491 basc pair, which forms the
floor of the bulge created by the looped-out adenosine
residuc and the non-canonical A1408-1493 basc pair. The
2-deoxystreptamine ring spans two base pairs in the major
groove and its two amino groups make specific hvdrogen-
bond contacts with the N7 of G1494 and the 06 of 111495,
In addition, the N3 of the cyclitol ring and the hvdroxyl
groups of the glucosamine residue are involved in ionic-
and/or hydrogen-bond interactions with the phosphates of
A1493 and A1492. 'The other two rings of the bound
aminoglycoside, the ribose and 1dose rings, are dynamic in
structure and do not appcar to be involved in any particular
hvdrogen bonds.

Aminoglvcosides have a general affinity for RNA because
of their multiple positive charges. More important from a
medicinal perspective, however, is their binding specificiey
— that is, their ability to discriminate between different
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Figure 2
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RNA sequences related to the ribosomal decoding region A-site, which
is shown in (a). The five sequences include (b) the wild-type A-site RNA
(AS-wt), (c) a positive-control mutant that improves neomycin binding
(AS-U1406A), and three negative-control mutants: (d) AS-U1495A, in
which a noncanonical U-U base pair is replaced with U-A; (e) AS-res,
in which a C-G base pair is replaced with a U-C base pair; and

(f) AS-AA1492, in which the bulged out A1492 is deleted.

RNA structures. The challenge of sequence- and struc-
ture-specific recognition of a particular target site against
the backdrop of a largely homogeneous biopolymer is fun-
damentally important to the field of molecular recogni-
tion. Even proteins often show only moderate specificity
(£ 100-fold versus nonspecific sequences) in the recogni-
tion of RNA [9], underscoring the difficulties that are
likely to be encountered in the design of specific small
molecules to target RNA.

In addition to the interaction with their natural targets on
the prokaryotic ribosome, aminogiycosides have been
shown to bind a number of other different and diverse
RNA sequences. These include two mRNA scquences
from TV, the Rev-responsive clement (RRE) [10,11] and
trans-activating response element (FAR) [12]. Aminogly-
cosides can also inhibit catalytically active RNAs such as
the sclf-splicing group I introns [13,14] and the hammer-
head ribozyme [15,16]. Other RNA sequences that bind o
aminoglycosides have been derived using iz vitro selection
[17-21]. In manv of thesc cascs, however, the specificity
of the interactions remains unknown, which is primarily

duc to the scarcity of methods available o address this
issue. Recently, we developed a new method for directly
obscrving  aminoglycoside-RNA  interactions  based on
surface plasmon resonance (SPR) [22]. Using SPR, we have
investigated the recognition of the A-site of the ribasomal
decoding region by aminoglycoside antibiotics.

Results and discussion

Specificity of paromomycin for A-site variants

To understand the specificity of ribosomal RNA recogni-
tion by the various aminoglvcosides, we decided to inves-
tigate their binding to the AS-wt sequence and compare
these results with those from a series of control mutants
that have likewise been characterized using chemical
footprinting (Figure 2). Thesc negative controls include
the AS-U1495A, AS-AA1492 and AS-res RNAs. The
mutations found in these RNAs have been shown to abro-
gate specific binding to paromomycin [6]. In AS-U1495A a
critical hvdrogen-bond acceptor that interacts with N1 of
the 2-deoxvstreptamine ring has been removed, and the
mutation AA1492 destroys the bulged pocket in which
paromomycin ring II (the glucose ring) is positioned.
Finally, in the AS-res mutant the G1491-C1409 base
pair, which creates the floor of the binding pockert, is dis-
rupted by replacing it with a C1491-U1409 mismatch
basc pair. Breaking up the critical G1491-C1409 basc
pair in the £. c0/i 168 ribosomal RNA causcs resistance to
a broad range of aminoglycoside antibiotics [2]. In con-
trast to these negative controls, the mutant hairpin AS-
1'1406A contains all the necessary elements for specific
aminoglycoside recognition and binds paromomycin with
wild-type specificity.

We utilized our recently developed SPR-basced assay for
quantitative measurement of binding of aminoglvcosides to
these sequences. Biotinylated derivatives of all sequences
were prepared using 7 vitro transcription in the presence of
guanosine 3’-monophosphorothioate followed by alkylation
with a biotin iodoacetamide derivative [22]. The RNA con-
jugates were then immobilized onto streptavidin-coated
SPR sensorchips for analysis.

Figure 3 shows the resules for binding of paromomycin to
AS-wt. A clear 1:1 binding isotherm is visible at low con-
centrations, which is overlaid with nonspecific binding to
additional cquivalents at higher concentrations. The
paramomycin~AS-wt binding curve is in contrast with
the curve obtained for the negative-control mutant
AS-U1495A (which binds paromomycin 20-fold more
weakly than AS-wt) because it does not show formation of
any discernible 1:1 complex.

Binding of aminoglycoside antibiotics to A-site variants

In the same manner as described above for paromomyein,
a panel of aminoglycosides was screened and the results
are compiled in Table 1. Each dissociation constant was
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Paramomycin-specific binding to AS-wt
compared with negative-control RNAs AS-

U1495A and RBE3 (a completely unrelated
RNA hairpin). The K value of paramomycin for
¢ RBE3 AS-wt is 0.2 uM, for AS-U1495A is 2.7 uM
and for RBE3 is 3.2 uM.
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determined from 1-3 independent trials. In gencral, we
have found that the SPR assay results have good repro-
ducibility and, based on the obscrved variation in multi-
ple detecrminations, we cstimate that all Ky values are
accurate within a factor of three. Importantly, it should
be noted that relative affinities of a given aminoglycoside
for different RNA sequences are very reliable, as they
arc determined simultancously in a single SPR experi-
ment using the same solution of ligand. All data were
rccorded under ncar-physiological salt conditions (in
HBS buffer: 150 mM NaCl, 10 mM HEPES, pit 7.4 and
3 mM EDTA) unless noted otherwise. Although magne-
sium might be cxpected to influence aminoglycoside
binding to RNA, it is known that increasing the Mg#
concentration from 0 to 10 mM does not affect binding to
these sequences [6]. Data points were taken at aminogly-
coside concentrations ranging from 0.01 to 100 uM.
Below this concentration range, surface-transport limita-
tions prevent the svstem from attaining equilibrium.

Table 1

Binding of aminoglycosides to variants of the ribosomal A-site
decoding region.

Compound  AS-wt U1406A U1495A  AS-res  AA1492
NeomycinB  0.019 <0.01 0.38 0.48 0.32
Paromomycin  0.20 0.027 2.7 5.7 5.7
KanamycinB 1.4 44 4.0 35 2.7
Tobramycin 1.5 241 4.1 7.9 45
Gentamicin 1.7 9.9 12 18 16
Apramycin 6.3 9.3 13 NA NA
Ribostamycin 25 11 90 52 38
Kanamycin A 18 28 33 37 32
Neamine 7.8 5.5 31 NA NA
Butirosin 27 1.8 99 NA NA
Paromamine > 100 >100 > 100 > 100 >100
Hygromycin B > 100 >100 > 100 > 100 > 100
Streptomycin 94 66 74 NA NA

All values are dissociation constants in units of UM. NA, not available.

Except for the very weakest binders, all of the aminogly-
cosides analvzed have dissociation constants of less than
100 uM for all the RNAs tested, including the negative
controls, The binding behavior, however, varied from
compound to compound. A Scatchard analysis of the
binding data showed that the 4.5-linked aminoglvcosides
form high-affinity 1:1 complexes with AS-wt, and multple
equivalents bind only at higher relative concentrations of
aminoglycoside. The 4,6-linked aminoglycosides did not
appear to form clear 1:1 initial complexcs, however.
Rather, there appear to be multple equivalents of amino-
glveoside binding with similar affinity. Figure 4 illustrates
the binding of paromomycin, a 4,5-linked aminoglycoside,
tobramycin and gentamicin from the 4,6-linked class, and

Figure 4
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Scatchard analysis of binding to AS-wt by the 4,5-linked
aminoglycoside paromomygcin, the 4,8-linked aminoglycosides
gentamicin and tobramycin and the core structure neamine.




Research Paper Specificity of aminoglycosides for A-site RNA Wong et al. 401

Figure 5
e
7 |
O i
6 | U
]
g
8°7 H ;
u i
* i
B |
3 | I |
3 4 5 6 7
Charge Chemistry & Biology

Relationship between the number of amines (charge) in each
aminoglycoside and their respective nonspecific binding affinity (K,).
The number assigned for charge refers to the fully protonated state.
Note that with each added charge, nonspecific affinity increases
approximately tenfold.

neamine (the structure of which forms the basis of both
the 4,5- and 4,6-linked classcs). Neamine appears to have
a second binding cvent at a slightly higher concentration
than the initial 1:1 complex, as its Scatchard plot is not
absolutely lincar.

T'he compounds in Table 1 are grouped according to the
number of positive charges at full protonation. Duc to the
low pK, of some amino groups within the aminoglycosides
(c.g., N3 of ncomycin B has a pK, < 6) [23], the actual pro-
tonation state at pH 7.4 will be lower than expected.
Nonctheless, a clear trend can be secen when examining
the charge dependence of aminoglveoside binding to the
negative-control mutant RNAs, AS-U1495A, AS-res and
AS-AA1492 (Figure 5).

Depending on the number of amines, nonspecific binding
is in the 1, 10 or 100 pM range for compounds with six,
five or four amino groups, respectively. The general trend
of an increase in binding affinity by a factor of ten for
cvery added charge also applies when comparing com-
pounds that bind specifically to the A-site (c.g., paro-
momycin and ncomyvcin B). These results are consistent
with recent observatons by Wang and Tor [24] in which
synthetic  aminoglycoside  derivatives  with  additonal
charges were more active in binding and inhibiting the
hammerhcead ribozyme.

T'he affinities of the aminoglveosides for the three differ-
ent negative controls showed little variation. Comparison
of the binding data for AS-wt with these values reveals
the recognition specificity of the aminoglveosides for the
A-sitc sequence. The 4,5-linked compounds with a
2-deoxystreptamine core (ncomvcein B, paromomycin,
ribostamycin) are all specific for AS-wt over the nega-
tive-control RNAs. Within this group, four-ringed com-
show the tightest affinitics and highest
specificities, and binding to the positive-control AS-
I1406A is also enhanced. In contrast, the specificity of
the AS-U1406A mutanc for ribostamycin is lower and
binding 1s only weakly cnhanced. Budrosin, which is a
trisaccharide carrving a 4-amino-2-hvdroxy-butyric acid
substituent on N1, likewisce shows only modcrate speci-
ficity for AS-wt, but, unlike ribostamycin, binding to
AS-U14006A is significantly enhanced.

pounds

The 4,6-linked 2-deoxvstreptamine derivatives (kana-
mycin A, kanamvcin B, tobramycin and gentamicin) have
only very moderate specificiey for AS-wt. Furthermore,
unlike the 4.5-linked compounds, their binding affinity
to AS-UIT406A relative to AS-wt is decreased. Both
groups of aminoglycosides considered here, the 4,5- and
4,6-linked 2-dcoxyvstreptamine derivatives, are derived
from the same core structure (based on neamine), and
sharc a common disaccharide motf. Neamine has
increased nonspectfic binding affinity compared to other
compounds with four amines. Like ribostamycin,
necamine still retains moderate specificity for AS-wt over
the negative-control AS-Ui1495A. Removing the 6”-amino
group of neamince (paromamine) leads to a substantial
decrease in binding to AS-wt and a loss of specificity for
the A-site RNA sequence.

Apramvein shows only marginal, if any, specificity for
AS-wt and hvgromycin B shows nonc. Both compounds
arc known to be A-site binders based on chemical foot-
printing data, but they are structurally dissimilar to the
neamine-contdining group of antibiotics. Structurally, it is
clear that neither apramvein nor hygromyein B can inter-
act with AS-wt in the same wav as paromomvein. It is
therefore likely that AS-wr is not an appropriate scquence
for examining binding of these two compounds to riboso-
mal RNA. Finally, streptomycin, which binds a different
region of the ribosome not involving the A-site, does not
show anv specificity for AS-wt (as expected).

I'able 2 shows a comparison of the binding specificities in
the 4,5- and the 4,6-linked scries. 'The average K, value
for nonspecific binding was calculated from the binding
constants to the negative controls AS-1:1495A, AS-res and
AS-AA1492.

For the neomycin series (i.c., the 4,5-linked 2-deoxystrept-
aminc derivatives) the same order of specificities as scen for
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Table 2

Specificity of recognition of AS-wt and AS-U1406A by various
aminoglycosides.

Average
K4(nonspecific)  Specificity Specificity for

Compound (uM) for AS-wt U1406A
4,5-linked

Neomycin B 0.39 20 >40

Paromomycin 4.7 20 200

Butirosin 99 4 60

Neamine 31 4 6

Ribostamycin 60 2 5
4.,6-linked

Gentamicin 16 9 2

Tobramycin 5.5 4 3

Kanamycin B 3.4 2 ~1

Apramycin 13 2 1

Kanamycin A 34 2 1
Control

Streptomycin 74 ~1 1

The K (nonspecific) was compared to both K {(AS-wt) and
K4(AS-U14086A) to derive the specificity values.

AS-wt is observed for the positive-control AS-U1406A, but
the magnitude of the specificity is increased. An entirely
different situation is encountered with the 4,6-linked series
(kanamvcins, tobramycin, gentamicin) in which  the
observed specificities, with the exception of gentamicin,
are very moderate and practically no specificity 1s scen for
the binding of these compounds to the AS-UT406A.

Although the amount of specificity varies for each amino-
glvcoside, in every case binding i1s worse for the AS-res
mutant, which confers aminoglycoside resistance in £. coli
[21, than for AS-wt (Tablc 1). This observation underscores
the need to target such mutations with new compounds to
counter the emergence of aminoglycoside-resistant bacter-
ial strains. We would ultimartely like to develop com-
pounds that do not have specificity for AS-wt over
sequences such as AS-res.

Influence of ionic strength and pH

Both ionic strength and plIl influence aminoglycoside
binding, as shown in Table 3. Raising the pH from 7.4 to
7.8 has a modest cffect of decreasing binding but, as
judged from the ratio of K (AS-U1495A) 1o K ;(AS-wt), the
specificity remains unchanged. Increasing the amount of
competing 1ons by adding ammonium chloride likewise
dccrcascs both the specific (AS-wt) and the nonspecific
(AS-11495A) binding to paromomycin or neomvcin B.
The effect 1s greater for nonspecitic binding, however.
Thus, the specificity of both compounds for AS-wt
increascs at higher salt concentrations, an obscrvation that
agrees with the general notion that charge—charge interac-
tions arc the main, if not only, driving force for nonspecific
RNA binding and that specific recognition involves addi-
tional, nonionic contributions.

Table 3

Influence of pH and ionic strength on the specificity of RNA
recognition.

Specificity for

Compound AS-wt AS-U1495A AS-U1495A
Paromomycin

HBS buffer alone 0.20 2.7 14

+ 50 mM NH,CI 0.29 6.5 23

+ 150 mM NH,ClI 1.1 32 28

pH 7.8 0.53 7.7 15
Neomycin B

HBS buffer alone 0.019 0.38 20

+ 50 mM NH,CI 0.025 1.1 43

+ 150 mM NH,CIi 0.15 6.7 43

pH 7.8 0.044 0.91 21

Values of dissociation constants are measured in uM.

Effect of RNA methylation

Although the chemical footprints on the intact ribosome
for the 4.6-linked compounds overlap the footprints for
neomycin B and paromomycin, the binding orientation
of the molecule could well be different, as suggested by
the poor binding to the positve-control AS-U1406A
mutant. An intnguing possibility is that the naturally
occurring methvlation on C1407 might be required for
recognition by these compounds. We addressed this pos-
sibility using A-site RNAs containing this modification.
F. co/i 16S ribosomal RNA contains several modified
nucleosides, among them three located within  the
decoding  region, N#%2-O-dimcthyleytidine 1402,
5-methylevtidine (m3C) 1407, and 3-methyluridine 1498
[25-27]. Of these, m>C1407 is located within the amino-
glycoside-binding domain of the A-site. Inspection of the
NMR solution structure of paromomycein bound to AS-wt
[8] rceveals that the methyl substituent of m3C1407
would be juxtaposed to the hydrophobic a face of the
2,6-diamino-2,6-didcoxv-L-idosc ring of the aminoglvco-
side. Depending on the precise atomic positions, this
could be either a stabilizing hydrophobic interaction, due
to exclusion of water from the interface, or a destabiliz-
ing steric clash. In addition, molecular modeling based
on the NMR structure suggests that ring 3 of 4,6-linked
aminoglycosides, such as gentamicin or tobramycin,
could also contact the methyl substituent of m3C1407. It
is alrcady known that this basc modification does not
adverscely affect aminoglyvcoside binding, as Noller and
collcagues’ footprinting data }3,4] was generated on
whole ribosomes containing m>C1407, but the possibility
that binding could be enhanced remained untested.
Because our initial enzymatically synthesized RNA
oligonuclcotides (see above) contained cytidine rather
than the natural m3C at position 1407, wc prepared
scveral chemically synthesized RNA oligonuclcotides in
order to study the effect of a 5-methyl substituent at
position 1407 on aminoglvcoside binding.
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Vi-benzoyl-5-O-(dimethoxytriryl)-2’-O-(#-butyldimethylsily —B— AS-witm®C1407
wtidine-3"-V A-diis o ) R
l)cytldm.c‘fﬁ dlfs()pr()p?!(qanoethﬂ) phospbo.rdmldnc, o— UIABBATSE1467
gel purified, and immobilized on a streptavidin-coated

SPR sensor chip surface. Aminoglveoside binding experi-
ments in [IBS buffer at 25°C or 37°C were performed as
described above.

Figure 7 shows representative binding data and derived
1isotherms for paromomycin and gentamicin binding to the
various RNA scquences. These data show that the
m>C1407 substitution has little c¢ffect on cither paro-
momycin or gentamicin binding. The cquilibrium dissoci-
ation constants derived from a scries of binding
experiments with paromomycin, tobramyein, and gentam-
icin arc shown in Table 4. For paromomycin, the K, for
AS-wt m3C1407 is twofold less than AS-we, a difference
that approaches the limit of accurate measurement. For
both paromomycin and gentamicin, the K, values for
AS-wt and AS-wt m>C1407 arc identical.

‘T'hese results suggest that there i1s no interaction
between the 5-methyl substituent of m>C1407 and the

Semilogarithmic plots of paromomycin and gentamicin binding to AS-
wt, AS-wt m3C1407, and U1495A m5C1407.

aminoglvcoside antibiotics studied. Clearly, an unfavor-
able steric clash can be ruled out, as this would be
expected to reduce binding affinity significantly for both
the AS-wt m*C1407 and the U1495A m>C1407 scquences.
Ic 1s also clear that an optimized hydrophobic contact is
not occurring. In the case of the 4,5-linked aminoglyco-
sides, the NMR structure indicates considerable confor-
mational mobility for the 2.6-diamino-2,6-dideoxvidose
ring. 'T'he conformation shown in the NMR structure,
which juxtaposcs the idose ring with the methyl group,
might not be the active conformation of the RNA s» vivs.
If this conformation occurred only a small fracton of the
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Table 4

Equilibrium dissociation constants (uM) for aminoglycoside
binding to AS-wt, AS-wt m5C1407, and U1495A m5C1407.

Aminoglycoside  AS-wt AS-wt m5C1407  U1495A mC1407
Paromomycin 0.18 0.38 3.0
Gentamicin 0.61 0.50 5.9
Tobramycin 1.0 1.2 5.0

time, the effects of any potential interaction would be
amcliorated. In the case of the 4,6-linked aminoglyco-
sides. it is possible that ring 3 docs not actually contact
m>C1407. Because there is no structural data available in
this case, the possibility cannot be ruled out.

To cvaluate the validity of the binding data obrained
through SPR, it is instructive to comparc the results
obtained here with binding constants obtained using other
experimental techniques. Puglisi and coworkers [6] have
determined  the dissociation constant of the paro-
momycin-AS-wt complex at 0.2 uM using quantitative
chemical footprinting. Their value 1s in excellent agree-
ment with the dissociation constant obtained using SPR
(0.2 uM). Working with a slighty cxtended RNA hairpin
containing the same wild-type sequence, Purohit and Stern
[5] obtained RNase footprints that suggest a binding con-
stant of ~0.1 uM for ncomycin B, compared with 0.02 M
determined using our assay. Using a competition fluores-
cence assay, Rando and coworkers [28] determined dissoci-
ation constants with a longer RNA hairpin containing the
A-site. These workers obtained K values for paromomycin
(1.9 uM), necomvcin B (0.13 uM), gentamicin (1.8 uM),
kanamycin B (2.1 uM) and tobramycin (1.7 pM) [28]. Thus,
the same tenfold difference in binding affinity between
paromomycin and neomycin B is observed by these
authors, and the differences in the determined K, values
versus the SPR assay is within an order of magnitude for all
compounds. Similar affinitics have also been obtained
when studying ribosomal binding, rather than the binding
of isolated RNA. Both kanamycin [29] and tobramvcin [30]
bind to intact ribosomes with an affinity of 1-10 uM as
determined bv equilibrium dialysis [31]. There is, there-
fore, good qualitative and quantitative agreement of the
binding data obtained using SPR with previously deter-
mined RNA-binding data. Compared to gel-based assays,
the SPR assay is quicker, generally more reliable for small-
molecule—-RNA interactions [22], and allows determination
of binding stoichiometry.

Recently we reported on the A-site binding and antibacte-
rial activity of a number of synthetic derivatives of
neomycin and some of the natural 4,5-linked aminoglyco-
sides [32]. A synthetic derivative with lower binding affin-
ity and specificity than ncomvcin had cquivalent
antibactenal activity, suggesting that factors that cannot

be addressed using this RNA model system are important
for activity. This is probably also the case for the 4,6-
linked compounds reported here, as they are clinically
effective anubiotics despite the much lower affinity and
specificity observed in the AS-wt model system.

Also very recently, Puglisi and coworkers [33] reported
NMR and chemical-modificacion studies of the 4,5-linked
aminoglycosides ncomycin, paromomyein, and ribosta-
mycin, as well as ncamine. Their studies suggest that this
class binds A-site RNA specifically, and with similar struc-
tures. These results are consistent with those we have
obtained using SPR. A correlation between our very dif-
ferent data on the 4,6-linked aminoglycosides and struc-
tural charactenzation of a complex of one of these
compounds with A-sitc RNA remains to be determined.

We believe that the results presented here reflect the fact
that protein-free ribosomal RNA model systems are taken
out of their ribosomal context. As such they lack gcomet-
ric constraints imposcd by the ribosomal surroundings,
which might, or might not affect ligand binding. Clearly,
AS-wt is a good model system for studying the interaction
between the ribosomal A-site with the 4,5-linked amino-
glvcosides. In this regard it is likely that the positve
control murant AS-U1406A approximates the conforma-
tion of the bound ribosomal complex even better than
AS-wt and is therefore the preferred model for developing
structurc—activity relationships for these aminoglycosides.

On the other hand, AS-wt appears to be a less accurate
model for the binding behavior of the other major class of
clinically important aminoglycosides, namely the 4,6-linked
trisaccharides kanamycein A, kanamycin B, tobramycin and
gentamicin. This could be due to the fact that the
4,6-linked class recognizes a different conformation of the
samc RNA scquence that is not well represented in the
AS-wt model, or because tertiary interactions with other
parts of the ribosome are important for binding by this class
of anuabiotics. Both classes of aminoglycosides bound with
lower relative affinity to AS-res, a scquence derived from
aminoglycoside-resistant F. co/i. Such mutant sequences
are an important target for design of new antibiotics to
combat resistant bacteria.

Care must be taken in the selection of the proper iz vitro
RNA model system, as scen from the results for the A-site
models. The available structural evidence from NMR sug-
gests that short RNA hairpins are quite disordered in the
absence of a bound ligand. "This dynamic bchavior will
imposc energetic penalties that could obscure binding
cvents of moderate specificity. In the case of ribonucleo-
protein complexes such as the ribosome, protein-free
modecls that appear to bind ligands similarly to the parent
system (by chemical footprinting) might not accurately
reflect the a2 vivo binding cevent. Although it 1s believed
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that aminoglycosides solely contact RNA in the ribosome,
and not protein, it is likely that local RNA-protein tertiary
interactions affect ligand binding and vice versa. With this
in mind, we believe that binding of aminoglyeosides to
their ribosomal target sites will probably not follow a
simple ‘competitive inhibition” paradigm. Rather, a bound
aminoglycoside molecule  allosterically interferes  with
protein synthesis by lowering the sclectivity of cognate
versus noncognate aminoacyl-tRNA sclection, as has been
suggested for streptomycin and neomyein [34]. Conceptu-
ally, this is more akin to a receptor signaling event, wherc a
bound ligand irrespective of its affinity may either behave
as an agonist or an antagonist. It is not ac all clear whether
increascd affinity of a ligand for the ribosomal A-site would
translate into better potency as an antibacterial drug,
which is especially noteworthy when considering that the
ribosome is present at micromolar concentrations in the cell.

Significance

Although aminoglycoside antibiotics have been in use for
over 50 vears, only recently have we begun to under-
stand their mechanism of action on a molecular level.
We have used surface plasmon resonance (SPR) to
study the interactions of a number of structurally diverse
aminoglycoside antibiotics with RINAs that model the I,
coli ribosomal decoding region A-site RNA. SPR allows
rapid quantitative determination of the binding constant
and stoichiometry, and is more reliable than gel assays
for studving small-molecule-small-RNA interactions.
Specificity for the wild-type sequence over closcly related
variants was observed for the 4,5-linked 2-deoxystrepta-
mine derivatives that comprise the ncomycin class of
aminoglycosides. The 4,6-linked derivatives of the
kanamycin/gentamicin class, and other structurally dis-
similar aminoglycosides, that have been footprinted to
the same ribosomal-binding site, had different, and
weaker, specificity profiles toward these RNA
sequences. The results suggest that the two aminoglyco-
side classcs bind the A-site in different manners, possibly
involving tertiary interactions that cannot be accounted
for in this ribosome-free model system. They may effect
their antibiotic activity through subtly different changes
to the conformation and dynamics of the ribosomal A-
site. The results imply that care must be taken in design-
ing in vitro model systems for studying
RN A-small-molecule interactions if results are expected
to accurately reflect biological activity.

Materials and methods

Neomycin B sulfate (Fluka) was converted to the free base by passing
it through Amberlite IRA 400 (OH- form) and purified by ion exchange
chromatography on Dowex 1-X2 100; the purity of neomycin B was
verified by NMR in D,O. Neamine was obtained by acid-catalyzed
cleavage of neomycin B and purified by ion exchange chromatography
on Amberlite CG-50. Paromamine was obtained by acid-catalyzed
cleavage of paromomycin and purified in the same manner. Paro-
momycin sulfate, ribostamycin sulfate, kanamycin A sulfate, kanamycin
B sulfate, butirosin sulfate and streptomycin sulfate were obtained from

Sigma and used as received. Tobramycin, gentamicin sulfate (gentam-
icin C complex containing a mixture of the structures shown in
Figure 1). apramycin sulfate, and hygromycin B hydrochloride were
obtained from Fluka and used as received.

RNA Synthesis

Enzymatically synthesized 5-biotinylated RNAs were prepared as previ-
ously described [22]. Synthetic RNAs containing the m®C modification
were prepared as follows. N®-phenoxyacetyl-5'-O-(dimethoxytrityl)-2"-O-
(t+butyldimethylsilyl)-adenosine-3'-N,N-diisopropyl{cyanoethyl} phospho-
ramidite, ~ N?-isopropylphenoxyacetyl-5'-O-(dimethoxytrityl)-2"-O-(t-butyl-
dimethylsilyl)guanosine-3’-N,N-diisopropyl-(cyanoethyl) phosphoramidite,
N*-acetyl-5’-O-(dimethoxytrityl)-2"- O-(t-butyldimethyl-silyl)cytidine-3'-N,\-
diisopropyl(cyanoethyl) phosphoramidite, 5"-O-{dimethoxytrityl)-2'-O-(t-
butyldimethylsilyl)uridine-3’-N,N-diisopropyl{cyanoethyl) phosphramidite,
and cytidine-derivatized polystyrene support were purchased from Phar-
macia. 5-methyl-N4-benzoyl-5"-O-(dimethoxytrityl)-2’-O-(+-butyldimethylsi-
lylleytidine-3’-N, N-diisopropyl(cyanoethyl) phosphoramidite was pur-
chased from Chemgenes and 5"-biotin phosphoramidite was purchased
from Glen Research. All phosphoramidites were used as 0.1 M solutions
in anhydrous acetonitrile. Oligoribonucleotides were synthesized on a
Pharmacia Gene Assembler Special using 0.25 M 5-ethylthio-1H-tetra-
zole as the activator and 5 min coupling times for all phosphoramidites
[34]. After synthesis, the solid supports were vacuum dried and treated
with ammonia saturated ethanol for 18h. The supernatants were
removed, divided into four equal aliquots, and lyophilized. These aliquots
were then each treated with 250 pl of deprotection solution (0.75 ml
N-methylpyrollidinone). 375 ml triethylamine, and 0.5 ml triethy-
lamines3HF) and incubated for 1.5 h at 65°C. The deprotected oligos
were precipitated by addition of 25 ul 3M sodium acctate. followed by
1 ml n-butanol. After centrifuging for 15 min at 14,000 rpm, the super-
natant was removed, and the pellet was washed twice with 70% ethanol
and vacuum dried. The crude oligonucleotides were purified by elec-
trophoresis on denaturing 20% polyacrylamide gels, recovered by the
‘crush and soak' method, and desalted on NAP-10 size exclusion
columns (Pharmacia) in 1 mM Tris, pH 7.5, 0.1 mM EDTA. The resulting
oligonucleotide solutions were stored at —20°C.

Binding experiments

Binding experiments were performed on a BlAcore 2000 instrument
essentially as previously described [22]. Sensor chips SA (BlAcore AB)
were preconditioned by washing with three 1 min pulses of 1 M NaCi,
50 mM NaOH at 10 ul/min. 0.1 uM RNA solutions were renatured by
heating to 85°C and slowly cooling to ambient temperature. The solu-
tions were adjusted to 1M NaCl, 0.5X HBS before immobilizing on the
sensorchip at a flow rate of 10 pul/min for 5 min. Aminoglycoside
samples were prepared by serial dilutions from stock solutions in RNase
free microfuge tubes (Ambion) and were centrifuged at 14000 rpm for
degassing. Unless otherwise noted, all binding studies were carried out
using HBS buffer (Pharmacia Biosensor AB) which was used as
obtained. All procedures for binding studies were automated as
methods using repetitive cycles of sample injection and regeneration.
Typically, buffer was injected in the first two cycles to establish a stable
baseline value. Samples were injected at a flowrate of 5-10 ul/min
using the KINJECT command. To minimize carry over, samples were
injected in order of increasing concentration. Each data point was cor-
rected for long term instrument drift by comparison of baseline values in
an unfunctionalized reference flow cell with the original value prior to the
experiment. Expected values for the equilibrium response of one equiva-
lent of analyte were calculated from the relative molecular weight of the
analyte and the immobilized RNA ligand in each flowcells and adjusted
with a correction factor of 0.76 which arises from the different molar
refractive indices of RNA and the analyte. Binding constants were calcu-
lated by fitting the data (equivalents of aminoglycoside bound vs. amino-
glycoside concentration) to a model with n independent constants using
the fitting program provided in the program Kaleidagraph (Macintosh).
Data from two independent experiments were averaged to obtain the
reported dissociation constants.
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