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ABSTRACT: We use spectroscopic and calorimetric techniques to characterize the binding of the
aminoglycoside antibiotics neomycin, paromomycin, and ribostamycin to a RNA oligonucleotide that
models the A-site oEscherichia colil6S rRNA. Our results reveal the following significant features: (i)
Aminoglycoside binding enhances the thermal stability of the A-site RNA duplex, with the extent of this
thermal enhancement decreasing with increasing pH and/drddacentration. (ii) The RNA binding
enthalpies of the aminoglycosides become more exothermic (favorable) with increasing pH, an observation
consistent with binding-linked protonation of one or more drug amino groups. (iii) Isothermal titration
calorimetry (ITC) studies conducted as a function of buffer reveal that aminoglycoside binding to the
host RNA is linked to the uptake of protons, with the number of linked protons being dependent on pH.
Specifically, increasing the pH results in a corresponding increase in the number of linked protons. (iv)
ITC studies conducted at 25 and 3C reveal that aminoglycosideeRNA complexation is associated

with a negative heat capacity changed), the magnitude of which becomes greater with increasing pH.

(v) The observed RNA binding affinities of the aminoglycosides decrease with increasing pH ant/or Na
concentration. In addition, the thermodynamic forces underlying these RNA binding affinities also change
as a function of pH. Specifically, with increasing pH, the enthalpic contribution to the observed RNA
binding affinity increases, while the corresponding entropic contribution to binding decreases. (vi) The
affinities of the aminoglycosides for the host RNA follow the hierarchy neomyciparomomycin>
ribostamycin. The enhanced affinity of neomycin relative to either paromomycin or ribostamycin is
primarily, if not entirely, enthalpic in origin. (vii) The salt dependencies of the RNA binding affinities of
neomycin and paromomycin are consistent with at least three dryg §itblups participating in electrostatic
interactions with the host RNA. In the aggregate, our results reveal the impact of specific alterations in
aminoglycoside structure on the thermodynamics of binding to an A-site model RNA oligonucleotide.
Such systematic comparative studies are critical first steps toward establishing the thermodynamic database
required for enhancing our understanding of the molecular forces that dictate and control aminoglycoside
recognition of RNA.

Aminoglycosides are broad-spectrum antibiotics that are aminoglycosides consist of one or more amino sugars linked
used most widely in the treatment of infections caused by to a six-carbon aminocyclitol (2-deoxystreptamine) at the 4,5-
aerobic gram-negative bacilll). The bactericidal activity = positions (Figure 1). The Puglisi group has used footprinting
of the aminoglycosides is derived from their ability to inhibit techniques to demonstrate that the binding site for neomycin-
the translation process. They achieve this effect by binding class aminoglycosides in theéscherichia colil6S rRNA
to phylogenetically conserved sequences within the 16S A-site of the 30S ribosomal subunit can be modeled by a
ribosomal RNA {rRNA) of the 30S ribosomal subuni,( 27-mer RNA oligonucleotide6-8), whose sequence and
3), thereby inducing codon misreading as well as the secondary structure are depicted in Figure 2. NMR studies
inhibition of translocation4, 5). by the same group culminated in a solution structure of

Footprinting experiments have demonstrated that neomy-paromomycin in complex with the A-site RNA oligonucle-
cin-class aminoglycosides target specific conserved se-otide @, 8). This structure, along with the corresponding
quences in the A-site of 16S rRNA,(3). Neomycin-class  structure of the drug-free RNA molecule, revealed several
features worthy of note. First, the drug preferentially binds
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Ficure 1: Structures of neomycin, paromomycin, and ribostamycin, with the atomic and ring numbering systems denoted in Arabic and
Roman numerals, respectively. The NMR-derivé8) (pK, values for the six amino groups of neomycin are indicated.

5C';_ 8 rate of tRNA from the ribosome, while also enhancing the
G—C initial binding reaction between the tRNA and the ribosome
cC—6 (9, 10). Recent crystallographic and modeling studies by
MOSS — 31495 Ramakrishnan and co-workers on the 30S ribosomal subunit
c—6 Drug of Thermus thermophilus complex with paromomycin lend
(A AA Binding further support to this model for aminoglycoside-induced
cC—G Site mistranslation by revealing that the two adenine residues
1‘”"2 - g”‘"" (A1492 and A1493) displaced by the bound drug can interact
C—aG favorably with the minor groove of the codon-anticodon
U U G duplex and may thus stabilize the complex formed between

this duplex and the ribosome, even with a noncognate tRNA
FiGURE 2. Secondary structure of the 27-mer A-site RNA oligo-  (11).

216 denoted by solid Ine, while miamaiched base pairs are denoted_ 1S Mpressive structural picture of aminoglycoside
by dashed lines. Bases presenEircoli 16S rRNA are depicted in [ RIVA intéractions needs to be complemented by energetic

bold face and are numbered as they are in 16S rRNA. The data, including dissection of the binding free energies into
aminoglycoside binding site, as revealed by NMR and footprinting their enthalpic and entropic contributions. Such thermody-
studies 6, 7, 50), is as indicated. namic data on families of aminoglycosiRNA complexes

are critical for understanding the nature and relative strengths
rings I and Il of the drug appear to be required for the specific of the molecular forces that dictate the observed RNA
binding of neomycin-class aminoglycosides to rRNA. Third, affinities and specificities of the aminoglycosides. On a
the presence of the antibiotic causes the displacement of twopractical level, thermodynamic data are required to establish
adenine residues in the asymmetric loop (A1492 and A1493) 3 database that can be used to predict, over a range of
toward the minor groove, thereby creating a binding pocket conditions, the relative affinity of given aminoglycoside for
for the drug. This latter observation led to the proposal that g targeted RNA site (e.g., the A-site of 16S rRNA) versus
aminoglycosides cause mistranslation by inducing a confor- pinding to potential competing secondary sites (e.g., other
mational change in the A-site of 16S rRNA that enhances |ooped and nonlooped duplex regions).
its affinity for tRNA (8), a model for aminoglycoside-induced In this paper, we use a combination of spectroscopic and
mistranslation that is consistent with kinetic studies indicating calorimetric techniques to characterize the binding of the
that neomycin-class aminoglycosides reduce the dissociationthree neomycin-class aminoglycosides shown in Figure 1 to
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a RNA oligonucleotide (schematically depicted in Figure 2) S A E B

-
T

that models the A-site oE. coli 16S rRNA. Our results zNo Drug
provide insight into the thermodynamic driving forces that CONI S P ein ]
govern aminoglycoside recognition of the 16S rRNA A-site, 2 77| -~ Ribostamycin
while also revealing the thermodynamic impact that modi- B o6 60 mM Na* i
fications of drug rings Il and IV have on this recognition. 2 |

c

n 04 4
MATERIALS AND METHODS 5 |

5 i

RNA and Drug Moleculeshe 27-mer RNA oligonucle- b 0'2_

otide used in this study was obtained in its PAGE-purified
sodium salt form from Dharmacon Research, Inc. (Lafayette,
CO). Neomycin trisulfate trinydrate and paromomycin sulfate

(=]

: S ; : 11~ —e—No Drug '
were obtained from Fluka, while ribostamycin sulfate dihy- s f igeomycin ‘ ]
drate was obtained from Sigma. 5 081 . Ripostamycin -

UV SpectrophotometnAll UV absorbance experiments S T
were conducted on an AVIV Model 14DS Spectrophotometer ﬁ 06 60 MM Na* T
(Aviv Associates; Lakewood, NJ) equipped with a thermo- 2
electrically controlled cell holder. A quartz cell \wita 1 cm Ug) 0'4_ i
path length was used for all the absorbance studies. Absor- B 0.2 ]
bance versus temperature profiles were measured at 274 nm e

with a 10 s averaging time. The temperature was raised in 0 B

0.5 °C increments, and the samples were allowed to N —

equilibrate for 1 min at each temperature setting. In these 1} —e—NoDrug

thermal denaturation studies, the RNA solutions werd/P = Ot igeomycin ,

in strand and contained aminoglycoside at concentrations E 0.8 —kR.aggggnTgcc:: T

ranging from 0 to 8M. The buffer solutions for the UV g7

melting experiments contained 10 mM sodium cacodylate 2 o8 147')';";";“* 7

(8.5 mM Na), 0.1 mM EDTA, and NaCl at concentrations 2 I :

ranging from 51.5 to 138.5 mM. The pH values of the A 0'4_' ]

experimental buffer solutions ranged from 5.5 to 7.0 and were g o2l i

adjusted, when necessary, by addition of 1 N HCI. For each e

optically detected transition, the melting temperaturg) ( 0 c |

was determined as previously describé&d)( P EU S T T
40 50 60 70 80 90 100

Isothermal Titration Calorimetry (ITC)lsothermal calo- Temperature (“C)
rimetric measurements were performed at either 25 or 37

°C on a MicroCal VP-ITC (MicroCal, Inc.; Northampton, FIGURE3: UV melting profiles for the A-site RNA oligonucleotide

; ; ; and its aminoglycoside complexes at a [drug]/[RNA] ratiga)
MA). In a typical experiment, L aliquots of 250uM of 1.0. The N& concentrations and pH values are as indicated.

amlnoglycpSIde were injected from a 2s0 rotating syringe For clarity of presentation, the melting curves were normalized by
(430 rpm) into an isothermal sample chamber containing 1.42 syptraction of the upper and lower baselines to yield plots of fraction
mL of a RNA solution that was 1&M in strand. Each single strandd) vs temperaturel@). All the UV melting profiles
experiment of this type was accompanied by the correspond-were acquired at 274 nm.
ing control experiment in which &L aliquots of 250uM . N ]
drug were injected into a solution of buffer alone. The induced transition of the drug-free A-site RNA model duplex
duration of each injection was 5.0 s, and the delay betweenWas measured using a Model 6100 Nano Il Differential
injections was 240 s. The initial delay prior to the first Scanning Calorimeter (Calorimetry Sciences Corp.; Provo,
injection was 60 s. Each injection generated a heat burstUT). The heating rate was °C/min. The duplex transition
curve (microcalories per second vs seconds). The area undefnthalpy &Houy) was calculated from the area under the heat
each curve was determined by integration [using the Origin Capacity curve using the Origin version 5.0 software (Mi-
version 5.0 software (MicroCal, Inc.; Northampton, MA)]  ¢roCal, Inc.; Northampton, MA). The RNA solutions were
to obtain a measure of the heat associated with that injection.404M in strand, and the buffer solutions contained 10 mM
The heat associated with each drug-buffer injection was Sodium cacodylate (pH 6.0), 51.5 mM NaCl, and 0.1 mM
subtracted from the corresponding heat associated with eactEDTA.
drug—RNA injection to yield the heat of drug binding for
that injection. The buffer solutions for the ITC experiments RESULTS AND DISCUSSION
contained either 10 mM sodium cacodylate, 10 HWES, Neomycin, Paromomycin, and Ribostamycin Bind to and
or 10 mM!MOPS, as well as 0.1 mM EDTA. In addition, Enhance the Thermal Stability of the A-Site RNA Oligo-
each solution contained sufficient NaCl to bring the total nucleotide in a Manner That Is Senséito Both pH and
Na" concentration to 60 mM. The pH values of the ITC Na* ConcentrationFigure 3A shows the UV melting curves
experimental solutions ranged from 5.5 to 7.0. for the A-site hairpin oligonucleotide duplex in the absence
Differential Scanning Calorimetry (DSCHeat capacity and presence of neomycin, paromomycin, or ribostamycin
(ACy) versus temperatureT) profiles for the thermally at a drug-to-RNA ratiorgna) Of 1.0. Note that at pH 6.0
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Ficure 4: ITC profiles at 25°C for the titration of either neomycin (A, D), paromomycin (B, E), or ribostamycin (C, F) into a solution
of the A-site RNA oligonucleotide at pH 6.0 (AC) or 7.0 (D-F). Each heat burst curve is the result of al5injection of 250u4M drug.

The RNA concentration was @M in strand, and the solution conditions were 10 mM sodium cacodylate, 51.5 mM NaCl, and 0.1 mM
EDTA.

and a Na concentration of 60 mM, the presence of each paromomycin, and from 2.7 to 0.2C for ribostamycin
aminoglycoside enhances the thermal stabilify) (of the (compare Figure 3A,C). Thus, the extent to which binding
target RNA duplex. Further note that the extent of drug- by the aminoglycosides thermally stabilizes the host RNA
induced enhancement in duplex thermal stability follows the duplex decreases with increasing pH and/of Mancentra-
hierarchy neomycirr paromomycin> ribostamycin. Specif-  tion. This N& and pH dependence &fT, is consistent with
ically, the binding of neomycin, paromomycin, and ribo- at least one drug N§ group playing an important role in
stamycin increases the thermal stability of the host RNA the binding of the aminoglycosides to the host RNA duplex.

duplex by 12.0, 9.7, and 2.7C, respectively. Highergya Thermodynamics of Aminoglycoside Binding to the A-Site
ratios than 1.0 result in only marginal increases inThef Oligonucleotide, as Determined Using Isothermal Titration
the host RNA duplex, an observatlon indicative of seg:ondary Calorimetry: The Binding Enthalpy Becomes Increasingly
binding to the host duplex at high drug concentrations. In gxothermic with Increasing pHe used isothermall titration
fact, our ITC studies detailed below reveal an overall binding calorimetry (ITC) to characterize the binding of neomycin,
stoichiometry of three drug molecules per duplex, with the paromomycin, and ribostamycin to the A-site oligonucleotide
exception of ribostamycinRNA complexation at pH 7.0, iy cacodylate buffer at a constant Neoncentration of 60
which is associated with a binding stoichiometry of only two W\ and different values of pH. Figure 4 shows representa-
drug molecules per duplex. tive ITC profiles resulting from the injection of neomycin
The drug-induced enhancement in duplex thermal stability (panels A and D), paromomycin (panels B and E), or
noted above is consistent with the aminoglycosides binding ribostamycin (panels C and F) into a solution of A-site RNA
to the host RNA duplex, with a preference for the double- oligonucleotide at pH 6.0 (panels-AC) or 7.0 (panels BF).
stranded versus the single-stranded stb3e14). The extent Each of the heat burst curves in Figure 4 corresponds to a
of this thermal enhancemem\T,) is sensitive to both pH  single drug injection. The areas under these heat burst curves
and N& concentration. For example, at a constant"™Na were determined by integration to yield the associated
concentration of 60 mM, raising the pH from 6.0 to 7.0 injection heats. These injection heats were corrected by
decreases the drug-induced,, from 12.0 to 4.6°C for subtraction of the corresponding dilution heats derived from
neomycin, from 9.7 to 2.0C for paromomycin, and from the injection of identical amounts of drug into buffer alone.
2.7 to 0.3°C for ribostamycin (compare Figure 3A,B). Figure 5 shows the resulting corrected injection heats plotted
Similarly, at a constant pH of 6.0, raising the ™Neoncentra- as a function of the [drug]/[dupleX] ratio. In this figure, the
tion from 60 to 147 mM decreases the drug-indueet, data points reflect the experimental injection heats, while
from 12.0 to 5.4°C for neomycin, from 9.7 to 2.3C for the solid lines, when present, reflect the calculated fits of
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Ficure 5: Corrected injection heats plotted as a function of the [drug]/[RNA] ratio. The corrected injection heats were derived by integration
of the ITC profiles shown in Figure 4, followed by subtraction of the corresponding dilution heats derived from control titrations of drug
into buffer alone. The data points reflect the experimental injection heats, while the solid lines in panels C, E, and F reflect calculated fits
of the data. The data in panels C and E were fit with a model for three sequential binding sites, while the data in panel F were fit with a
model for two sequential binding sites.

the data. The injection heat data corresponding to the titrationdata. Despite not being able to fit the ITC profiles in Figure
of the RNA oligonucleotide with ribostamycin at pH 6.0 5A,B,D, we were able to derive the binding enthalpyH;)
(Figure 5C) and paromomycin at pH 7.0 (Figure 5E) were associated with the first apparent binding event exhibited in
fit with a model for three sequential binding sites. By each profile by averaging the corrected injection heats for
contrast, the injection heat data corresponding to the titrationthe first 5-9 injections. The fits of the ITC profiles shown
of the RNA oligonucleotide with ribostamycin at pH 7.0 in Figure 5C,E,F were derived usiltgH and K, as free-
(Figure 5F) were fit with a model for two sequential binding floating parameters. Armed with the resulting valueKgf
sites. Thus, a pH increase from 6.0 to 7.0 reduces the overaliwe calculated the corresponding binding free energhé) (
binding stoichiometry of ribostamycin from three to two drug using the following standard relationship:

molecules per duplex. For each of the ITC titrations shown
in Figure 5C,E,F, the model employed was the only model AG = —RTIn(K)) 1)
that yielded a reasonable fit of the experimental data. Note L ) ) o
that the injection heat data corresponding to the titration of 11€S€ binding free energies, coupled with the binding

the RNA oligonucleotide with neomycin and paromomycin enthalpies derived from.the fitted .ITC da_ta, gllowed us .to
at pH 6.0 (Figure 5A,B), as well as the data corresponding calculate the corresponding entropic contributions to binding

to the titration of the RNA oligonucleotide with neomycin  (TAS whereASis the binding entropy) using the standard

at pH 7.0 (Figure 5D), could not be accurately fit with any Télationship
model. Each of these ITC profiles has three apparent phases,
suggestive of three distinct binding events. However, in each

case, the steepness of the first of the three phases, which iShese analyses allowed us to derive the thermodynamic
indicative of a tight binding interaction (i.e., with an binding profiles summarized in Table 1. Inspection of the
association constani, > 10° M%), precluded us from data in Table 1 reveals two features worthy of note:
accurately fitting the entire profile to obtain estimates of (i) At pH 6.0, the first ribostamycin molecule binds to the
binding affinity and stoichiometry (N). Note that even the host RNA with a 17-fold higher affinity than the second drug
fit of the ITC profile for the binding of paromomycin to the  molecule and with a 472-fold higher affinity than the third
host RNA at pH 7.0 (Figure 5E) yielded an association drug molecule. Similarly, at pH 7.0, the first ribostamycin
constant for the first binding eveniK{) of 2.7 x 108 M~ molecule binds to the host RNA with a 29-fold higher affinity

a value approaching the upper limit for accurately fitting ITC than the second drug molecule. Like ribostamycin, the first

TAS= AH — AG )
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Table 1: ITC-Derived Thermodynamic Profiles for the Binding of Neomycin-Class Aminoglycosides to the A-Site Model RNA
Oligonucleotide at 28C and a N& Concentration of 60 m#

pH 6.0 pH 7.0

binding parametér neomycit paromomycifi ribostamycit neomycit paromomycif ribostamycif
Ki(M™Y ND ND (1.7£0.3)x 107 ND (2.7+£0.5) x 10 (1.6+0.2) x 10°
AH; (kcal/mol) —-9.6+£0.1 —6.1+0.1 —6.9+0.1 —20.0+0.1 —17.0+0.1 —12.0+0.2
TAS; (kcal/mol) ND ND +3.0+0.2 ND —55+0.2 —35+03
AG; (kcal/mol) ND ND —9.9+0.1 ND —115+0.1 —85+0.1
K2 (MY ND ND (1.0£0.1)x 1° ND (3.2+0.5)x 10° (5.5+0.3) x 10
AH; (kcal/mol) ND ND —6.5+0.2 ND —11.94+0.2 —15.7+ 0.4
TAS (kcal/mol) ND ND +1.7+0.3 ND —3.0+03 —9.2+05
AG; (kcal/mol) ND ND —8.2+0.1 ND —8.9+£0.1 —6.5+£0.1
Kz (M) ND ND (3.6+0.3)x 10 ND (1.4+0.1)x 1P NA
AHz (kcal/mol) ND ND —13.6+£0.7 ND —14.3+£0.3 NA
TASs (kcal/mol) ND ND —7.4+0.8 ND —73+04 NA
AG; (kcal/mol) ND ND —6.2+£0.1 ND —7.0£0.1 NA

a All the data in this table are derived from ITC experiments conducted in cacodylate Buffieless otherwise indicated, valueskfand AH
were determined from fits of the ITC profiles, with the indicated uncertainties reflecting the standard deviations of the experimental data from the
fitted curves. Values oAG were determined using eq 1 in the text, with the indicated uncertainties reflecting the maximum errors as propagated
through eq 1. Values of ASwere determined using eq 2, with the indicated uncertainties reflecting the maximum errors as propagated through eq
2. ©ND denotes “not determinable,” since the ITC profiles of neomycin at pH 6.0 and 7.0, as well as of paromomycin at pH 6.0, could not be fit
accurately. In these three cases, M) values were determined by averaging the corrected injection heats for the-fi#)shfections.? The ITC
profiles of ribostamycin at pH 6.0 and paromomycin at pH 7.0 were fit with a model for three sequential binding sites, which assumes a binding
stoichiometry (N) of one drug per binding siteThe ITC profile of ribostamycin at pH 7.0 was fit with a model for two sequential binding sites,
which also assumes an N of one drug per binding site. NA denotes “not applicable.”

paromomycin molecule to bind the host RNA at pH 7.0
exhibits an 84-fold higher affinity than the second drug

the 2-NH group on D-glucosamine, is a known exothermic
reaction (6, 17). Thus, it is likely that the pH dependence

molecule and a 19,286-fold higher affinity than the third drug
molecule. Recall that the ITC profiles shown in panels A
(neomycin at pH 6.0), B (paromomycin at pH 6.0), and D
(neomycin at pH 7.0) of Figure 5 could not be fit accurately

of the observed drugRNA binding enthalpies noted above
reflects exothermic contributions from binding induced
protonation of one or more drug NHyroups. In fact, as
discussed in the next section, the observed dRNA

due to the high-affinity nature (i.e., steepness) of the first binding enthalpies at a given pH are dependent on the
apparent binding event. In the aggregate, these resultsonization heat of the buffer employed, with the nature of
indicate that the affinity with which the first drug molecule this dependence being indicative of binding-linked proton
binds to the host RNA duplex is greater than the correspond-uptake.

ing binding affinities of the second or third drug molecules. At pH Values of 6.0 and 7.0, the Binding of the Neomycin-
This observation suggests that the first drug molecule binds Class Aminoglycosides to the A-Site RNA Oligonucleotide
to a unique high-affinity site on the target RNA and, as such, Is Linked to the Uptake of Protong/e sought to determine

is consistent with the NMR studies of the Puglisi group whether the pH dependence of the observed aminoglyco-
probing the interaction of paromomycin with the same RNA side-RNA binding enthalpies described above reflects a
oligonucleotide studied heré); Significantly, these NMR linkage between drug binding and the release or uptake of
studies revealed that a one-to-one ratio of drug to RNA protons. Toward this end, in addition to the ITC measure-
resulted in a complex in which a single drug molecule was ments described above, which were conducted in cacodylate
bound to a distinct site on the RNA (a site schematically buffer, we also conducted identical experiments in either

depicted in Figure 2).

(ii) The observed enthalpies for the RNA binding of the first
molecules of neomycin, paromomycin, and ribostamycin are
more exothermic (negative) at pH 7.0 than at pH 6.0.
Specifically,AH; changes from-9.6 to—20.0 kcal/mol for

the binding of neomycin, from-6.1 to—17.0 kcal/mol for

the binding of paromomycin, and from6.9 to—12.0 kcal/
mol for the binding of ribostamycin. Hence, the enthalpy
for the complexation of all three drugs with the host RNA
becomes increasingly favorable with increasing pH. Note that
the K, values of the neomycin NHgroups have been
determined previously to range from 5.74 to 8.80 (see Figure
1) (15). Itis reasonable to suggest that the similidg palues
apply to the corresponding NHgroups of paromomycin and
ribostamycin. Given thesekp values, a pH change from
6.0 to 7.0 will reduce the extent to which neomycin,
paromomycin, and ribostamycin are protonated, particularly
the protonation states of the amino groups at the'3-a@d/

or 2""-positions. The protonation of an NKjroup, such as

MES (at pH 6.0) or MOPS (at pH 7.0) buffer. Both MES
and MOPS have different heats of ionizatiahHo,) than
cacodylate (see Table 2). Thus, if the pH dependence of the
observed binding enthalpiedldq9 reflects binding-induced
protonation of the drug, then the values/Aifly,s at a given

pH should vary with the buffer. Furthermore, the number of
protons linked to binding at a specific plAif), as well as
the intrinsic binding enthalpyAHin), a value that differs
from AHgpsin that it excludes enthalpic contributions from
ionization of the buffer, can be determined by simultaneous
solution of the following two equationd ):

AHobsl: AHint + AHionlAn
AHoszZ AHint + AHion2An

(3a)
(3b)

In these equations, the numerical subscripts refer to the
different buffers.

The number of linked protons and intrinsic enthalpies
associated with the binding of each drug to the host RNA
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Table 2: pH and Buffer Dependence of the Observed and Intrinsic Enthalpies, as Well as Of the Number of Linked Protons, for the Binding of

Neomycin-Class Aminoglycosides to the A-Site Model RNA Oligonucleotide at a®Gancentration of 60 mM

buffer AHior? AHgp? AHin AnP

drug pH (20mm) (kcal/mol) (kcal/mol) (kcal/mol) (per drug)
neomycin 6.0 cacodylate -0.47 —-9.6+0.1 -9.4+0.1 0.36+ 0.05
neomycin 6.0 MES +3.71 —8.1£0.1 —9.4+0.1 0.36+ 0.05
paromomycin 6.0 cacodylate -0.47 —-6.1+0.1 —6.0+0.1 0.26+ 0.05
paromomycin 6.0 MES +3.71 —5.0+0.1 —6.0+0.1 0.26+ 0.05
ribostamycin 6.0 cacodylate -0.47 —-6.9+0.1 —6.7+0.1 0.43+ 0.05
ribostamycin 6.0 MES +3.71 —514+0.1 —6.7+0.1 0.43+ 0.05
neomycin 7.0 cacodylate -0.47 —20.0+0.1 —-19.3+0.1 1.424+0.05
neomycin 7.0 MOPS +5.22 —11.94+0.2 —19.3+0.1 1.42+ 0.05
paromomycin 7.0 cacodylate -0.47 —-17.0+0.1 —-16.3+0.1 1.55+ 0.05
paromomycin 7.0 MOPS +5.22 —8.2+0.2 —16.3+£0.1 1.554+ 0.05
ribostamycin 7.0 cacodylate -0.47 —-12.0+0.1 —-11.5+0.1 1.114+0.04
ribostamycin 7.0 MOPS +5.22 —57+£0.1 —11.5+0.1 1.11+ 0.04

2 |onization heatsAHion) at 25°C for the indicated buffers were taken froitdf and Fukada and Takahashi (1987, unpublished resbif$)e
number of binding-linked protonsAf) and intrinsic binding enthalpiesAHin)) at 25 °C were calculated using eqs 3a and 3b, as well as the

corresponding experimentally observed binding enthalpié$,(y).

(as calculated by solution of eqs 3a and 3b) are summarizedgroups, in addition to the 3-amino group of ring |, is linked

in Table 2. Note that the values AH,sfor cacodylate listed
in Table 2 reflect the corresponding valuesAdfl, listed in

to RNA binding. One potential candidate for such an amino
group is the 2amino group of ring Il (which is common to

Table 1. Inspection of the data in Table 2 reveals that at pH all three drugs), since it has a reportd€, palue in neomycin

values of 6.0 and 7.0AHqs varies with the buffer.
Specifically, at either pHAHq,s is more exothermic in
cacodylate buffer than in either MES or MOPS. Given the
values ofAHj, for cacodylate, MES, and MOPS at 26
(—0.47,+3.71, and+5.22 kcal/mol, respectively)lL@), this
observation indicates that aminoglycoside-RNA complex-

of 7.55 (@5) and would therefore be partially deprotonated
at pH 7.0. Recently reported X-ray crysta@0f and NMR-
derived @) structures of paromomycin in complex with
different A-site RNA oligonucleotides (including the RNA
oligomer studied here) reveal that tHeaZnino group makes
an intramolecular hydrogen bond with th& Ang oxygen

ation is coupled to the uptake of protons (i.e., a positive value atom of ring Ill, which has been postulated to be important

of An). Calculation ofAn at pH 6.0 using egs 3a and 3b
yields values of+0.36+ 0.05,+0.264+ 0.05, and+0.43+
0.05 for the RNA binding of neomycin, paromomycin, and

for the drug to adopt the proper orientation for specific
recognition of the RNA). This intramolecular interaction
may be favored when thé-2mino group is in its protonated

ribostamycin, respectively. Recall that the 3-amino group on state.

ring | of neomycin has been previously assignedKayalue
of 5.74, with the remaining amino groups on the drug
having K, values> 7.55 (see Figure 1)16). With the

Note that the extent to which a pH change from 6.0to 7.0
increases\n (AAn) is greater for the binding of neomycin
(AAn = +1.06 £ 0.10) and paromomycifPNAn = +1.29

reasonable assumption that the corresponding amino= 0.10) than for the binding of ribostamycinfAn = +0.68

groups of paromomycin and ribostamycin have simildg p

values, our results suggest that the 3-amino group on ring |,

which is common to all three aminoglycosides, is the amino
group whose protonation is linked to druBNA binding at

pH 6.0. With this assumption, our observédh values
ranging from+0.26 t0+0.43 for drug-RNA complexation

at pH 6.0 implies a i, value for the 3-amino group of the
RNA-bound drug to be in the range of 6.12 to 6.45. In other
words, RNA binding shifts thelf, of the 3-amino group of
ring | by approximately 0.380.71 units. Recent NMR and
X-ray crystallographic studies on paromomycin in complex
with different rRNA A-site constructs have revealed that the
3-amino group of ring | makes contact with a phosphate
group on the RNA backbones,(11, 20). This interaction
may account for the apparent RNA binding-induced shift
that we observe in thelf of the 3-amino group.

+ 0.09). This observation suggests that at pH 7.0, the binding
of neomycin and paromomycin to the host RNA may be
coupled to the protonation of an amino group that ribosta-
mycin lacks. Recall that ribostamycin lacks ring IV, which
is present in both neomycin and paromomycin and contains
amino groups at the'2- and 6"-positions (see Figure 1).
The reported K, values for these two amino groups in
neomycin are 7.60 and 8.80, respectively (Figure1B).(
Thus, between these two amino groups, only tffea?nino
group will exhibit any significant degree of deprotonation
at pH 7.0 and is therefore a likely candidate for another
amino group (in addition to the'2and 3-amino groups
discussed above) whose protonation is linked to the RNA
binding of neomycin and paromomycin. Significantly, as
noted above in connection with the 3-amino group of ring I,
recently reported paromomyciiRNA structures §, 20)

Further inspection of the data in Table 2 reveals that the reveal that the 2Z-amino group of ring IV makes contact
value of An associated with the RNA binding of all three with RNA backbone phosphate functionalities and, if pro-
aminoglycosides increases upon a pH change from 6.0 totonated, is thus poised for electrostatic interactions with these
7.0. Specifically, raising the pH from 6.0 to 7.0 increases anionic phosphate groups. Such interactions would favor the
An from +0.36 £ 0.05 to+1.42+ 0.05 for the binding of protonated form of the'2-amino group and may therefore
neomycin, from+0.26 + 0.05 to +1.55 £+ 0.05 for the result in a binding-induced increase of itKvalue.
binding of paromomycin, and froar0.43+ 0.05 to+ 1.11 Another feature of interest in Table 2 is the valuedbfi,

+ 0.04 for the binding of ribostamycin. This result suggests which are the true intrinsic drugRNA binding enthalpies
that the protonation of at least one or more drug amino that are independent of the buffer system employed. Note
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Table 3: Temperature Dependent Enthalpy and Corresponding Heat ~R€ductions in solvent accessible surface are known to have

Capacity Changes for the Binding of Neomycin-Class an impact on the value akC, (21—24), with the burial of
Aminoglycosides to the A-Site Model RNA Oligonucleotide at a nonpolar surfaces causimgC, values to be more negative
Na’ Concentration of 60 mK¥ and the burial of polar surfaces causing, values to be
AHops @ 25°C AHops @ 37°C AC more positive. Thus, it is likely that the negati€, values
drug pH  (kcal/mol) (kcal/mol) ~ (cal mof* K™ we observe accompanying aminoglycosid®NA complex-
neomycin 6.0 —9.6+01 —145+01  —408+17 ation include contributions from binding-induced reductions
paromomycin 6.0 —6.1+01 -10.3+02  —350+25 in nonpolar solvent accessible surface. In this connection,
ribostamycin 6.0 —6.9+01  —96+01  -225+17 the paromomycirrRNA structures recently reported by the
neomycin 7.0 —20.0+0.1 —25.8+0.2 —483+25 = .
paromomycin 7.0 —17.0£0.1 —22.7+01  —A475+17 Puglisi ) and Westhof 20) groups reveal that ring Il of
ribostamycin 7.0 —12.0+£0.1 —14.940.2  —2424+25 the drug stacks with guanine 1491, whose base pair with
2All the data in this table are derived from ITC experiments CYtOSine 1409 forms the floor of the drug binding site. This
conducted in cacodylate bufférHeat capacity changes\C,) were interaction significantly reduces the nonpolar solvent acces-

determined using eq 4 and the observed enthalpy changes listed insible surface of ring Il and is likely to contribute to the
columns 3 and 4. The indicated uncertainties reflect the maximum errors ghseryed negative\C, values associated with the RNA
In the values oi\Ho, as propagated through eq 4. binding of all three aminoglycosides studied here. In addition,
) . recall that at pH 6.0, the\C, value for the binding of
that while the absolute values dfHiy differ from the ribostamycin is significantly less negative than the corre-
corresponding values @&H,pg the patterns of pH and drug sponding AC, values for the binding of neomycin and
dependence ohH,ys described in the previous sections are paromomycin, despite the three drugs exhibiting similar
maintained iMAHi. _ o _values at this pH. Thus, the comparatively less negai@g
Neomycin-Class Aminoglycoside Binding to the A-Site yajye for the binding of ribostamycin versus those values
RNA Oligonucleotide Is Associated with a NegatHeat  for the binding of neomycin and paromomycin may be due
Capacity ChangeAC;), the Magnitude of Which Increases g the absence of ring IV in ribostamycin, which, in turn,
with Increasing pH.In addition to the ITC experiments  requces the amount of nonpolar surface that can be buried
described in the previous sections, which were all Conductedupon RNA binding. Note that the magnitude and sign of the
at 25°C, we also conducted parallel ITC experiments at 37 AC, values we observe for aminoglycosiRNA complex-
°C. The values oAH,psderived from these ITC experiments  tion fall within the range of-100 to—550 cal mot® K1
conducted at two different temperatures enabled Us tothat js typically observed for both ligarcucleic acid as
determine the heat capacity changeC() associated with  \ye|| as ligand-protein interactions23—27).
the aminoglyc_oside_RNA interactions using the following Neomycin, Paromomycin, and Ribostamycin Exhibit Dif-
standard relationship: ferential Affinities for the A-Site RNA Oligonucleotid.
AH. — AH comparison_of the RNA bindi_ng affinities of neomycin_,
AC. = T T, ) paromomycin, and ribostamycin offers us the opportunity
P T,-T, to evaluate the impact of specific alterations in drug structure
on RNA complexation. Recall that we were able to determine
The resulting values oAHqps [which reflect the observed  association constants for the RNA binding of paromomycin
enthalpies for the first binding event (i.AH;)] and AC, at pH 7.0, as well as for the RNA binding of ribostamycin
are listed in Table 3. Note that, at pH 6.0, the RNA binding at both pH 6.0 and 7.0, by fitting the ITC data shown in
of neomycin, paromomycin, and ribostamycin is associated Figure 5C,E,F. Unfortunately, the tight binding of neomycin
with a negativeAC,, with the magnitudes of these values and paromomycin to the host RNA at pH 6.0, as well as of

following the hierarchy neomycin<408 cal mot* K-1) > neomycin at pH 7.0, precluded us from accurately fitting
paromomycin 350 cal moit K—1) > ribostamycin 225 the ITC profiles shown in Figure 5A,B,D. Thus, from these
cal molt K~%). These negativAC, values reflect contribu-  ITC profiles, we were able to determine only the observed

tions not only from the binding equilibrium between the drug binding enthalpies associated with the first apparent binding
and the host RNA, but also from the coupled protonation event AH; in Table 1). To determine neomyciiRNA
equilibrium. Further, note that thaC, for the binding of association constants at pH 6.0 and 7.0, as well as a
the three drugs to the host RNA becomes even more negativegparomomycir-RNA association constant at pH 6.0, we used
with a pH change from 6.0 to 7.0. Specifically, increasing the ATy approach described below. The measured change
the pH from 6.0 to 7.0 changes the valueAd@, from —408 in the thermal stability of the host RNA duplex induced by
to —483 cal mot! K1 for the binding of neomycin, from  the drug under consideration (see Figure 3) was used to
—350 to —475 cal mot! K1 for the binding of paromo-  estimate the apparent dra@®NA association constant &,
mycin, and from—225 to—242 cal mot* K~ for the binding (K, from the following expressionl@):

of ribostamycin. Recall that a pH increase from 6.0to 7.0 is

associated with a corresponding increase in the number of 11 _ NR In(1+ K, L) 5)
protons that are taken up as a result of the RNA binding Tmo Tm  AHp, Tm

reaction (see Table 2). Hence, the pH-induced increase in

the magnitude oAAC, (AAC,) is likely to reflect contribu- In this expressionTme and Ty, are the melting temperatures
tions from the corresponding pH-induced enhancement in of the drug-free and drug-bound duplex, respectivilys

the extent of binding-linked drug protonatiofnAn). In fact, the number of drug molecules bound per dupl&Kp,, is
AAC, andAAn follow the same hierarchies (compare Tables the enthalpy change for the melting of the duplex in the
2 and 3); namely, paromomyci neomycin> ribostamycin. absence of bound drug [a value we determined by differential
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Table 4: pH Dependence &Tx-Derived Association Constants at Thermodynamic Origins of the Differential Affinities
25 °C for the Complexation of Neomycin-Class Aminoglycosides to  Exhibited by Neomycin, Paromomycin, and Ribostamycin for

the A-Site Model RNA Oligonucleotide at a N&Concentration of the A-Site RNA OligonucleotiddVe supplemented the
60 mM calorimetric data in Tables 1 and 2 with the approprlﬁ}?
drug pH Tmo(°C}  Tm (°C)? Kaz (M~1p data from Table 4 to derive complete thermodynamic profiles

neomycin 6.0 68.8 30.8 (94 4.0) x 10P for the RNA binding of all three aminoglycosides studied
ﬁg(r)c;rgcr)nm)gi:ri]n 2.8 gg.g ng ggﬁ g.gg X 18‘; here at pH 6._0 anq 7.0. The resulting thermodynamic profile_s
neomyci%’ 20 692 738 e 1:8)§ 10 are summan'zed in Table 5. No'te Fha.t thfe thermodynamlc
paromomycin 7.0 69.2 712 (3:91.4) x 1° parameters Ils_ted in Table 5 are intrinsic binding parameters
ribostamycin 7.0 69.2 69.5 (324.0)x 10° and thus are independent of the buffer system employed.

aT,, values were derived from UV melting profiles of the A-site Inspection of the data in Table 5 reveals a number of features
model oligonucleotide in the absenck,f) and presence of drugs (at worthy of note:
a [total drug] to [RNA] ratio of 1.0), with an uncertainty in the data of (i) At both pH 6.0 and 7.0, the RNA binding affinities of
is?hl ;Cé b ?zigcéaggré ;S%r;_st:’;lgtsn ?ﬁeﬁft(ﬁ%‘z awe[%a?ﬁfBTze% ethe three aminoglycosides exhibit the following hierarchy:
| | | XL, | | , W H H . H
ﬂse(? Dgc to determine the requisite vaIueAcHDip(—&-?G.Oi 2.?—3 neomycin= paron_‘nomycm> ribostamycin. NOt.e the agree-
kcal/imol). For application of eq 6, we used ITC to determine the MeNt between this hierarchy and that described above for
requisite values ohH, andAC, listed in Tables 2 and 3, respectively.  the binding-induced enhancement in duplex thermal stability
(see Figure 3 and Table 4). Thus, in this case, the relative
extent to which drug binding thermally stabilizes the target
scanning calorimetry (DSC) to b€76.0+ 2.5 kcal/mol], RNA is correlated with its relative binding affinity.
andL is the free drug concentration @, (which can be (i) The affinities of all three drugs for the host RNA duplex
estimated by one-half the total drug concentration). We then decreases by 0-41.4 kcal/mol (depending on the drug) with
extrapolated this binding constant @ to a reference  apH increase from 6.0 to 7.0. This decrease in affinity occurs
temperature of 25C (Kgg) using the following relationship  despite a corresponding enhancement in binding enthalpy
(28): (AHin) ranging from 4.8 to 10.3 kcal/mol. By contrast, the
pH change from 6.0 to 7.0 reduces the entropic contribution
Ks to binding TASn) by 6.2-11.0 kcal/mol, depending on the
Tm)ACp/R (6) drug. In fact, for each drugflAS,: changes from a positive

m

K=

T (favorable) value at pH 6.0 to a negative (unfavorable) value

at pH 7.0. These pH-dependent changeAlity: and TASy
The resultingk]? values for the RNA binding of all three ~ are consistent with the binding-induced protonation events
drugs studied here at both pH 6.0 and 7.0 are listed in Tablediscussed above, since such protonation events are enthal-
4. Note that thes&Jz values reflect the association con- Pically favorable, while being entropically costly. Note that
stants of the first drug molecules to bind the host RNA (i.e., the pH-induced gains in enthalpy only partially compensate
Ky in Table 1). Inspection of the data in Table 4 reveals a the corresponding losses in binding entropy, thereby resulting

o AHTRITy— 1M ACTR(WUTr=1T) (

number of significant features: (i) Th&l values for ~ Inanetreductionin binding free energy (i.e., affinity), which
ribostamycin-RNA complexation at both pH 6.0 [(2.& is entirely entropic in origin. In other words, raising the pH
0.6) x 107/ M~1 and 7.0 [(3.2+ 4.0) x 10° MY, as well lowers the RNA binding affinities of the drugs because the

as theK]r value for paromomycinRNA complexation at corresponding gain in binding enthalpy that accompanies
pH 7.0 [(3.9+ 1.4) x 10® M~1], are in excellent agreement binding-induced protonation is not sufficient to overcome
with the correspondind; values derived from fits of the ~ the concomitant loss in binding entropy. _

ITC profiles shown in panels C [(1.Z 0.3) x 10/ M1, F (iif) At pH 6.0, neomycin exhibits a 1.4 kcal/mol higher
[(1.6 + 0.2) x 10 M~1, and E [(2.7+ 0.5) x 108 M~1] of affinity for the host RNA than paromomycin and a 1.7 kcal/
Figure 5 (compare Tables 1 and 4). This gratifying concor- Mol higher affinity at pH 7.0. In both cases, the reduced
dance between association constants derived from twobinding affinity of paromomycin relative to that of neomycin

independent approaches validates our use oAfhgmethod IS the result of a less favorable binding enthalpy. In fact,
to calculate aminoglycosideRNA association constants, —relative to neomycin, the reduced affinity of paromomycin
particularly under conditions where tight draBNA binding occurs despite an enhanced entropic contribution to binding,

precludes accurate fitting of ITC data. (i) At pH 6.0, the Which cannot compensate the substantially less favorable
affinity of neomycin for the host RNA is approximately 10-  binding enthalpy. Thus, the enhanced affinity of neomycin
fold greater than the affinity of paromomycin, while being for the target duplex relative to that of paromomycin is
approximately 12-fold greater at pH 7.0. Thus, under the entirely enthalpic in origin. Recall that neomycin and
conditions employed, the presence of 'eafino versus a  paromomycin differ with respect to the substituent at the 6
6'-hydroxyl group (compare the structures of neomycin and position, with this substituent being an OH group in
paromomycin in Figure 1) enhances the affinity for the host paromomycin and a Nt group in neomycin (see Figure
RNA by roughly 1 order of magnitude. (i) At pH 6.0, the 1). Hence, the presence of &aHz* versus a B0OH group
affinity of neomycin for the host RNA is 470-fold greater results in an enthalpically driven enhancement in affinity.
than the affinity of ribostamycin, while being 1500-fold Our buffer-dependent calorimetric data discussed above (see
greater at pH 7.0. Hence, the presence of ring IV provides Table 2) reveal that both neomycin and paromomycin exhibit
a substantial contribution to RNA binding affinity, the similar degrees of binding-induced protonation at pH 6.0 and
magnitude of which increases with increasing pH. 7.0. Furthermore, the'®#Hz;" group of neomycin has a
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Table 5: Thermodynamic Profiles for the Binding of Neomycin-Class Aminoglycosides to the A-Site Model RNA Oligonucleotid&Cat 25
and a N& Concentration of 60 mM

AHind TAS? AG @ 25°CP Ka@ 25°C
drug pH (kcal/mol) (kcal/mol) (kcal/mol) (M)
neomycin 6.0 -9.4+0.1 +4.2+0.3 —13.6+0.2 (9.4+ 4.0) x 10°¢
paromomycin 6.0 —6.0+£0.1 +6.2+ 0.3 —12.2+ 0.2 (9.3+ 4.2) x 10°¢
ribostamycin 6.0 —-6.7+0.1 +3.2+0.2 —-9.9+0.1 (1.7+0.3) x 107d
neomycin 7.0 —19.3+0.1 —6.1+0.3 —13.2+0.2 (4.84+ 1.8) x 10°¢
paromomycin 7.0 —-16.3+0.1 —4.8+0.2 —11.54+0.1 (2.7+0.5) x 10°d
ribostamycin 7.0 —-11.5+0.1 —3.0+£0.2 —-8.5+0.1 (1.6+0.2) x 10°¢

a AHi and ASy; are the intrinsic binding enthalpy and entropy, respectively. These intrinsic binding parameters are independent of the buffer
employed. Values oAH;,; were determined as described in the text, while valueBA&,; were determined using eq 2AG is the binding free
energy, as determined using eg®Association constants for neomycin at pH 6.0 and 7.0, as well as for paromomycin at pH 6.0, were derived
using theAT-based approach described in the téx&ssociation constants for ribostamycin at pH 6.0 and 7.0, as well as for paromomycin at pH
7.0, were derived from fits of the corresponding ITC profiles.

reported K, of 8.60 (L5) and, therefore, would be essentially of solvent and counterions, crystallographic and computa-
fully protonated at both pH 6.0 and 7.0. Thus, it is unlikely tional studies have revealed the presence of coordinated water
that the enthalpy-driven enhanced RNA binding affinity of molecules and positively charged ions in the highly elec-
neomycin relative to paromomycin reflects significant con- tronegative major grooves of A-form nucleic acid duplexes
tributions from differences in binding-linked protonation. (31—38). Hence, the reduced entropic contribution to the
Instead, the molecular basis for this enthalpy-driven enhancedRNA binding of ribostamycin relative to neomycin may
affinity may reflect contributions from a number of different reflect differing extents of binding-induced solvent and
potential sources, including differential hydrogen bonding counterion release from the RNA major groove by the two
interactions (which are typically manifested enthalpically) drugs, with the larger and more positively charged neomycin
and differential hydration changes (which have both enthalpic molecule causing more extensive release of solvent molecules
and entropic effects). Note that our observed-1L4 kcal/ and counterions than ribostamycin. The larger size (by virtue
mol enhanced affinity of neomycin relative to paromomycin of having ring 1V) and more positively charged nature (by
for the A-site RNA oligomer are similar in magnitude to virtue of having two additional amino groups) of neomycin
those recently reported based on computatio28) and relative to ribostamycin would allow neomycin to exhibit a
surface plasmon resonance studigg).( larger binding-induced change in solvent accessible surface
(iv) At pH 6.0, neomycin exhibits a 3.7 kcal/mol higher as well as more extensive electrostatic interactions with the
affinity for the host RNA than ribostamycin and a 4.7 kcal/  host RNA. In fact, our\C, results discussed above, coupled
mol higher affinity at pH 7.0. At pH 6.0, the enhanced with recently reported structural and computational studies
affinity of neomycin is 73% enthalpic and 27% entropic in (6, 11, 20, 29), provide support for both of these possibilities.
origin, while, at pH 7.0, the enhanced affinity of neomycin — ay 514 7 o all the potential factors discussed above that
Is entirely ent_hglp|c n O”g'n'.At pH .6'0’ th? 3.7 kcal/mo.l would serve to enhance the RNA binding affinity of
enhanced affinity of neomycin relative to ribostamycin is neomycin relative to ribostamycin are still valid. However,

not likely to include contributions from binding-induced drug our buffer-dependent calorimetric studies described above

H H U n_ -+ 1
protongtlon, since .bOth the'2 and 6 NH3 groups of ring (Table 2) indicate that the differential affinities of neomycin
IV (which neomycin possesses but ribostamycin lacks) are and ribostamycin at pH 7.0 also reflect contributions from

essentially fully protonated at this pH (given their reported differential binding-induced protonation, with tien value

(15) pK, values of 7.60 and 8.80, respectively). In fact, our - . :
buffer-dependent calorimetric studies described above (seefor the binding of neomycin (1.42) being greater than the

: . : o ) corresponding value (1.11) for the binding of ribostamycin.
Table 2). are consistent with .th'S notion in reyealmg that both These contributions would serve to reduce the affinity of
neomycin and ribostamycin exhibit similar degrees of

binding-induced protonatiom = 0.36 and 0.43, respec- neomycin relative to ribostamycin for the host RNA and

tively) at pH 6.0. Thus, the enhanced affinity of neomycin would also account for the 100% enthalpic origins of the
y) at pr ©.0. Thus, yorr Y enhanced neomycin RNA binding affinity at pH 7.0 relative
versus ribostamycin probably reflects contributions from

multiple other sources, including differential hydrogen bond- to pH 6.0 (at which the enhanced neomycin affinity is only
in patterns differen,tial solvgnt and coun¥eriogrl uptake/ /3% enthalpic in origin). Thus, the observed 4.7 kcal/mol
gp e o . UPtaKe/ o hanced affinity of neomycin versus ribostamycin would
release, differential electrostatic interactions, and differential . . .
) . . . be even greater if it were not for the partially compensating
changes in solvent accessible surface. In connection with

differential hydrogen bonding interactions, crystallographic effects of the dlffer.entlal blndlng-lnduged protonation. .
studies by Ramakrishnan and co-workers on paromomycin Salt Dependencies of the Neomycin and Paromomycin
in complex with the 30S ribosomal subunit hermus Binding Affinities for the A-Site RNA Oligonucleotide Are
thermophilushave shown that the"6NHs+ and 3"-OH Consistent with at Least Three Drug BHGroups Partici-
functionalities of ring IV make contact with the phosphates Pating in Electrostatic Interactions with the Host RNA(e

of both G1405 and C1490 (the equivalent base to U1490 in used theATy, method described above to derive neomycin
the E. coli 30S ribosomal subunitlLd). Such contacts would ~ RNA and paromomyciRNA association constants at 25
be absent in the ribostamyeifRNA complex, thereby ~ °C and pH 6.0 over a range of Naconcentrations. The
reducing the binding free energy of ribostamycin relative to resultingk;z values are listed in Table 6. Note that for each
neomycin. In connection with the differential uptake/release drug, Kgg decreases with increasing Naoncentration.
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Table 6: Salt Dependence of tiel,-Derived Association
Constants at 28C for the Complexation of Neomycin and
Paromomycin with the A-Site Model RNA Oligonucleotide at pH
6.0

[Na](MM)  Two(°CF  Tm(°CR Kz (MP
Neomycin
60 68.8 80.8 (9.4 4.0)x 1O
81 70.2 80.7 (5.6 2.2) x 10°
109 71.5 79.6 (2. 0.8) x 10°
129 72.4 78.7 (1.2 0.3)x 1
147 72.9 78.3 (7.£24)x 10°
Paromomycin
60 68.8 78.5 (9.3:4.2) x 10°
81 70.2 77.3 (3.3:1.4)x 10
109 715 76.1 (1.20.5)x 1¢®
129 72.4 75.9 (6.8 2.7)x 107
147 72.9 75.2 (3.6:1.5) x 10/

aTm values were derived from UV melting profiles of the A-site
model oligonucleotide in the absenck.§) and presence of drug (at a
[total drug] to [RNA] ratio of 1.0), with an uncertainty in the data of
+0.1 °C. > Association constants at 2& (KJr) were determined as
described in the text, with the indicated uncertainties reflecting the
maximum errors as propagated through eqgs 5 and 6.

| —O—Neomycin

7.0 —e—Paromomycin .
6.5 I R T S
-1.3 -1.2 -1.1 -1 -0.9 -0.8

log({Na*])
Ficure 6: Salt dependence of the neomycin and paromomycin
binding affinities for the A-site RNA oligonucleotide at pH 6.0.

Log(K3p) vs log(Na']) plots for neomycin (open circles) and
paromomycin (filled circles) complexation with the host RNA. The
experimental data points were fit by linear regression, with the
resulting fits depicted as solid lines.

This observation indicates that electrostatic interactions play
an important role in the binding of both drugs to the host
RNA duplex. An estimate for the minimum number of drug
NHs* groups that participate in electrostatic interactions with
the host RNA can be derived from plots of l&gf) versus
log([Na']). Such plots for the data listed in Table 6 are shown
in Figure 6. Note the linear dependencies of the data for
both neomycin and paromomycin, which upon linear regres-
sion analyses, yield slopesd[{og K;?;)/(a log [Na'])] of
—3.0£ 0.4 and—3.6 £ 0.2, respectively, two values whose
difference is within the experimental uncertainty. This
observation is consistent with at least three drugNgtoups
participating in electrostatic interactions with the RNA.
Recall that the only difference between neomycin and
paromomycin is that neomycin has an NHyroup at the
6'-position of ring Il instead of the OH group in paromo-
mycin (see Figure 1). Further recall that thi€,f the 8-
amino group of neomycin is 8.6Q%). Thus, at pH 6.0, the
6'-amino group of neomycin is essentially fully protonated,
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thereby affording neomycin one additional positive charge
relative to paromomycin. Despite this additional charge,
neomycin and paromomycin exhibit similar salt sensitivities
in their binding to the host RNA. Thus, the enthalpy-driven
enhanced RNA binding affinity of neomycin versus paro-
momycin afforded by the presence of tHeNgH3+ group does
not appear to reflect additional discrete electrostatic interac-
tions in the neomycirRNA complex.

CONCLUDING REMARKS

The studies reported here are minimum first steps toward
establishing the thermodynamic database needed to provide
insight into the molecular forces that dictate and control
aminoglycoside recognition of RNA. Such a database will
facilitate the rational design of aminoglycosides with predict-
able sequence- and/or structure-dependent RNA affinities and
specificities. In this connection, specific alterations in rRNA
sequence and structure have been shown to impart resistance
to aminoglycoside activity39, 40), while others have been
suggested as being the basis for the specificity of aminogly-
cosides for prokaryotic (versus eukaryotic) ribosom&k (
42). It has also been demonstrated that aminoglycoside
targeting of specific RNA regions that serve as protein
recognition sites interferes with protein binding and function
(43—49). Thus, predictable binding affinities and specificities
for predetermined RNA sites would have enormous value.
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