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Abstract: Spectroscopic and calorimetric techniques were employed to characterize and contrast the binding
of the aminoglycoside paromomycin to three octamer nucleic acid duplexes of identical sequence but different
strand composition (a DNA-RNA hybrid duplex and the corresponding DNA:-DNA and RNA-RNA duplexes).
In addition, the impact of paromomycin binding on both RNase H- and RNase A-mediated cleavage of the
RNA strand in the DNA-RNA duplex was also determined. Our results reveal the following significant
features: (i) Paromomycin binding enhances the thermal stabilities of the RNA-RNA and DNA-RNA duplexes
to similar extents, with this thermal enhancement being substantially greater in magnitude than that of the
DNA-DNA duplex. (if) Paromomycin binding to the DNA-RNA hybrid duplex induces CD changes consistent
with a shift from an A-like to a more canonical A-conformation. (iii) Paromomycin binding to all three octamer
duplexes is linked to the uptake of a similar number of protons, with the magnitude of this number being
dependent on pH. (iv) The affinity of paromomycin for the three host duplexes follows the hierarchy, RNA-
RNA > DNA-RNA > DNA-:DNA. (v) The observed affinity of paromomycin for the RNA-RNA and DNA:
RNA duplexes decreases with increasing pH. (vi) The binding of paromomycin to the DNA-RNA hybrid
duplex inhibits both RNase H- and RNase A-mediated cleavage of the RNA strand. We discuss the
implications of our combined results with regard to the specific targeting of DNA-RNA hybrid duplex domains
and potential antiretroviral applications.

Introduction considerably. These RNA structures include ribozymes, protein

The aminoglycosides are a family of antibiotics whose Pinding elements, aptamers, and polymeric dupléxesIMR
bactericidal activities are derived from their abilities to form a and crystallographic studies on several aminoglycoside-RNA
complex with the small ribosomal subunit, thereby interfering complexes have provided some key insights into the structural
with protein synthesié? The majority of aminoglycosides nature of the drug binding sité8.:'> One of the common
contain the aminocyclitol moiety, 2-deoxystreptamine (2-DOS). features to emerge from the structural studies of aminoglycoside-
Aminoglycosides of the 2-DOS family specifically target RNA interactions is the major groove-directed mode of com-
conserved sequences in the A site of the 16 S ribosomal RNA plexation. In many cases, the sequence of the host RNA dictates
(rRNA) subunit3=5 In recent years, the array of RNA structures a specific structural motif or conformation that, in turn, serves
that can be targeted by the aminoglycosides has increasedas a specific recognition element for the aminoglycoside.
Formation of the specific aminoglycoside binding site can be

TUMDNJ-Robert Wood Johnson Medical School.
* Rutgers University.

8 The Cancer Institute of New Jersey. (6) Wallis, M. G.; Schroeder, RProg. Biophys. Mol. Biol1997, 67, 141—
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J. 1991 10, 3099-3103. (14) Vicens, Q.; Westhof EStructureZOOl 9, 647-658.
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dependent on a drug-induced conformational change in the host

RNA, as has been demonstrated for aminoglycoside complex-
ation with the A site of 16 S rRNA?2.13-16

Recent studies by the Shafer group have shown that the
aminoglycosides lividomycin A, neomycin B, and kanamycin
B enhance the thermal stabilities of polymeric RNA duplexes
to a significantly greater extent than the corresponding polymeric
DNA duplexes’ an observation that was later recapitulated by
Arya and co-workerd® On the basis of these results, as well as
those described above, it is tempting to classify the aminogly-
cosides as RNA-specific nucleic acid binding ligands. However,

several recent studies have indicated that the nucleic acid binding

specificity of the aminoglycosides is not for RNA, but rather
for the A-conformation. First, NMR studies by the Wang group
have demonstrated that neomycin B can induce the B-to-A
transition in GC-rich oligomeric DNA duplexe&® a behavior
that is also exhibited by the cationic ligands, Co@ and
sperminet®20 Significantly, these studies also revealed that the
three ligands share a common structural basis for their induction
of the B-to-A transition, which involves discrete interactions
between the ligand and the major groove of the host DNA.
Second, CD and NMR studies by the Shafer group have shown
that lividomycin A facilitates the ethanol-induced B-to-A
transition in calf thymus DNA through its interactions with the
major groove of the host duplé%Third, neomycin significantly
enhances the thermal stability of the poly(eZgoly(dT) triplex,
which is known to adopt an A-like conformatidh?? while
having little or no effect on the thermal stability of the
corresponding poly(dApoly(dT) duplexi®

The specificity exhibited by aminoglycosides for the A-
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Figure 1. (A) Base sequences of the two DNA (lower case “d”) and two
RNA (lower case “r") octamers used in this study. (B) The chemical
structure of paromomycin |, with the ring numbering indicated in Roman
numerals and the atomic numbering indicated in Arabic numerals.

corresponding DNADNA and RNARNA duplexes of the
same sequence (see Figure 1 for the sequences of the RNA and
DNA octamers used in this study, as well as for the structure
of paromomycin). The sequence of the RNA strand in the RNA

conformation raises the possibility that these drugs may be ableDNA hybrid duplex studied here is derived from the HIV-1

to target RNADNA hybrid duplexes, which adopt A-like
structure$?® The potential of RNADNA hybrids to serve as
aminoglycoside targets has been highlighted by the recent
observation that a number of different 2-DOS aminoglycosides
(including neomycin, paromomycin, and tobramycin) enhance
the thermal stability of the poly(rApoly(dT) duplex?* The
targeting of RNADNA hybrid structures with small molecules
offers the potential for modulating specific biochemical pro-
cessed*25 One such process is RNase H-mediated RNA
cleavage, an activity exhibited by retroviral reverse transcriptases
that is essential for viral replicatici.

Here, we use a combination of spectroscopic and calorimetric
techniques to characterize and contrast the binding of the
aminoglycoside paromomycin | (hereafter denoted as paromo-
mycin) to an octameric RNANA hybrid duplex versus the

(16) Fourmy, D.; Yoshizawa, S.; Puglisi, J. D. Mol. Biol. 1998 277, 333~
345.

(17) Chen, Q.; Shafer, R. H.; Kuntz, I. Biochemistry1997 36, 11 402-
11 407.

(18) Arya, D. P.; Coffee, R. L., Jr.; Willis, B.; Abramovitch, A.J. Am. Chem.
Soc.2001, 123 5385-5395.

(19) Robinson, H.; Wang, A. H.-Nucleic Acids Resl996 24, 676-682.

(20) Xu, Q.; Shoemaker, R. K.; Braunlin, W. Biophys. J.1993 65, 1039—
1049.

(21) Arnott, S.; Selsing, EJ. Mol. Biol. 1974 88, 509-521.

(22) Arnott, S.; Bond, P. J.; Selsing, E.; Smith, P. INGcleic Acids Res.976
3, 2459-2470.

(23) Saenger, WPrinciples of Nucleic Acid StructureSpringer-Verlag: New
York, 1983.

(24) Arya, D. P.; Coffee, R. L., Jr.; Charles,J. Am. Chem. So001, 123
11 093-11 094.

(25) Ren, J.; Qu, X.; Dattagupta, N.; Chaires, J.JBAm. Chem. SoQ001
123 6742-6743.

(26) Larder, B. A. InReverse Transcriptasésoff, S. P., Ed.; Cold Spring Harbor
Laboratory Press: New York, 1993; pp 26822.
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genome and consists of the four bases at then8 of the U5
region and the four bases at theehd of the primer binding
site (PBS}’ This sequence was selected because it includes a
specific RNase H cleavage site for the reverse transcriptase
enzyme of HIV-128 Our results demonstrate that the affinity
of paromomycin for the RNADNA and RNARNA duplexes

is substantially greate(187-fold) than that for the DNADNA
duplex. Furthermore, the binding of paromomycin to the RNA
DNA hybrid duplex induces a conformational transition from
an A-like to a more canonical A-conformation, consistent with
an A-form binding specificity. Our results also reveal that the
binding of paromomycin to the RN®ONA hybrid duplex
antagonizes both RNase H- and RNase A-mediated cleavage
of the RNA strand. We discuss the implications of our results
with regard to the specific targeting of RNBNA hybrid duplex
domains and potential antiretroviral applications.

Materials and Methods

Enzyme, Nucleic Acid, and Drug MoleculesThe D1 and D2 DNA
oligonucleotides were synthesized using standard phosphoramidite
procedures. The R1 and R2 RNA oligonucleotides were synthesized
using phosphoramidites protected as previously descffsElde final
deprotection and purification strategy used for these RNA oligonucle-
otides was described earli@Paromomycin sulfate was obtained from

(27) Mueller, U.; Maier, G.; Onori, A. M.; Cellai, L.; Heumann, H.; Heinemann,
U. Biochemistry1998 37, 12 005-12 011.

(28) Guate, M.; Fackler, S.; Hermann, T.; Perola, E.; Cellai, L.; Gross, H. J.; Le
Grice, S. F. J.; Heumann, HEMBO Journal1995 14, 833—-841.

(29) Song, Q.; Wang, W.; Fischer, A.; Zhang, X.; Gaffney, B. L.; Jones, R. A.
Tetrahedron Lett1999 40, 4153-4156.
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Fluka and used without further purification. Recombinantoli RNase the B-end using T4 polynucleotide kinase. Different concentrations of

H was obtained from USB, while bovine pancreas RNase A was paromomycin, ranging from 0.0625 to 1.0 mM, were mixed with 0.5

obtained from Sigma. uM of D1:R2. 10 pg of enzyme then were added to initiate the cleavage
UV Absorption Spectrophotometry. All UV absorbance experi- reaction. After incubation at 37C for 30 min, the reaction was stopped

ments were conducted on an AVIV Model 14DS Spectrophotometer by addition ¢ 3 M urea containing a mixture of bromophenol blue
(Aviv Associates; Lakewood, NJ) equipped with a thermoelectrically and Xylene cyanol. The cleavage products were resolved in a 15%
controlled cell holder. A quartz cell wita 1 cmpath length was used  Polyacrylamide gel containgd8 M urea. The gels were subsequently
for all the absorbance studies. Absorbance versus temperature profilestnalyzed using a phosphoimager (Molecular Dynamics, Inc.).

were measured at 274 nm Wit 6 saveraging time. The temperature RNase H Cleavage AssayThe RNase H activity of recombinant
was raised in 0.5C increments, and the samples were allowed to E. coliRNase H was assayed in a 4D reaction mixture containing
equilibrate for 1 min at each temperature setting. In these thermal the same buffer described above for the RNase A experiments. R2 was

denaturation studies, nucleic acid solutions wergW0in duplex and 32P-labeled as described above. Different concentrations of paromo-
contained paromomycin at concentrations ranging from O te@0 mycin, ranging from 0.05 to 0.4 mM, were mixed with Q.51 of D1+

The buffer solutions for the UV melting experiments contained 10 mM R2. Two units of enzyme then were added to initiate the cleavage
sodium cacodylate (pH 6.0), 0.1 mM MEDTA, and sufficient NaCl reaction. After incubation at room temperature for 1 h, the reaction

to bring the total Na concentration to 60 mM. For each optically =~ was stopped as described above. The cleavage products were subse-
detected thermal transition, the melting temperafTirg \Was determined quently resolved and analyzed as described above.
as previously described.
Circular Dichroism (CD) Spectropolarimetry. CD experiments ~ €sults and Discussion
were conducted at 18C on an AVIV Model 60DS spectropolarimeter

(Aviv Associates; Lakewood, NJ) equipped with a thermoelectrically fPharcl)?rri.oFr{nzycm d%rlfjll;lngEnTances thes'!'ht_elrmgl Stablllt_lehs
controlled cell holder. A quartz cell wita 1 cmpath length was used of the an uplexes to a Similar Extent, wit

for all the CD studies. CD spectra were recorded from 230 to 320 nm this Thermal Enhancement being Substantially Greater in

in 1 nm increments with an averaging time of 2 s. The titrations were Magn?tude than that of the Dl-DZ Duplex. UV melting
performed by incrementally adding 14 aliquots of 1 mM paromo- experiments were conducted in the absence and presence of

mycin into a nucleic acid solution (2.2 mL) that was/AM in duplex. paromomycin to assess the impact, if any, of the drug on the
Following each drug addition, the sample was allowed to equilibrate thermal stabilities of the DD2, R1:R2, and D1R2 duplexes.
for 3 min prior to acquisition of the CD spectrum. The buffer conditions  The resulting melting profiles are shown in Figure 2. Inspection
for the CD fitrations were identical to those described above for the of this figure reveals several features worthy of note. (i) The
UV melting experiments. The final CD spectra for the titration were t,armal stabilities T) of the three drug-free duplexes follow
normalized to reflect equimolar duplex concentrations. the hierarchy, RR2 (T = 55.8°C) > D1-R2 (Tm = 43.9°C)
Isothermal Titration Calorimetry (ITC). Isothermal calorimetric > D1-D2 (-l—n’1 = 41.6 °C). Thus, duplex thermal stability
T:.as”(r:erlnelms Vl\\’ler?hperf?rmedM :t ?5 Or: a MI'Crocal. VFLt'TC depends on strand composition (RNA versus DNA). Note that
(_|cro al, ‘nc., Northampron, ): In a typical experiment,.& our observed hierarchy of duplex thermal stability is consistent
aliquots of 50QM paromomycin were injected from a 250 rotating with that previously observed by Gyi et #lin studies on a

(300 rpm) syringe into an isothermal sample chamber containing 1.42 . 7 . .
mL of a solution containing either BD2, R1:R2, or D1R2 that was series of decamer duplexes containing both purine-rich and

20 uM in duplex. Each experiment of this type was accompanied by PYrimidine-rich DNA and RNA strands. (ii) The presence of
the corresponding control experiment in which the drug was injected Paromomycin enhances the thermal stability of each duplex,
into a solution of buffer alone. The duration of each injection was 5s an observation consistent with paromomycin binding to each
and the delay between injections was 240 s. The initial delay prior to of the target duplexes with a preference for the double- versus
the first injection was 60 s. Each injection generated a heat burst curve single-stranded sta#é (iii) The extent to which paromomycin
(ucallsec vs sec). The area under each heat burst curve was determineginding enhances duplex thermal stabilityT¢,) follows the

by integration [using the Origin version 5.0 software (MicroCal, Inc., hierarchy, R1IR2 ~ D1-R2 > D1-D2. Specifically, paromo-
Northampton, MA)] to obtain a measure of the heat associated with mycin binding enhances the thermal stability of the all-RNA

that injection. The heat associated with each drug-buffer injection was duplex and corresponding RNBNA hybrid duplex to a similar
subtracted from the corresponding heat associated with each drug-duplex

injection to yield the heat of drug binding for that injection. The exFent AT = (.5'3 and 6.2°C, respectively), with this ex_tent
resulting corrected injection heats were plotted as a function of the P€ING substantially gre?ter than that of the corresponding all-
[drug)/[duplex] ratio and fit with a model for either one set or two sets DNA duplex AT, = 0.8°C). Thus, as measured by differences

of binding sites using the MicroCal Origin version 5.0 software. The 1N ATm, paromomycin preferentia}lly targets the RNRNA and
calorimeter was calibrated both electronically and chemically as RNA-DNA hybrid duplexes relative to the DNANA duplex,

described previousl$? The buffer solutions for the ITC experiments  an observation confirmed by our ITC-derived binding affinities
contained either 10 mM sodium cacodylate, 10 mM MES, or 10 mM discussed in a later section.

PIPES, as well as 0.1 mM MaADTA. In addition, each solution Paromomycin Binding to the D1:R2 Hybrid Duplex

contained sufficient NaCl to bring th_e total Naon_centratlon t_o 60 Induces CD Changes Consistent with a Shift to a More

mM. The pH values of the ITC experimental solutions were either 6.0 . . .

or 7.0. Canonical A-Conformation. Figure 3A shows the CD spectra
from 230 to 320 nm of the RR2, D1:R2, and D1D2 duplexes

RNase A Cleavage A_ssaﬂ?he RNa_se A activity of bO.V".‘e pancreas i, the absence of paromomycin. The CD spectrum of the D1
RNase A was assayed in a 40 reaction mixture containing 10 mM

PIPES (pH 6.0) and 5 mM Mg&l10 pmol of R2 werd?P-labeled at D2 duplex exhibits a _negative band at 254 nm_and a positiye
band at 285 nm, with these two bands being similar in

(30) Song, Q.; Jones, R. Aetrahedron Lett1999 40, 4653-4654.

(31) Marky, L. A.; Breslauer, K. JBiopolymers1987, 26, 1601-1620. (33) Gyi, J. I; Conn, G. L.; Lane, A. N.; Brown, Biochemistry1996 35,
(32) Pilch, D. S.; Kirolos, M. A.; Liu, X.; Plum, G. E.; Breslauer, K. J. 12 538-12 548.
Biochemistry1995 34, 9962-9976. (34) McGhee, J. DBiopolymers1976 15, 1345-1375.
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Figure 2. UV melting profiles for the D1D2 (A), R1:R2 (B), and D1R2 [Drug]/[Duplex]

(C) duplexes in the presence and absence of paromomycin, with the [drug]/

[duplex] ratios tayy being O (filled circles), 1.0 (open circles), and 2.0 ~ Figure 3. (A) CD spectra (at 15C) of the RtR2, DIR2, and D1D2

(filled diamonds). For clarity of presentation, the melting curves were duplexes (1:M) in the absence of paromomycin. (B) CD titration of D1

normalized by subtraction of the upper and lower baselines to yield plots R2 (10xM) with paromomycin at 15C. From bottom to top at 265 nm,

of fraction single strando) versus temperatufd. All the UV melting the CD spectra correspond to [drug]/[duplex] ratiog,d ranging from 0

profiles were acquired at 274 nm. to 5.0 in increments of 0.5. (C) Molar ellipticity at 260 nmd]fso) as a
function of the [drug]/[duplex] ratio for the titration of DR2 with

itude. Thi . . D . ical of paromomycin. The solid lines reflect the linear least-squares fits of each
magnitude. This semiconservative CD spectrum is typical of & ;,5arent linear domain of the experimental data (filled circles) before and

canonical B-conformatiof?~3” The CD spectrum of the R1 after the apparent inflection point. The [drug]/[duplex] ratio (2.0) corre-
R2 duplex exhibits a large positive band at 265 nm and a sponding to the apparent inflection point is indicated. Molar ellipticity is
comparatively small negative band at 304 nm. These CD Spectralgxp:essed llr_1t units of degAem, where M refers to moles of nucleic acid

’ uplex per liter.
properties are characteristic of a canonical A-conformafiof!. piex P
The CD spectrum of the DR2 hybrid duplex exhibits a large  conformation that is intermediate between the B- and A-forms,
positive band at 2_66 nm, a smaller p05|t_|ve band at 288_ NM, hut closer to the A-conformatiot$:35-37
and a small negative band at 304 nm. This CD spectrum is not
typical of a canonical A-conformation nor is it typical of a
canonical B-conformatio?? 3" Instead, it is characteristic of a

Figure 3B shows the CD spectra obtained by incremental
titration of paromomycin into a solution of DR2. Note that
addition of the drug alters the CD spectrum of the host duplex.
These changes in duplex CD properties are indicative of

(35) Ivanov, V. I.; Minchenkova, L. E.; Schyolkina, A. K.; Poletayev, A. I.

Biopolymers1973 12, 89-110. interactions between paromomycin and the host duplex, and can
(36) Gray, D. M.; Ratliff, R. L.Biopolymers1975 14, 487-498. i ; indi
(37) Gray, D. M.: Ratliff, R. L. Vaughan, M. RVlethods Enzymol.992 211, be used to detect and monitor paromomycin binding. The
389-406. paromomycin-induced changes in the CD spectrum of the

6472 J. AM. CHEM. SOC. = VOL. 125, NO. 21, 2003
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D1-R2 duplex include increases in the intensities of both the T
positive band at 266 nm and the negative band at 304 nm, as 04 A ]
well as a decrease in the intensity of the positive band at 288 ~ 0
nm. These CD spectral changes are consistent with a paromo- § '_””””'”””””””””lIHHIHHHHH[
mycin-induced shift from an A-like to a more canonical §'°'1 I )
A-conformation®>-37 In other words, our CD data are consistent 5-02F 4
with the preferential binding of paromomycin to A-form versus § 03 i A
B-form nucleic acid duplexes. Further inspection of the CD g ’
spectra in Figure 3B reveals the presence of an isoelliptic point g 0.4 .
at. 279 nm. The presence of a single isoelliptic point is con5|§tent o5k i
with a single CD-detectable mode of paromomycin binding |
when DXR2 serves as the host duplex. 0.6 2; . ; - é ; ~ 1:) —
Figure 3C shows a titration curve at 260 nm extracted from Time x 10-3 (sec)
the family of CD spectra shown in Figure 3B. In this curve, e e e et
the data points represent the experimental molar ellipticities of 01FB .
the host duplex, whereas the solid lines reflect linear least- ~ 0 - ]
squares fits of each apparent linear domain of the experimental 3 l”l””l”lnmmm_
data. Note the presence of a single inflection point in the titration 011 .
curve, with this inflection point corresponding to a [drug]/ ?_0_2 | ]
[duplex] ratio of 2.0. This observation is consistent with an 5 ;
overall binding stoichiometry of two paromomycin molecules 5 03] T
per D1:R2 duplex, a stoichiometry confirmed by ITC studies E_OA i ]
described in a later section. - 1
At pH 6.0, Paromomycin Binds to the DXR2 Hybrid '0'5_- i
Duplex with a 3.7-Fold Lower Affinity than the Correspond- 06—t——t——l L 1.
ing R1-R2 RNA Duplex and a 187-Fold Higher Affinity than 2 4 Time)?10'3 (sgc) 10 12
the Corresponding D1:D2 DNA Duplex. We used ITC to
further characterize the binding of paromomycin to the three o1k~ 0 ]
target duplexes studied here. The resulting ITC profiles derived | C
from experiments conducted in cacodylate buffer at pH 6.0 and ’g on Tm ””””””
15 °C are shown in Figure 4. Each of the heat burst curves in =8 0.1 l“”””” -
Figure 4 corresponds to a single paromomycin injection. The 2 1
areas under these heat burst curves were determined by g 02 "“” ]
integration to yield the associated injection heats. These injection % -0.3 -
heats were corrected by subtraction of the corresponding dilution g 0al : A
heats derived from the injection of identical amounts of £ | ]
paromomycin into buffer alone and then plotted as a function 051 -
of rqup The resulting plots are shown in Figure 5. Note that the PO ]
plot resulting from the complexation of paromomycin with the 2 4 6 8 10 12
D1-D2 duplex (Figure 5A) is monophasic. By contrast, the Time x 10°3 (sec)

corresponding plots resulting from the interaction of paromo- Figure 4. ITC profiles at 15°C and pH 6.0 for the titration of paromomycin
mycin with the RtR2 (Figure 5B) and DR2 (Figure 5C) into a solution containing the BD2 (A), R1:R2 (B), or D1R2 (C) duplex
duplexes are biphasic. Thege qbservations indicate that thegpggg;iﬁﬂﬁjz,bxgﬁririag:Sleeitf(;’r:iﬁtgﬁ(;ﬁ g‘;;gs;&?ﬂaﬁecmn
complexation of paromomycin with the B2 duplex can be

described by a single binding equilibrium, while the complex- each of the three host duplexes is approximately two drug
ation of paromomycin with the RR2 and D1R2 duplexes can  molecules per duplex. For the ER2 hybrid duplex, the ITC-

be described by two distinct binding equilibria. In this connec- derived binding stoichiometry is consistent with the CD-derived
tion, the injection heat data in Figure 5A were fit with a model value discussed above.

for one set of binding sites, while the corresponding data in  Further inspection of the data in Table 1 reveals that, for the
Figure 5B and C were fit with a model for two independent R1-R2 and D1R2 duplexes, the affinity) of paromomycin
sets of binding sites. The resulting fits, which were calculated for the first binding site is substantially greater than the affinity
using the MicroCal Origin 5.0 software suite, are depicted as for the second binding site~@44-fold greater for RIR2 and
solid lines in Figure 5. For the acquisition of these fits, the ~39-fold greater for DAR2). Recall that our CD studies were
paromomycin-duplex association constadfy) @nd the observed  consistent with a single mode of paromomycin binding to the
binding enthalpy AHq,) Were used as free-floating parameters, D1-R2 duplex (see Figures 3B and C). This observation, coupled
while the drug-duplex binding stoichiometriNY was fixed with the observed binding stoichiometry of two paromomycin
during the fitting routine and manually varied to yield the best molecules per duplex, suggests that both drug molecules bind
fit. Table 1 summarizes the valueskf AHg,s andN derived to the DZXR2 duplex via a similar mode, even though they
from the fits of the data shown in Figure 5. Note that the overall exhibit differing affinities for the duplex. The same is likely to
binding stoichiometryl) for paromomycin complexation with ~ be true when RR2 serves as the host duplex, since the ITC
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1 T T T T Table 1. 1TC-Derived Binding Parameters for the Complexation of
2 Paromomycin with the Three Octamer Duplexes in Cacodylate

s Buffer at pH 6.0 and a Temperature of 15 °C?

@

.g. set(s) of

£ 1 duplex sites Ne Kad (MY AHgy? (kcal/mol)

Q

£ 2r ] D1-D2 1 1.7 (2.3:0.1) x 10* —2.2+0.1

g i R1-R2 2 1.1 (1.6£0.3) x 107 -45+0.1
2r ] 11 (3.6+0.1)x 10° —6.94+0.1

g 4 ] D1-R2 2 1.1 (4.3£0.4) x 10° -2.3+0.1
& ] 0.9 1.1+ 0.1) x 10P -9.4+0.1

5 5| — -

s 1 D1+D2| " a Solution conditions were 10 mM sodium cacodylate, 0.1 mMENETA,
Tl and sufficient NaCl to bring the total Naconcentration to 60 mMe The

ITC profiles for paromomycin complexation with the fRR2 and D1R2
duplexes were fit with a model for two independent sets of binding sites,
whereas the corresponding ITC profile for paromomycin complexation with
the D12:D2 duplex was fit with a model for one set of binding sitesl
denotes the drug to duplex binding stoichiometry for each set of binding
sites that were fit. For each ITC profile, the values of N were fixed during
the fitting routine and manually varied to yield the best fit (as reflected by
minimization of y?). 9K, denotes the paromomycin-duplex association
constant, whileAHqpsdenotes the observed binding enthalpy. The indicated
values ofK; and AHgps were derived from the fits of the ITC profiles, with
the indicated uncertainties reflecting the standard deviations of the
experimental data points from the fitted curves.

(Ka= 1.6 x 10’ M~1). Recall that the CD spectra of the R1
R2 and D1D2 duplexes were characteristic of canonical A-
and B-conformations, respectively (Figure 3A). Furthermore,
the corresponding CD spectrum of the ‘B2 duplex was
consistent with this duplex adopting an A-like conformation
(Figure 3B). Hence, our observed hierarchy of paromomycin
binding affinity correlates with the extent to which the host
duplex adopts an A-like conformation. In other words, both our
ITC and CD data are consistent in suggesting that paromomycin
is an A-form-specific nucleic acid binding drug.

Binding of Paromomycin to the Three Octamer Duplexes
is Linked to the Uptake of a Similar Number of Protons,
with the Magnitude of this Number Depending on pH.Our
previous studies have indicated that, at pHb.5, the binding
of paromomycin to an RNA oligonucleotide that models the

[D,ug?,[guplex?(r sup) A-site of E. coli 16 S rRNA is thermodynamically coupled to

Figure 5. Corrected ITC injection heats plotted as a function of the [drug]/ drug protonatiorf® Recall that the ITC St.u.dles descnb?d. 9bove
[duplex] ratio ¢ay). These heats were derived by integration of the ITC Were conducted at pH 6.0, thereby raising the possibility that
profiles shown in Figure 4, followed by subtraction of the corresponding the observed paromomycin binding affinities at this pH reflect

dilution heats derived from control titrations of drug into buffer alone. The ~gntributions from binding-linked drug protonation. Thus, it is
data points reflect the experimental injection heats, while the solid lines '

reflect the calculated fits of the data. The data in panel A were fit with a IMmportant to determine whether the blndlng. of paromomycin
model for a single set of binding sites, whereas the data in panels B and Cto the three host duplexes studied here is linked to drug

were fit with a model for two independent sets of binding sites. protonation and, if so, to what extent. To this end, we conducted
ITC experiments at pH 6.0 and 7.0 using buffers that differ
profiles describing the binding of paromomycin to the-R2 with respect to their heats of ionizatioAifion). At pH 6.0, we
and RtR2 duplexes are similar in nature. Previously reported supplemented our ITC experiments described above, which were
studies have demonstrated the major groove-directed bindingsgnducted in cacodylate buffer, with identical experiments
of aminoglycosides to a variety of duplex RNA structures. Thus, conducted in MES buffer. At pH 7.0, we used cacodylate and
it is likely that the mode by which paromomycin binds to the  p|pgs as the two experimental buffers. As indicated in Table
D1-R2 and R1R2 duplexes is also directed toward the major 2 poth MES and PIPES have different valuesAdio, than
groove. cacodylate. Thus, if the binding of paromomycin to the three
A comparison of theK, values associated with the high- duplexes studied here were linked to the uptake of protons, then
affinity binding of paromomycin to the RR2 and D1R2 the observed binding enthalpieAHqpy at a given pH should
duplexes with the correspondiri¢, value for paromomycin-  vary with the buffer employed. Furthermore, the number of
D1-D2 complexation reveals the following hierarchy of affin- protons linked to binding at a specific pliAf), as well as the
ity: R1-R2 > D1-R2 > D1-D2. Specifically, paromomycin intrinsic binding enthalpyAHin,), a value that differs fronhAHgps
binds to the DIR2 duplex Ky = 4.3 x 10° M~1) with a 187- in that it excludes enthalpic contributions from ionization of
fold higher affinity than the DID2 duplex K, = 2.3 x 10*
M~1) and only a 3.7-fold lower affinity than the RR2 duplex (38) Kaul, M.; Pilch, D. SBiochemistry2002 41, 7695-7706.

Heat of Injection (kcal/mol injected drug)

Heat of Injection (kcal/mol injected drug)
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Table 2. Buffer and pH Dependence of the Observed and Intrinsic
Enthalpies, as Well as of the Number of Linked Protons, for the
Binding of Paromomycin to the Three Octamer Duplexes at 15 °C

buffer AHipi? AHgps AHi® Anb

duplex  pH (10mM)  (kcal/mol) (kcal/mol) (kcal/mol) (per drug)

D1-D2 6.0 cacodylate —0.28 —2.2+0.1 —2.1+0.2 0.18+0.08
D1-D2 6.0 MES +3.67 —-15+02 -—-21+0.2 0.18+0.08
R1:-R2 6.0 cacodylate —0.28 —45+0.1 —44+0.1 0.18+0.05
R1'‘R2 6.0 MES +3.67 —38+01 —-44+£0.1 0.18+:0.05
D1-R2 6.0 cacodylate —0.28 —-2.3+0.1 —2.2+0.1 0.15+0.05
D1-R2 6.0 MES +3.67 —-17+£01 -22+0.1 0.15+0.05
R1-R2 7.0 cacodylate —0.28 —10.2+0.1 —10.0+0.1 0.63+0.07
R1'‘R2 7.0 PIPES +2.69 —-83+0.1 —10.0£0.1 0.63+0.07
D1-R2 7.0 cacodylate —0.28 —-7.8+0.1 —-7.6+0.1 0.71+0.07
D1-R2 7.0 PIPES +2.69 —-57+01 -7.6+0.1 0.71+0.07

alonization heats AHion) at 15 °C for the indicated buffers were
calculated using the appropriate values AHj,, at 25 °C and the
corresponding heat capacity changes of ionizatt@p(ion), as determined

similar contributions from binding-linked drug protonation. In
other words, the differential affinities exhibited by paromomycin
for the three host duplexes are not the result of differential
contributions from binding-linked protonation. In a previous
communication, we reported that the 3-amino group of paro-
momycin sulfate has ak value of 7.07, with the remaining
four amino groups havingka values> 8.25%1 These K, values
imply that the 3-amino group is the only amino group on
paromomycin that is not fully protonated at pH 6.0. Thus, our
observed positivé\n values at pH 6.0 indicate that the binding
of paromomycin to each of the three host duplexes is coupled
to protonation of the 3-amino group.

Further inspection of the data in Table 2 reveals that, as
observed at pH 6.0, the binding of paromomycin to theRRL
and D*R2 duplexes at pH 7.0 is also associated with positive

by H. Fukada and K. Takahashi (1987, unpublished results). The values of An values that are similar in magnitude-@.63 &= 0.07 and

AHion at 25°C that were used in these calculations are as follow47
kcal/mol for cacodylatet3.71 kcal/mol for MES, and-2.74 kcal/mol for
PIPES. The corresponding valuesAiE,-ion that were used are as follows:
—18.64 cal/molK for cacodylate,+3.82 cal/moiK for MES, and+4.54
cal/mokK for PIPES.P The number of binding-linked protong\f) and
intrinsic binding enthalpiesAHin) at 15°C were calculated using egs la
and 1b, as well as the corresponding experimentally observed binding
enthalpies AHgpy).

the buffer, can be determined by simultaneous solution of the
following two equation®

AHgp1= AH; + AH, 1AN

int I

(1a)

AHpso= AH;i + AH AN (1b)

int

+0.71 + 0.07, respectively). Note that thegen values are
significantly larger in magnitude than the corresponding values
at pH 6.0, an observation indicating a greater of extent of
binding-linked drug protonation at pH 7.0 than at pH 6.0. A
comparison of the protonation states of the individual amino
groups of paromomycin sulfate at pH 7.0 (as predicted by our
recently reported NMR-derived{a value$l) with the observed

An values at this pH suggests that the binding of paromomycin
to the RtR2 and D1R2 duplexes is coupled to the protonation
of not only the 3-amino group, as noted above, but also the 2
and 2"-amino groups (K. = 8.33 and 8.25, respectively). In
the aggregate, our observations are consistent with the binding
of paromomycin to both the RR2 and D1R2 duplexes

In these equations, the numerical subscripts refer to the differentinvolving interactions between the host duplex and the 3;, 2

buffers.

Table 2 summarizes the values &f and AH;,; associated
with the binding of paromomycin to each of the host duplexes
at pH 6.0 and 7.0 (as calculated by solution of eq 1a and 1b).
Note that, for the RIR2 and D1IR2 duplexes, the values of
AHgpslisted in Table 2 reflect the observed binding enthalpies
associated with the high-affinity binding of paromomycin.
Further note the absence of data for paromomycin binding to
the D12:D2 duplex at pH 7.0. This omission is due to the weak
nature of the paromomycin-BD2 interaction at pH 7.0, which

precludes us from accurately determining the requisite values

of AHgps at this pH. Inspection of the data in Table 2 reveals
that, at pH values of 6.0 and 7.0Hq,s varies with buffer.
Specifically, at either pHAHqpsis more exothermic in cacody-
late buffer than in MES or PIPES. Given the valuesAdiion

for cacodylate, MES, and PIPES at 16 (—0.28,+3.67, and
+2.69 kcal/mol, respectivelyf this observation indicates that
paromomycin binding to the three host duplexes is coupled to
the uptake of protons. This uptake is reflected in the positive
values ofAn, which, at pH 6.0, are similar in magnitude for
each of the three host duplexes. Specifically, the binding of
paromomycin to the DD2, R1:R2, and D1R2 duplexes at
pH 6.0 is associated with respectie values of+0.18+ 0.08,
+0.18 £ 0.05, and+0.15 + 0.05, three values that are
essentially identical within the limits of the experimental
uncertainty. This similarity amongn values suggests that, at
pH 6.0, our observed paromomycin binding affinities reflect

(39) Doyle, M. L.; Louie, G.; Dal Monte, P. R.; Sokoloski, T. Methods
Enzymol.1995 259, 183-194.

(40) Fukada, H.; Takahashi, K.; Sturtevant, J.Bibchemistryl987, 26, 4063~
4068.

and 2""-amino groups of the drug.

Thermodynamic Origins of the Binding Affinity and
Specificity Exhibited by Paromomycin. We used the calori-
metric data summarized in Tables 1 and 2 to derive complete
and buffer-independent thermodynamic profiles for the binding
of paromomycin to the three host duplexes studied here at pH
6.0 and 7.0. Specifically, the association constaikis derived
from fits of our ITC profiles enabled us to calculate the
corresponding binding free energieSQ) using the standard
relationship

AG = —RTInK,

)
These calculated binding free energies, coupled with the intrinsic
binding enthalpiesAHin;) listed in Table 2, allow us to calculate
the corresponding entropic contributions to bindifigAGiny)
using the standard relationship
TAS= AH — AG 3)
The thermodynamic profiles resulting from these calculations
are shown in Table 3. Inspection of these data reveals several
significant features.

(1) Paromomycin Binding to the D1:R2 Hybrid Duplex
Versus the RER2 RNA Duplex. At both pH 6.0 and 7.0, the
affinity of paromomycin for the R/R2 RNA duplex is greater
than that for the DAR2 hybrid duplex. Furthermore, this
differential binding affinity is enthalpically driven. In fact, the
enhanced binding of paromomycin to the:R2 duplex occurs

(41) Kaul, M.; Barbieri, C. M.; Kerrigan, J. E.; Pilch, D. $. Mol. Biol. 2003
326, 1373-1387.
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BT_abé_e 3. prH Dependence ththger rTherrgodynamié PTofileS forléheC interaction. However, the same is not likely to be true for the

inding of Paromomycin to the Three Octamer Duplexes at 15 ° i : . .

and a Na*+ Concentration of 60 mM paromomycin-DiD2 interaction. Qur CD data _revealed the D_l
D2 duplex to adopt the B-form (Figure 3A), with paromomycin

duplex  pH (k?amzn (;I,ﬁ,sn‘qgn (kcg,G,;oD K (M) binding inducing little or no change in this conformation (not
DID2 60 —21+02 +87+03 58401 (2.301)x 10 shown). The wide and shallow nature of the major groove in
RI‘R2 6.0 —45+01 +50+02 —-95+01 (1.6+0.3)x 107 B-form DNAZ3 makes it a poor substrate for drug binding. Thus,
Biﬁﬁ; ?'8 KIZD-HO-l ;g.SiO.Z &3-710-1 N(S-3i 0.4)x 10° the comparatively weak binding of paromomycin to the-D1
RI-R2 7.0 —10.0401 -17+02 -83+01 (2.1+0.1)x 10° D2 duplex relative to the RR2 and D1R2 duplexes is probably
DI‘R2 7.0 —7.6+£0.1 0.4+02 -80+01 (1.2+0.1)x 10 not directed to the major groove of the DNA. Instead, it may

% AH d AS the intrinsic. bindi thal d ent reflect an electrostatically driven nonspecific mode of interaction
int an nt are € Intrinsic bInding enthalpy ana entropy, . . T ..

respectively. These intrinsic binding parameters are independent of the bufferWIth the DNA' In support of this pO§SIbI|Ity, r'alsmg the Na_
employed. Values ohHiy were determined as described in the text, whereas concentration above 60 mM essentially abolishes the binding

values ofTAS,; were determined using eq'3AG is the binding free energy, of paromomycin to the DD2 duplex (not shown).
as determined using eq 2Association constants were derived from fits

of ITC profiles acquired in cacodylate buffer. Note that these association  (3) Thermodynamics of Paromomycin Binding to the R1

constants are similar in magnitude to those derived from fits of the R2 gnd D1:R2 Duplexes is Modulated by pH.Paromomycin
corresponding ITC profiles acquired in either MES or PIPES buffélD

denotes not determinable, due to the weak nature of the paromomycin-Pinds to the RIR2 duplex with a 1.2 kcal/mol higher affinity
D1-D2 interaction at pH 7.0. at pH 6.0 than at pH 7.0. Similarly, paromomycin binds to the
D1-R2 duplex with a 0.7 kcal/mol higher affinity at pH 6.0
despite a less favorable (positive) binding entropy, which is than at pH 7.0. Thus, increasing pH reduces the affinity of
overcompensated by a more favorable (negative) enthalpicparomomycin for the two host duplexes. Note that, in both cases,
contribution to binding. In other words, paromomycin enthal- the pH-induced reduction in paromomycin binding affinity
pically discriminates between the RNA duplex and the DNA  occurs despite a substantially more favorable (exothermic)
RNA hybrid duplex. Recall that our CD data (see Figure 3) hinding enthalpy. In other words, the reduced affinity is entropic
were consistent with paromomycin binding to the-R2 hybrid in origin. These results are consistent with our observation
duplex being accompanied by a conformational transition from described above that the binding of paromomycin to the R1
an A-like to a more canonical A-conformation. Such a confor- R2 and D1R2 duplexes at pH 6.0 and 7.0 is linked to
mational change is associated with an enthalpy-driven energeticprotonaﬂon of drug amino groups. The protonation of amino
penalty>~*4 and may therefore account, at least in part, for the groups is known to be an exothermic process. For example,
enthalpic origins of the reduced affinity exhibited by paromo- protonation of the 2-amino group ofglucosamine is associated
mycin for the D2R2 hybrid duplex relative to the RR2 RNA with an enthalpy change of5.3 kcal/mol® While being
duplex. Note that, at pH 6.0, paromomycin binds to theR2L  gnthalpically favorable, protonation reactions are entropically
duplex with a 0.8 kcal/mol greater affinity than to the ‘B2 costly, and it is this cost that most likely accounts for the
duplex, but only 2 0.3 kcal/mol greater affinity at pH 7.0. Thus, entropic origins of the reduced affinity exhibited by paromo-

the extent to which paromomycin discriminates between the R1 mycin for the RTR2 and D1R2 duplexes at pH 7.0 relative to
R2 and D1R2 duplexes appears to decrease with increasing p ¢ 0.

pH.

(2) Paromomycin Binding to the R1:R2 RNA and D1-R2
Hybrid Duplexes versus the D1D2 DNA Duplex. At pH 6.0,
paromomycin binds to the BD2 DNA duplex with a 3.7 kcal/
mol lower affinity than the RIR2 RNA duplex and a 2.9 kcal/
mol lower affinity than the DAR2 hybrid duplex. The 3.7 kcal/
mol enhanced affinity of paromomycin for the fR2 duplex
relative to the DiD2 duplex is 65% enthalpic and 35% entropic
in origin, whereas the 2.9 kcal/mol enhanced affinity of
paromomycin for the DR2 duplex relative to the DD2
duplex is entropically driven. By the same reasoning discussed
in the previous section, the lack of an enthalpic contribution to ST o
the preferential binding of paromomycin to IR hybrid duplex Paromomycin Binding Inhibits both RNase A- and RNase
versus the DAD2 DNA duplex may reflect the conformational H-Mediated Cleavage of the RNA Strand in the D1R2
change in the DR2 duplex that is induced by the binding of ~Hybrid Duplex. We determined the impact of paromomycin
the drug. Numerous structural studies of aminoglycoside-RNA binding to the DIR2 hybrid duplex on the RNA cleavage
complexes have revealed that these drugs bind in the majorcatalyzed by RNase A and RNase H. At"Neoncentrations
grooves of the host RNA structurés17.194548 Thys, it is likely <100 mM, RNase A cleaves RNA in either its single-stranded
that the binding of paromomycin to the AR2 and D1R2 state or when hybridized to a complementary strand of RNA
duplexes, which our CD data indicate preexist in or adopt

A-conformations. refl maijor aroove-dir m f (45) Patel, D. J.; Suri, A. K;; Jiang, F.; Jiang, L.; Fan, P.; Kumar, R. A.; Nonin,
conformations, reflects a major groove-directed mode o S koL Bliol 1997 375 48 g6a.

In the preceding sections, we used an array of spectroscopic
and calorimetric techniques to demonstrate that paromomycin
can bind to a DNARNA hybrid duplex, while causing the host
duplex to undergo a transition from an A-like to a more
canonical A-conformation. This observation raises the question
as to the potential biological impact of aminoglycoside com-
plexation with DNARNA hybrid structures. In the section that
follows, we describe experiments probing the impact of paro-
momycin binding to the DR2 hybrid duplex on the activities
of two RNA processing enzymes, RNase A from bovine
pancreas and recombinant RNase H frBncoli.

(46) Hermann, T.; Westhof, Bl. Mol. Biol. 1998 276, 903-912.
(42) Ivanov, V. |.; Minchenkova, L. EMolek. Biol. (USSR}1994 28, 1258— (47) Recht, M. I.; Douthwaite, S.; Puglisi, J. EMBO J.1999 18, 3133~
1271. 3138.
(43) Ivanov, V. I.; Minchenkova, L. BEMol. Biol. (USSR)L995 28, 780-788. (48) Lynch, S. R.; Puglisi, J. Ol. Mol. Biol. 2001, 306, 1037-1058.
(44) Jayaram, B.; Sprous, D.; Young, M. A.; Beveridge, D.JAAmM. Chem. (49) Miyamoto, S.; Kazuko, MKyoritsu Yakka Daigaku KenkyNempo1958

S0c.1998 120, 10 629-10 633. 4, 12-16.
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A RNase A. Significantly, the activities of RNase A and RNase
1 2 3 4 5 H are required for the ultimate expression of the functions
Paromomycin = = _.é associated with the nucleic acids that serve as their substrates.
RNaseA = + + + + Hence, our observations open the door to the possibility of
achieving desired biological endpoints by targeting specific
. e ® . DNA-RNA hybrid or other A-like nucleic acid structures with

small molecules.

B
1 2 3 4 5 6 Concluding Remarks

We have used a combination of spectroscopic and calorimetric
RNaseH = 4+ + + + + techniques to characterize and contrast the binding of the
m R2 aminoglycoside paromomycin to a DNRNA hybrid duplex
relative to RNARNA and DNADNA duplexes of the same
sequence. Our studies reveal that paromomycin binds to A-form
G nucleic acids with a significantly higher affinity than B-form
nucleic acids. In this connection, we show that paromomycin
binding to the DNARNA hybrid duplex induces a transition
ey from an A-like _to a more canonical_A-conformation. We also
—a—RNase H show that the binding of paromomycin to the DNBNA duplex
80 - 7 inhibits both RNase A- and RNase H-mediated cleavage of the
RNA strand in the target duplex. As noted above, this observa-
60 | . tion highlights the potential of using rationally designed
molecules to target specific DNRNA structures, thereby
modulating specific biological processes in a desired manner.
In this connection, Chaires and co-workers have identified a
number of intercalating ligands that uniquely recognize the poly-
20r : (rA)-poly(dT) hybrid duplex® Note that the structures and
r stabilities of DNARNA hybrid duplexes can vary considerably
ol with the sequence composition of the DNA and RNA strafids.
0 02 04 06 08 ! These sequence-dependent variations in structure and stability
[Paromomycin] (mM) s . g - . .
offer the possibility for increased specificity in the targeting of
Figure 6. (A) Denaturing 15% polyacrylamide gel showing bovine pancreas pNA-RNA hybrid structures.

RNase A cleavage of the BR2 duplex (0.5:M) in the absence or presence . . .

of paromomycin. All the lanes contain enzyme except lane 1. The  Reverse transcriptase-mediated RNase H processing of DNA
paromomycin concentrations in lanes 2, 3, 4, and 5 are 0, 62.5, 250, andRNA hybrid domains is essential for the replication of retro-

1000uM, respectively. (B) Denaturing 15% polyacrylamide gel showing /jruses26 Thus, one potential therapeutic application of drugs

E. coliRNase H cleavage of the ER2 duplex (0.5«M) in the absence or o . o
presence of paromomycin. All the lanes contain enzyme except lane 1. Thethat target specific DNARNA structures is the inhibition of

paromomycin concentrations in lanes 2, 3, 4, 5, and 6 are 0, 50, 100, 200, retroviral replication by interfering with the RNase H activity
and 4024'\/'{(;35‘?;3:;:2’5 Wr;haes tt;?if;?( ngr:gfgsoph(gng’\tlgstgeHifétléelg/EZestrriréi Cof reverse transcriptagé2>Recall that the sequence of the RNA
I(?;OQIEaftiatioyn of the extent of both RNase A- and RNase H—r?]e(?iated .gtranq in the DNARNA hybrid duplex St.uc.iled here (DR2)
cleavage as a function of paromomycin concentration. is derived from the HIV-1 genome, consisting of the four bases
at the 3-end of the U5 region and the four bases at therid
or DNAS° By contrast, RNase H only cleaves RNA that is Of the primer binding site (PBS).The ability of paromomycin
hybridized to DNA® The RNase A and RNase H cleavage to inhibit the processing of the DR2 duplex byE. coli RNase
profiles that we obtained are shown in Figure 6A and B, H raises the possibility of using aminoglycosides or other DNA
respectively. Note that paromomycin inhibits both RNase A- RNA-targeting agents to inhibit the RNase H activities of
and RNase H-mediated cleavage of the RNA strand in the hybrid retroviral reverse transcriptases, thereby inhibiting viral replica-
duplex, with the extent of this inhibition being dependent on tion. Significantly, such an antiretroviral approach should not
the concentration of the drug. Specifically, under the solution be compromised by the genomic instabilities exhibited by many
conditions employed (5 mM Mqg, pH 6.0), RNase A cleavage  etroviruses.
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