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ABSTRACT: As part of a search for organic compounds that selectively target RNA, we found that specific
diphenylfuran derivatives, which are related to compounds that bind to the DNA minor groove, bind very
strongly to RNA in a manner very sensitive to the structure of the compounds. In extended development
of the diphenylfuran series, we found that a tetracationic heterocycle containing a phenyl-furan-
benzimidazole unfused aromatic system, DB340, exhibits pronounced selectivity for the RRE RNA stem-
loop from HIV-1. We report here RNA footprinting, spectroscopic analysis, affinity determinations, and
initial NMR structural results of the complex. The results indicate that DB340 binds to RRE in a highly
structured and cooperative complex at a 2:1 DB340 to RRE ratio. Overlap in the NMR spectra prevents
detailed description of binding interactions at this time, but we are able to place DB340 in the RNA
minor groove. Additionally, footprinting results and studies with mutant RRE sequences indicate that the
internal loop of RRE is required for specific binding of DB340 as with the Rev protein. These results
provide exciting new ideas for rational drug design with RNA as is now common with DNA and proteins.

Since some of the most devastating human diseases arin RNA should be able to be targeted with the same
caused by RNA viruses, such as HIV and hemmoragic fever specificity with small molecules as structured binding regions
viruses such as Dengue, West Nile, and Eb&)a RNA is of proteins.
an attractive therapeutic target in drug design¥g). Despite As part of a search for organic compounds that selectively
the potential advantages of directly targeting the RNA of target RNA, we found that specific diphenylfuran derivatives,
these viruses, few drugs are known that have RNA as theirwhich are related to compounds that bind to the DNA minor
bioreceptor. Rational design of drugs that target RNA is in groove @4, 25), bind very strongly to RNA in a manner
the beginning stage2( 3, 6—10) and has been largely very sensitive to the structure of the compounfs26—
focused around the aminoglycoside class of compouds ( 29). In extended development of the diphenylfuran series,
10, 11). we found that DB340 (Figure 1) exhibited pronounced

The base and backbone similarities of DNA and RNA affinity and modest selectivity for the RRE RNA stem-loop
suggest that compounds that target DNA may provide initial from HIV-1 (ref 29 and unpublished results). To continue
models for the development of compounds that target RNA development of the diphenylfuran series to enhance both
duplexes. Intercalators that interact with both DNA and RNA affinity and selectivity of these small aromatic cations for
(reviewed in refL2) are well-known, but methods to increase RNA, and to use this example to develop new RNA directed
the selectivity of intercalating systems for RNA structures compounds, we sought to establish the details of the DB340
have not yet emerged. Efforts to target the minor groove of RRE complex. As a part of this process, we report here RNA
DNA have progressed markedly within the past decade andfootprinting, spectroscopic analysis, affinity determinations,
currently are the model for rational design of compounds to and initial NMR structural results of the complex. The results
selectively interact with nucleic acid$3—21). Although the indicate that DB340 binds to RRE in a highly structured and
chemical similarities between DNA and RNA are obvious, cooperative complex at a 2:1 DB340 to RRE ratio. Overlap
the low-energy duplex structures of these molecules differ in the NMR spectra prevents detailed description of binding
significantly, particularly in groove geometrg). Addition- interactions at this time, but we are able to place DB340 in
ally, the unique structural folds present in RNA but not DNA the RNA minor groove. Additionally, footprinting results and
offer the possibility of much higher recognition specificity studies with mutant RRE sequences indicate that the internal
by small molecules than that for DNA&®). Structured sites  loop of RRE is required for specific binding of DB340 as
with the Rev protein. These results provide exciting new

R ;TTf;iS V(\gofrk W?ﬁ Sllf\lpgglfqtﬁf %('\:”H fg?ﬁarf_h gf?\th_ (to IVV'-:D-W and deas for rational drug design with RNA as is now common
.R.T) and from the , , and the Ligue Nationale Frangaise \, ;
Contre le Cancer (Coniitdu Nord) (to C.B). Instrumentation was with DNA and proteins.
purchased through funds from the Georgia Research Alliance. METHODS
* To whom correspondence should be addressed. Phone: 404-651-
3993(;'6';";‘;:61A'Sot;g%;fv?;;t;'ma”: chewdw@panther.gsu.edu. Materials. The synthesis of DB340 will be reported
s INSERM U-524 et Laboratoire de Pharmacologie Antitumorale du €lsewhere. Oligoribonucleotides except RRE hp 2 (Figure
Centre Oscar Lambret, IRCL. 1) were purchased from Cruachem (Dulles, VA) and were
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A. and incubated fo2 h at 37°C. Nucleic acids were then
AN fractionated on a 10% (w/v) polyacrylamide gel containing

h'k/\/“ o HN‘Q(H u 8 M urea in TBE buffer (89 mM Tris base, 89 mM boric

’ i s acid, and 10 mM EDTA). After electrophoresis, the RNA

was eluted in water for 18 h at 4C and precipitated with

B. ethanol. The RNA was '3end-labeled with®?P cytidine
5 6euc® @ ce caccVu biphosphate gnd T4 RNA ligase and then rgpurified from a
31CCAC, ,GC,GUCG C 10% denaturing acrylamide gel. RNA solutions were pre-
u 21 pared with doubly distilled sterile water to prevent nuclease
RRE hp 1 contamination. Tubes and tips were treated with diethylpy-

rocarbonate (DEPC from Sigma).
RRE hp 1 was purchased from Cruachem and end-labeled

. A GG Ca , ; ;

5'GGGA g ggggﬁgg}:‘? gggggggg using [y®?P]JATP and T4 polynucleotide kinase under stan-
3'acC CAUG GU dard conditions. The concentration of radiolabeled RNAs

RRE hp2 were calculated from the specific activity &P incorpora-

tion.

s'aeuc € ©cacacc 51 GGUGGGCGCAGE The procedure for footprinting experiments was adapted

3'CCAC, GCGUCG 3'CCACCCGCGUCD from published protocols3g, 35). Briefly, the labeled RNA
v hairpin was equilibrated with buffered solutions at the desired

RRE Duplex Mutant RRE Duplex

drug concentration and digestion was initiated by addition
. of a solution of each RNase. After 1 min incubation at room
Succinyl- TRQARRNRRRRWRERQR-NH, temperature, reactions were stopped by freeze-drying, and
samples were lyophilized. The RNA in each tube was
resuspended in L of formamide-TBE loading buffer,
_'FIr?URE 1 (A) StrUCdture of I;ZRE-btindi?g Comfp%un%gES;O-l(B) denatured at 90C for 4 min, and then chilled on ice for 5
€ sequences and secondary structures o e uplex angh; i i i
hairpin qmodels used in this stud);/. The numbering of the nucIFtl.otidesqn!n prior to qud!ng onto a 0.3-mm-thick 10% polyacryla-
is shown. Note the different numbering for RRE hp 2. (C) The mide gel contalnlg_8 M _urea and TBE buffer (89 mM Tris
sequence of the Rewso peptide. base, 89 mM boric aC|d, 2.5 mM EDTA, pH 83) After
electrophoresis, the gel was soaked in 10% acetic acid for
prepared on an ABI 380B synthesizer using standard RNA 10 min, transferred to Whatman 3MM paper, dried under
assembly protocols via phosphoramidite method and purified vacuum at 80°C, and analyzed with a phosphorimager
by ion exchange HPLC. RRE hp 2 was transcribed as a(Molecular Dynamics). A sequencing standard was generated
runoff product as described in the footprinting section below. by treatment of the RNA with diethylpyrocarbonate followed
5'-Biotinylated RRE RNA for SPR experiments was obtained by aniline-induced cleavage at the modified bases (A track
from Cruachem. RRE was further purified by electrophoresis lane).
on a 15% polyacrylamide denaturing gel. Full-length biotin- ~ UV—Vis SpectroscopyJV —Vis scans and thermal dena-
RRE was excised from the gel and electroeluted (Schleicherturation experiments were collected on a Cary 4 spectro-
and Scheull) into TBE. Biotin-RRE was exchanged into photometer interfaced to a Dell/486 microcomputer. The
distilled deionized water and concentrated with Centricon-3 absorbance spectra of DB340 were recorded in a 1-cm cell
(Amicon). All the RRE models were annealed by heating to in 10 mM sodium phosphate buffer (pH 7.0) containing 0.1
90 °C before use. The Rexso peptide was prepared as M NaCl and 1 mM EDTA. Melting temperature3 ) of
previously described3Q, 31). The termini modifications have  the RRE RNA in the absence and presence of DB340 were
been shown to increase alpha-helicity and binding to RRE determined in the same buffer.
relative to peptides with native termind@—32). Fluorescence Spectroscodyluorescence measurements
Streptavidin functionalized Biacore sensorchips (SA-chips) were conducted as described previoug§) (Briefly, titration
and HBS buffer [10 mM HEPES, pH 7.4, 150 mM NaCl, 3 was conducted in 4x 4 mm quartz cells coated with
mM EDTA, 0.005% (v/v) Surfactant P20, filtered and Sigmacoat (Sigma). DB340 was diluted in 2d00f 10 mM
degassed] were obtained from Biacore Inc. Low stringency sodium phosphate buffer (pH 7) containing 1 mM EDTA
binding buffer (LBS) (HBS plus 150 mM NacCl) and medium and 0.1 M NaCl to give the desired final concentration. After
stringency binding buffer (MBS) (HBS plus 350 mM NaCl) each addition of RRE, the sample was excited at 356 nm,
were made from HBS buffer purchased from BlAcore. 300 and the fluorescence was monitored at 456 nm. The
mM NaSQ, for regeneration was filtered through a @2 excitation and emission slit widths were-2 and 4 nm,
filter and degassed for 30 min prior to use. respectively. Integration times were 1 s, and each data point
RNA Footprinting.RRE hp 2 was transcribed as a runoff was an average of three measurements. Titrations were
product from a previously described plasmid according to a continued until no further change in fluorescence was
published procedure3g). The RNA was transcribed as a observed upon addition of RRE. Binding constaKig) fvere
runoff product of 57 nucleotides from the T3 RNA poly- calculated by Scatchard analysis.
merase promoter. Transcription reaction was performed in  Surface Plasmon Resonan&RE RNA was immobilized
buffer containing 40 mM Tris-HCI, pH 7.4, 25 mM NaCl, on streptavidin coated sensorchips as described(). 290
16 mM MgCI2, 10 mM DTT, and 1 mM M NTPs. The RU of biotin-RRE was immobilized on flowcell 2 and 227
reaction was initiated by addition of 1@g of linearized RU biotin-RRE was immobilized on flowcell 3. DB340
plasmid DNA template and 40 units of T3 RNA polymerase samples were prepared in the appropriate buffer by serial

Cc
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dilutions from a 10QuM stock solution. Binding data was 1 (5; c 10

collected using an automated method. Buffer was injected 5' GGUG ce cacclu

in the first two cycles to establish a stable baseline. DB340 G* 3'CCAC GCAGUCG,C
.. . . 2 30 A UG 20 G 15

was subsequently injected for 5 (high concentration) or 10 A7 5.G" 238 25

(low concentration) min using the KINJECT command and w \

a flowrate of 10uL/min. Concentrations of DB340 ranged
from 25 nM to 10uM. Samples were injected from 7-mm DB340:RRE 3 19
sterile plastic vials with pierceable caps at increasing 2:1
concentrations of DB340 to minimize carry over. One
injection of 300 mM NaSQ, and two injections of LSB 130 16f /wb
buffer were used between concentrations to regenerate the
RNA surface.

The RRE surface was periodically monitored for degrada- 11
tion using the Rev peptide. 1M Rev was injected over
the control and RNA flowcells for 5 min at a flowrate of 10
uM/min at the beginning and end of each DB340 experiment.
The maximal RU responses (steady-state R} were
compared to assess the integrity of the RNA surface. There  RRE
was no significant change in the sensorchip surface over the
course of the experiments.

The theoretical response of one equivalent of DB340
bound was calculated as describ@d)( Binding constants

14.0 13.0 120 11.0 10.0
*G6 or G24

were determined by fitting the steady-state response versu{'GURE 2: One-dimensional imino proton spectra of the RRE

; P ; —cite hindi airpin titrated with DB340. The imino resonances of U13 and G16
concentration binding curve using a four-site binding model ¢ i e free (f) and DB340 bound (b) hairpin are labeled and

where the binding constants for two specific binding sites gemonstrate the complex is in slow exchange with unbound RRE.
are treated as equal and the binding constants for twoThe spectra were recorded a6 in 10 mM sodium phosphate
nonspecific binding sites are treated as equal. Fitting the databuffer (pH 6.5) containing 0.1 M NaCl and 10-°M EDTA in
with separate binding constants for the specific binding sites 90% H0/10% DO.
did not significantly increase the quality of the fit.
Proton NMR SpectroscopRRRE samples (typically about
3 mg) were dissolved in 6Q4L of 10 mM sodium phosphate
buffer containing 0.1 M NaCl and & 10—-5 M EDTA, pH
6.5. A stock solution of DB340 was added to the RNA RRE hairpin 1
solution to give desirable molar ratios of drug to RNA. After airpin 1. )
each addition, the RNA sample was dried, and the volume _ ©né-Dimensional Imino Proton Spectra of DB340-RRE
was brought back to 600L in either 90% HO/10% DO Complex. Formatlon. of the_D_BS4GRRE complex was
or D,O for exchangeable and nonexchangeable protonMenitored by following the imino proton spectra of RRE
spectra, respectively. hp 1 titrated with DB340. The imino protons of the free RRE
All proton NMR spectra were acquired on a Varian Unity hp 1 have been assigned in previous structural _stuGFés (
Plus 600 MHz spectrometer. Data were processed with Vnmr38)’ and_our spectra for_the free RNA are consistent with
5.3 software or FELIX 2.30 (Biosym Tech., San Diego, CA). the published results (Figure 2). Some of the imino reso-

One-dimensional exchangeable proton spectra of RRE werg 2NCES of RRE complexed with DB340 have been assigned

: . based on 1D NOE difference spectra, DB340 titration
recorded at 5C with blocks of 4096 complex points and . . ' -
sweep width of 12 000 Hz. Binomial pulse sequence was experiments, and 2D NOESY experiments. The characteristic

used for water suppression.,® NOESY spectra were resonance positions of the imino protons of U13 and G16 in

. . " ; the complex are shifted upfield of the other imino protons
acquired at 5C in phase sensitive mode using 100 and 250 o . .
ms mixing time. The WATERGATE pulse sequen@s) (characteristic of UUCG tetraloops) and shift only slightly

. upon complex formation during titration of RRE with
was usegl for vyater supprgssmn. . DB340. DB340 binding is most clearly demonstrated by
Two-dimensional experiments focusing on the nonex-

. : g following the small changes of these imino proton reso-
changeable protons were obtained ipODwith a spectral hich - lativel luttered reaion (Fi
width of 600 Hz in both dimensions with 2048 complex data nances, which are in a relatively uncluttered region (Figure

nts in the 2 di . d 512 points in the t1. di .~ 2). Inthe presence of a 1:1 molar ratio of DB340, two equal
poInts in the Imension an paints in the IMENSION gats of imino proton resonances were observed, one for the

and a mixing time of 250 ms (for NOESY experiments). free RRE and a new set of signals for DB340-bound RRE.
RESULTS At a 2:1 molar ratio of DB340, only the peaks for the bound
form were observed. Only one new set of resonances for
NMR. The 30mer RRE hairpin 1 has been used in NMR the bound RRE at both 1:1 and 2:1 molar ratios of DB340
studies of the Rev-RRE comple&7). It contains a UUCG indicates that only the 2:1 complex forms. The 2:1 complex
tetraloop that gives characteristic resonance peaks forand free RNA ata 1:1 molar ratio strongly suggests a highly
exchangeable and nonexchangeable protons. We have alseooperative binding mode for the DB340 dimer.
found that the proton resonances of the RRE hairpin The most dramatic imino proton spectral change of the
1-DB340 complex are sharper than those of the RRE RRE hairpin upon complex formation with DB340 occurred

duplex-DB340 complex, probably because DB340 binds
more strongly to the hairpin than to the duplex (below), and
there is less effect of end fraying in the hairpin. Therefore,
all the NMR spectroscopic studies reported here are for the
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Table 1: Chemical Shifts of the Aromatic Protons of DB340

e
c H aromatic protons of DB340
H f furan phenyl benzimidazole
a b c d e f g
R free DB340 7.28 745 809 786 7.83 7.67 8.06
cg de H DB340 6.40 6.81 7.84 749 7.09 7.46 NA
a g (0.88F (0.64) (0.25) (0.37) (0.74) (0.21)
DB340-RRE hp f b +RREhp 6.08 660 7.70 7.38 7.01 7.48
(1.20) (0.21) (0.39) (0.48) (0.82) (0.19)
DB340 752 7.34
(0.57) (0.52)
b paj 2 Labeling of the protons is shown in Figure®Furan, benzimida-
2:1 zole, and phenyl proton pairs are next to each other. However, it is not
clear which pairs of furan, benzimidazole, and phenyl protons are for
J the same moleculé.Change in chemical shift is shown in parentheses.
1:1 - 4 Not assigned.
RRE hp 1 Qo
L B B B o e e L e ©
8.0 7.0 6.0
Ficure 3: One-dimensional spectra of the nonexhangeable aromatic
and H5/H1 protons of the RRE hairpin and DB340. The molar g -
ratios of DB340 to the RRE are indicated. The spectra were -
recorded in 10 mM phosphate buffer (pH 7.0) incontaining -
1 x 105 M EDTA and 0.1 M NaCl at 35C. The furan protons - =
(a and b) of DB340 are labeled and show two new peaks for both _ g _ R e -
furan protons even at the 1:1 DB340/RRE ratio. £ - =
Q.
n- - -
in the 12-13.4 ppm region (Figure 2). For free RRE, only e -
. . . 18 ol -
very broad peaks were observed in much of this region. N
Previous studies have shown that these broad peaks cor- _
respond to the nucleotides in the internal loop and th&C _ =
. . . . - Z > -
and G-C base pairs in the upper stem immediately adjacent © | - . © _ Benzimidazole -
to the internal loop. The broad lines are a result of ~ - e
conformational flexibility in this region 37, 38). Upon < N Phenvl
complex formation with DB340, additional resonance peaks iz T y
appeared in this region, and significant peak sharpening was F = T | T «

observed, as was also observed upon Rev bindiig38). 8.0 7.6 7.2 6.8 6.4 6.0
These changes indicate that DB340 binding significantly F1 (ppm)

§ta}bilizes base-pairing in the internal loop region sjnce Shgrp FIGURE 4: The aromatic region of the COSY spectrum of the 2:1
imino proton resonances are normally associated with pB340/RRE complex. The cross-peaks for the aromatic protons
hydrogen bonded bases in slow exchange with water. of DB340 are labeled. Notice that two sets of cross-peaks are

Nonexchangeable Proton Spectra of DB340/RRE Complex.observed for each pair of aromatic protons.
The aromatic proton spectra of the RREB340 complex
have sharp resonance peaks in the aromatic and the H5/H11). DB340 has four pairs of adjacent aromatic protons (one
regions that again support formation of a strong, specific furan, one benzimidazole, and two phenyl) that are expected
complex (Figure 3). Upon binding to DB340, significant to give only three individual cross-peaks (one furan, one
changes in the dispersion of the chemical shifts in both the benzimidazole, and one phenyl) in the COSY spectrum of
aromatic and the H5/H1lregions were observed. For unbound DB340 due to rapid rotation of the phenyl ring.
example, RNA protons in the aromatic region shifted AS shown in Figure 4, at the 2:1 ratio, two new sets of cross-
generally downfield from-7.0-8.3 to 7.1-8.5 ppm. There peaks are observed for each of the furan and benzimidazole
are also significant changes in the spectra of DB340 protons.Protons of DB340 and none of the free DB340 cross-peaks
Upon titration of the RRE hairpin with DB340, two new are observed. Add|t|0na”y, upon blndlng to RRE, rotation
sets of resonances are observed for each of the DB3400f the phenylring is reduced so that the two sets of adjacent
protons at both 1:1 and 2:1 ratios of DB340 to RRE (Figure Phenyl protons give separate resonances although only 3 of
3). This is most clearly demonstrated by the furan protons 4 possible sets of phenyl cross-peaks are resolved. Large
(labeled a and b in Figure 3). Doubling of the DB340 proton upfield shifts were observed for all the aromatic protons of
resonances even at the 1:1 ratio is consistent with formationDB340 suggesting aromatic ring stacking in the complex.
of a specific and cooperative 2:1 complex with the two bound The aromatic protons of DB340 that are closer to the center
DB340 molecules in different environments with slow ©f the molecule, including the furan protons a and b, the
exchange. phenyl proton d, and the benzimidazole proton e, showed

The chemical shifts of DB340 aromatic protons in the free larger shifts upon binding to the RRE (Table 1).
and RRE-bound forms were assigned based on temperature- Only one set of H5H6 cross-peaks is observed for RRE
dependent 1D spectra, 2D COSY, and NOESY spectra (Tablein COSY spectra (data not shown). These results are
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Q. 29C [ DB340 G-w.n
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0 g “ - enhancement G A
‘ we_ 1 sog o IFEeV) G-C
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. i . ', 3-8 - -1 4
, | Lt e - c-G
Y Furan al/bl i e ;‘O. E s U-A
: R - == ; strong .
Furan al/A28H2 . % ‘;2!?2?!!’!* Imm_m .A-Ué‘u
Furan b2/AH2 Bt 45 - - . 10G:C
© Y G-C
Furan bl/A28 H2 o N 47- c-G
7.5 7.2 6.9 6.6 6.3 * sz .- = AC-G
i 1 s
Ficure 5: The aromatic and H5/Hlregion of the NOESY GGGA !

spectrum of the 2:1 DB340/RRE complex. Cross-peaks between
A28 H2 and furan protons a and b of the same molecule are
indicated. A cross-peak between the furan b proton of the second

Ficure 6: RNase V1, T1, and A footprinting of RRE hairpin at
increasing concentrations of DB340. The strong RNase V1 cleavage

: - enhancement in the upper stem and RNase A cleavage protection
bound DB340 and an unassigned AH2 proton is marked. Cross- . L :
peaks between benzimidazolegand furan i?)rotons to unassigried H1!" the bulge are indicated on the gel. The enhancement/protection
protons are boxed. These cross-peaks place the DB340 dimer ippatern is indicated by symbols described in the box.
the RNA minor groove near the-GA base pair end of the internal . . .
bulge. cross-peaks place the drug dimer in the minor groove and

orient the furan protons of DB340 toward the bases of RRE.

consistent with a ratio of two compounds to one RNA hairpin ~ RNase FootprintingRNase footprinting experiments were
model and confirm that the complex is in slow exchange. performed with both the long and short hairpin models
The COSY spectrum of the DB340/RRE complex at a 1:1 (Figure 1) to probe the binding sites of DB340 on the RRE
molar ratio showed the same two sets of cross-peaks formolecule. The longer RRE hp 2 was used for most foot-
DB340 and no free DB340 (data not shown), confirming printing experiments since it provided better defined gel
that a 1:1 complex does not form at any significant patterns than the shorter hairpin. RRE hp 2 contains the same
concentration. The H5 protons of the C and U bases in thebase sequence as RRE hp 1 except residue A21 of hp 1 is
DB340/RRE complex were identified based on the H5 to deleted. Deletion of this residue does not significantly affect
H6 cross-peaks in the COSY spectrum. Therai2 ppm the RNA structure or binding of the Rev peptid&3(39).
dispersion (4.1 to 6.1 ppm) for the H5 protons. This is a RNase V1, T1, and A were used for RNA cleavage (Figure
significant increase as compared to the dispersion of only 6). The most striking results with the double-strand-cleaving
1.0 ppm (5.16.1 ppm) in the free RRE and is very similar RNA nuclease V1 are the cleavage enhancements in the stem
to the increased dispersion observed upon Rev binding (1.9near the hairpin loop (G24C28), indicating an improved
ppm) 38). A-form helical stacking in this region of the drug complex.

The extended aromatic region of the NOESY spectrum It is clear that binding of DB340 does not cause any decrease
of the 2:1 DB340/RRE complex is shown in Figure 5. Asin in the access of the enzyme to the upper stem region and
the COSY spectrum, two sets of cross-peaks were observedndicates that this region is not a drug binding site. There is
for the aromatic protons of DB340 in the NOESY spectrum. also protection from V1 cleavage at A45. The decrease in
In addition, weak cross-peaks resulting from the chemical cleavage observed at A45 (A28 of the RRE hp 1) is
exchange between the two species of the furan protons wereconsistent with the NMR results described above that indicate
also observed. A strong cross-peak from one furan protonthe drug dimer binds at or near this site on the RNA.
(b) and a weak cross-peak from the other furan proton (a) Very significant changes in RNase A cleavage of the RRE
on the same molecule to the H2 of A28 are observed. The segment occur on complex formation (Figure 6). RNase A
H2 of A28 was assigned through a strong cross-peak to thecleaves the internal loop region (G4843) very strongly
imino proton of U3 (not shown). The imino proton of U3is in the free RNA, but the cleavage is almost completely
the most downfield resonance in the RRBB340 complex inhibited on complex formation with DB340. Protection of
and its assignment is very similar in the RERRE complex. the internal bulge from RNase A cleavage reflects improved
A cross-peak between the furan proton b of the second boundstacking and suggests binding of DB340 to this region. There
DB340 molecule and an unassigned AH2 proton is also is some protection of cleavage at U50 and an enhancement
observed (Figure 5). The resonance was identified as an AH20of cleavage by RNase A in the hairpin loop at A29. RNase
through a strong cross-peak to an unassigned imino protonT1 cleavage is not markedly affected by complex formation,
and its lack of other cross-peaks to the' dgion. Addition- although there is a slight enhancement of cleavage by T1 at
ally, we observe cross-peaks between benzimidazole andG24 and G32 in the upper hairpin stem region in the DB340
furan protons to unassigned Hdrotons (Figure 5). These complex.
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0 ] : ] : . = FIGURE 8: Scatchard plots of fluorescence titration of DB340 with

the RRE based duplex (circles) and the mutant duplex sequence
320 340 360 380 400 420 (triangles). The data indicate that two DB340 molecules bind
Wavelength (nm) specifically to RRE and two additional DB340 molecules bind to

e . . RRE nonspecifically. Fluorescence binding studies were performed
FIGURE 7: Spectroscopic titration of DB340 with RRE hairpin. i, 19 mMpsodium )r;hosphate buffer, pH %.O 01 M Nagl and 1
Titration was conducted at ze ina 1-cm cell in 10 mM sodium mM EDTA. A solution of DB340 (1&’50 nM ’250#|_) inasx
phosphate (pH 7.0) containing 0.3 M NaCl and 1 mM EDTA and 4 mm quartz cell was excited at 356 nm, and the fluorescence

was monitored at 356 nm. An isosbestic point near 380 NM S jntensity was recorded at 455 nm as a function of RRE concentra-
present until a ratio of 2:1 and is lost upon further addition of the gn.

RRE hairpin. The concentration of DB340 was 2. The
goé'fel“tzrit'fl’”gffztgi %Ro%halrglg were O-OAH 0.21, 0-ﬁ7~€-53‘ 0.69, dependent and saturable decrease of the fluorescence intensity
it i /42 from the top to the bottom o« "HR340  Scatchard plots of fluorescence binding data

’ (Figure 8) reveal significant differences in the way that
RNase footprinting of DB340 binds to RRE and the mutant sequence. DB340 binds

RRE hp 1 gave results in agreement with those from the V€'Y Strongly to RRE with a stoichiometric ratio of two
longer sequence. Enhancement of RNase V1 cleavage by’Pecific DB340 binding sites per RRE. Since the binding
DB340 at the upper stem region and protection of RNase A constant for each site cannot be resolved, we report an

cleavage by DB340 in the internal loop region were observed obseerdKA Of. 14 x 1.08 obtained by fitting the firs_t
(data not shown). approximately linear region of the Scatchard plot. Previous

. results have shown that DB340 binds to RRE hp 1 with the
UV and Fluorescence Spectroscopie&340 has absorp- . i o -
tion bands in the 300 to 400 nm spectral area that are same 2:1 stoichiometry and similar binding constea$).(

: : " At ratios above 2:1 DB340 to RRE, nonspecific binding is
separatgd from the RNA.absorptlon region. Addlthn of RRE observed between the tetracation and RRpE. DB340 bin%s to
results na hypochrom|c effect along with a_shn‘t of the the mutant RRE sequence with a 5-fold lower binding
absorption maximum to longer wavelength (Figure 7). An

isosbestic point near 380 nm is present at stoichiometric constant Kx of 2.5 x 10) and a stoichiometric ratio
; LG X hi DB34 lecul RRE. Th imat
ratios up to 2:1 DB340 to RRE indicating that a single mode approaching 3 DB340 moleciles per © approximate

f st binding dominates th hout thi di linearity of the Scatchard plot suggests a dominant binding
ors _rotngt Ir']thlrll\lgMRomma}te?h trptég c;u 'f’ rantgeifan 'S mode that is comparable in affinity to the nonspecific binding
consistent with v/ .resu s thatindicate preterential orma- go.q yith the RRE duplex sequence at higher DB340 to RRE
tion of the specific 2:1 complex. At DB340 to RRE ratios ratios (Figure 8)
greate(; thar;)_z(:j;, the 'ZObe?t'ﬁ. pr(])mt is lost tsutggest|r_1rgh_a Surface Plasmon ResonanB&E hp 1 containing a biotin
o S T o ooversa e, Mo aached T h Seminus vas mmabizedon o

. . ; o cells of a four-cell streptavidin coated sensorchip. One cell
of the tetracation to RRE and is observed in quantitative SPR " pravict 'P

d f . ts (bel " " of this sensorchip was left as a blank reference cell.
an uorescence experiments (be OW) as well as fine Sensorgrams (instrument response versus time) for flow of
broadening in NMR experiments at ratios greater than 2:1.

_ _ DB340 concentrations from 25 nM to 1M across the flow
UV absorbance melting experiments showed a concentra-cells are shown in Figure 9, panel A. A steady-state response

Although not of as high a quality,

tion-dependent rise of the melting temperatiireof RRE plateau Reg) was achieved at each concentration and was
duplex upon addition of DB340 (data not shown). Ata 2:1 ayeraged over at least 200 s to yield Ry value for each

ratio of DB340 to RRE, th@y, increased 6C. TheTn of  concentration. Even at the lowest concentrations of DB340,
the mutant RRE duplex (Figure 1) increased onlyQ, steady-state response was achieved in under one minute of

however, at this ratio. Such a difference in the increase in fio. A Scatchard plot of the steady-state binding data
T indicates a significant difference in the stability of the (Figure 9, panel B) confirms the NMR and fluorescence
two complexes upon binding of DB340 and a requirement resyits that indicate there are two specific DB340 binding
for the RRE internal loop for the strong 2:1 complex. sites and two additional nonspecific binding sites on RRE
Excitation of DB340 in its absorption region results in a hp 1. To obtain binding constants, a four-site binding model
strong fluorescence emission spectrum with a maximum nearwas used to fit plots oRgq versus concentration (Figure 9,
460 nm. Upon titration with RRE, there is a concentration- panel C). The binding constants for the two specific binding
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00 300 400 500 600 700 800 900 Ficure 10: Equilibrium constant versus sodium concentration for

Time (s) binding of DB340 to RRE. The square represents the equilibrium
constant obtained through fluorescence analysis (duplex RRE) at
100 mM Na, the circle represents the equilibrium constant obtained
through SPR analysis (hairpin RRE) at 150 mM*i\the triangle
represents the equilibrium constant obtained through SPR analysis
(hairpin RRE) at 300 mM N& and the diamond represents the
equilibrium constant obtained through SPR analysis (hairpin RRE)
at 500 mM Nd. Linear regression yields a slope f3.72
indicating approximately four sodium ions are released per molecule
of DB340 bound.

with an observed binding constant of 1x110" M~ for the
specific binding sites. Binding constants obtained at 100 to
500 mM Na indicate that approximately four sodium ions
° 5 are released per molecule of bound DB340 (Figure 10). This
! : ‘ ‘ o is in complete agreement with the tetracationic charge of
0 0.5 1 L5 2 25 3 s DB340. There is excellent agreement between the binding
equivalent bound constant obtained through fluorescence (duplex RRE se-
guence) and those obtained through SPR (RRE hairpin).
NMR results clearly indicate that DB340 binds to RRE
50+ - in a highly cooperative mode. However, the cooperativity is
w0 e not observed as convex plots in either the fluorescence or
: — SPR Scatchard plots. The tetracationic charge of DB340
30+ results in nonspecific binding that most likely overlaps with
20 the strong, specific binding and obscures the appearance of
J cooperative binding.
104/
!

0—— e o . DISCUSSION

= ° ;e-es 2(:_6 3e|_6 deb 900 Ge 7e'|? fse-; Z?'G 1:38340 The RNA—drug index category in the nucleic acid
IGURE 9. Surtace plasmon resonance resuits tor binding o H : H _

to RRE hairpin 1. (a) Sensorgrams of 25 nM tod (bottom to database contains mostly drug (intercalatoRINA dinucle

top) DB340 binding to RRE. (b) Scatchard plot of SPR data of otide entries and aminoglycoside entries. Rational de_5|gn of
DB340 binding to RRE hp 1. As with fluorescence, the results drugs that target RNA has largely focused around aminogly-
indicate that there are two strong specific DB340 binding sites as cosides due to their activity as antibacterial)( ribozyme
g?'('j.as 'F‘Nothnonspfetcr']ﬂcs[l)j?gotblnﬁlng sites Onl ,F;REhh% 1t- (©) inhibitors (7, 41, 42), and inhibitors of RevRRE and Tat
inding isotherm of the ata shown in panel A. The data are ; _ ; ;
shown as points, and the line is the best nonlinear least-squares fit-'gAR com.plex formatlon 43-49). .Wh”e the.work' with
for a four-site binding model where the binding constants for the RNA—aminoglycoside complexes is proceeding with prom-
two specific sites are treated as equal and the binding constantsiSing results, similar studies on other small molecule RNA
for the two nonspecific sites are treated as equal. Treatment of thecomplexes are needed if RNA is to become a more useful

data with more complex models, such as four individual sites is biological receptor for drug design. As part of our effort to
not justified by improvement in chi-squared values. SPR binding )
data were collected in 10 mM HEPES, pH 7.4, 300 mM NaCl, 3 d€velop new model system probes of RNA molecular

mM EDTA, and 0.005% (v/v) Surfactant P20 at 26. recognition mechanisms, as well as to develop new para-
digms for RNA-directed drug design, we have found that
sites are correlated and difficult to resolve so they are treatedcertain diphenylfuran cationic derivatives bind strongly to
as equal. The binding constants for the two nonspecific RNA duplexes. Using inhibition of the ReARRE complex
binding sites are also difficult to resolve and are treated asas an assay system, we discovered that DB340 is a strong
equal. This gives a model with two classes of sites, each of selective inhibitor of complex formatior29). The results
which can bind two molecules of DB340. At high salt reported here provide the first structural information on the
concentration (300 mM Ng, DB340 binds to RRE hp 1  DB340 complex, and, to our knowledge, this is the first report
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of a dimer binding motif in the minor groove of RNA. We formation. A very important feature of the imino proton
also show that the dimer binds specifically near the internal titration spectra is the observation that at a 1:1 ratio of DB340
loop of RRE. to RRE, approximately one-half of the signal intensity of
The RRE stem-loop of HIV-1 has an asymmetric internal the unbound RRE signals remains, while a new set of imino
loop that becomes highly structured upon binding of the Rev signals has appeared. At a 2:1 ratio, none of the original
protein in the major groove3{, 38, 46, 47). CD studies signal remains, and the spectrum is dominated by the new
suggest that conformational changes occur to the stem-loopset of signals that appeared at the 1:1 ratio. These results
upon Rev binding and NMR results clearly demonstrate that demonstrate that a dominate single 2:1 complex of DB340
the internal loop becomes more structured with reduced with RRE forms throughout the titration and that this
dynamics on complex formation37, 38). The results complex is in slow exchange with free RRE. Some line
presented here suggest that DB340 binds in the minor groovebroadening but no significant further spectral change was
near the internal loop region and also results in a more highly observed when additional DB340 (3:1) was added (data not
ordered structure with no major conformational rearrange- shown). This suggests that above the 2:1 ratio, some weaker
ment of the RNA upon complex formation. The rapid nonspecific interactions occur.
association rate of DB346RRE complex formation ob- Results from the nonexchangeable proton spectral region
served in SPR experiments suggests that no major refoldingalso support formation of a 2:1 complex. Results from COSY
conformational changes occur upon DB340 binding. Indeed, spectra provide clear-cut evidence for a 2:1 complex even
imino proton NMR and footprinting results indicate that RRE at a 1:1 molar ratio. There are 14 pyrimidine bases in the
maintains much of its original structure but that DB340 RRE hairpin and 14 COSY cross-peaks for the—Htb
induces significant hydrogen bonding of the internal loop protons are observed in both the free and the DB340-bound
region. RRE at a 2:1 ratio (data not shown). In contrast, free DB340
UV melting experiments and the fluorescence binding has single COSY cross-peaks for the furan aromatic protons,
assay with the mutant RRE duplex clearly show that the the benzimidazole protons and the phenyl proton pairs, while
internal loop and the 6G and G-A base-pair mismatches all of these signals are doubled in the complex of DB340
are important for high affinity and specific binding of DB340 with RRE at both 1:1 and 2:1 molar ratios. Rotation of the
to RRE. The RNase footprinting experiments on the RRE  phenyl ring is reduced upon complex formation resulting in
DB340 complex (Figure 6) with both the long and the short separate resonances for the two sets of phenyl ring protons,
RRE stem-loop model systems indicate that DB340 binds although only 3 of the 4 sets of resonances are resolved
near the G-A base pair end of the internal loop region and (Figure 4).
provides strong protection from cleavage of this region by  Cross-peaks between DB340 and RRE in NOESY spectra
all the enzymes. Reduction in RNase A cleavage at U50 andof the 2:1 complex place the drug dimer in the minor groove
enhancement of V1 cleavage at G10 indicate reducedof RRE near the GA base pair end of the internal loop.
dynamics in the lower stem of RRE on complex formation. Specifically, cross-peaks between the H2 of A28 and both
The marked enhancement of V1 cleavage of the upper stem furan protons of one DB340 molecule are observed, orienting
specifically G24-C28, suggests that DB340 binding in the the furan moiety toward the RNA bases. A cross-peak to
internal loop also induces better stacking and/or reducedthe furan proton b of the second bound DB340 molecule
dynamics in the upper stem and hairpin loop. In contrast, and an unassigned AH2 supports placement of the dimer in
the first base of the loop, A29, and the first base in the duplex the minor groove. Cross-peaks between benzimidazole and
at the 3 side of the hairpin loop, G32, show enhanced furan protons to unassigned Hfirotons further support
cleavage by RNase A and RNase T1, respectively. It is clearbinding in the minor groove (Figure 5)
that the conformational changes induced in the internal loop  The chemical shift changes of the aromatic proton signals
by DB340 are propagated into the upper hairpin stem and of DB340 are all upfield on complex formation. The shifts
extend over a long range through the double-helical stack.are 0.6 to 1.1 ppm for the furan, 0.2 to 0.5 ppm for the phenyl
This agrees with the slight NMR resonance shifts observed groups, and 0.3 to 0.6 for the benzimidazole proton signals.
for the loop region of RRE. Perhaps the most significant These results strongly suggest that the two bound molecules
change in RNase cleavage is the protection from V1 cleavageof DB340 are somewhat stacked on each other in the 2:1
at A50 upon complex formation. As discussed below, NMR complex with RRE. Although an intercalation complex could
results suggest that part of the drug dimer binds at this site.also result in upfield shifts of the DB340 aromatic signals,
Imino proton NMR spectra of large RNA systems can the cross-peaks discussed above place the complex in the
provide specific information about the conformation and minor groove. Additionally, the CD changes of RRE are very
conformational changes of the RNA upon complex formation small on complex formation with DB340 (as with the Rev
(48). Imino proton results have shown that RRE undergoes complex) and would be much larger if intercalation occurred,
conformational changes in the transition from free RNA to and intercalative binding generally does not give the very
the Rev complex37, 38). Results with the DB340 complex large equilibrium binding constants and specific binding
are similar to those induced by Rev binding. The internal obtained for the RRE-DB340 complex. The complex also
loop region signals become significantly more narrow on has a very large association rate constant, again suggesting
addition of DB340, indicating a much more highly structured a groove binding mode with no significant base pairing
internal loop in the DB340 complex than in free RRE. The changes in the RNA duplex stems. Although the NMR
imino NMR results also agree with footprinting results on spectra of the DB340RRE complex are rather clean
the DB340 complex indicating that the compound binds in considering the complexity of the system, there is too much
the internal loop region. Binding in the internal loop explains overlap and ambiguity to enable a detailed solution structure
the inhibitory activity of DB340 against Rev/RRE complex to be obtained with the current system. Solving the solution
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structure of this complex will necessitate extensive studies
with several specifically labeled RRE samples.

It is initially surprising that a tetracationic molecule with
positive charges symmetrically distributed around the furan
center of the molecule will dimerize. It is plausible that the
highly anionic charge of RNA provides an environment
suitable for dimerization. Indeed, the cooperative binding
mode of the dimer indicates that dimerization does not
precede binding. It is likely that neutralization of the
tetracationic charge of the first molecule upon binding to
RNA is necessary for dimerization.

DB340 binds to RRE with high affinity, but the tetracat-
ionic charge of the molecule facilitates a high degree of
nonspecific binding and complicates therapeutic development
of the molecule. The discovery of the minor groove dimer
complex of DB340 does provide an exciting new model for
RNA-directed drug design and furthers our knowledge about
the mechanisms and possibilities of drug binding to RNA.
Work on a high-resolution structure of the complex and
studies with derivatives of DB340 are proceeding.
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