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RNA folds into diverse structures that form unique targets for small molecules and thus provide significant
potential for controlling biological processes involving RNA with small-molecule ligands. We are investigating
molecular recognition of tetraloop RNA by small molecules. RNA tetraloops are four-nucleotide stem loops
with unusual stability that are involved in biological processes involving RNA by forming binding sites for
proteins and other RNAs. We have sequentially used the docking programs DOCK and AutoDock to screen
1990 small molecules in the NCI diversity set to identify molecules selective for RNA tetraloops over
double-stranded RNA. The compounds predicted to bind to tetraloop RNA were evaluated for binding RNA
tetraloops usingH NMR spectroscopy and fluorescence techniques. An aminoacridine derivative (AD2)
was identified that binds to a GAAA tetraloop in a 2:1 ratio with dissociation constants of 1.0 apt14.0

AD2 binds with approximately 20-fold and 9-fold higher affinity to tetraloop RNA than to double- and
single-stranded RNAS, respectively.

Introduction A. NSNS N B. A
RNA plays essential and multifaceted roles in gene expres- 5G A8
sion. For example, RNA is the information carrier between DNA 88
and proteins, a component of the machineries that perform RNA NH 188 12
processing steps and translation, and an essential regulator of OCH, U
many steps in gene expressiofherefore, small molecules that O \ A U
could bind to RNA and affect these biological functions would al N7 {GAAA

be of great utility?"> Small molecules that bind to bacterial ) - o _

ribosomal RNA and inhibit protein synthesis are used as Figure 1. (A) Ammo:mndme derivative (AD1) previously found to

antibiotics®” However, there is considerable potential for small 2ind RNA tetraloops? (B) Sequence of tGAAA RNA tetraloop used
. . in binding experiments with AD1.

molecules to target other processes involving RNA. RNAs fold

into complex structures that form diverse binding sites for small \yith the RNA tetraloop in the major groo¥@Deoxystreptamine
molecules RNA motifs that are the target sites for proteins gimers have recently been shown to bind to GAAA and UUCG
and other RNAs and are important for the correct functioning  tetraloop RNAs with submicromolar affinity and with selectivity
of the RNA form attractive targets for small molecules. We for tetraloops over stem loops with different loop sife&
report here investigations of small-molecule recognition of RNA Recognition of hairpins in general by small molecules is
hairpins, in particular a common, small RNA hairpin called the are50-53 Thys, GNRA tetraloops comprise a structurally
GNRA tetraloop. _ characterized and biologically important class of RNA hairpin
GNRA tetraloops are exceptionally stable stem loops that that has been only minimally explored as a target for small-
were first identified from sequence comparisons of ribosomal moelecule ligands.
RNAs?~* More than 55% of loops in the 16S rRNA are e have previously characterized the binding of an amino-
tetlralool|gsl,2 and most of these have the consensus sequencgeridine derivative (AD1) to a GAAA RNA tetraloop (tGAAA,
GNRA12 GNRA tetraloops are known to be involved in  Figyre 1)5¢ AD1 was initially identified as an inhibitor of the
functionally important tertiary contacts in catalytic RN 16 Tat—TAR interaction with an 1§, of 22 nM5556 We found
ribosomal RNA],'7’18 and the viral internal ribosome entry site that AD1 forms a 1:1 Comp|ex with the tGAAA tetra|00p and
(viral IRES)'*"2* and are also known to interact with proteins pinds to the junction between the loop and the stem of the
such as SRP proteins, ribosomal proteins, elongation factors,;gaAA tetraloop with aKp of 1.6 M. However, AD1 does
and sarcin and ricin toxm’é;laiflﬁ GNRA tetraloops have;gen not bind specifically to the tGAAA tetraloop. For example, the
extensively studied bysl;Ing?, X-ray qrystlajéographx’, binding affinities of AD1 for tetraloop and duplex RNAs were
chemical modificatior® therglal meltind"*° Raman and  found to be equivaler¥, Therefore, we initiated a computational
fluorescence spectroscopiés’* and molecular dynamics  screen to identify molecules, not necessarily related to AD1,
simulations?>~*" Compared with the extensive structural and that would be able to bind tetraloop RNA with improved
thermodynamic studies on RNA tetraloops, there is surprisingly selectivity for tetraloop over duplex RNA.
little known about small-molecule recognition of RNA tetra- Computational docking is a common tool used toward the
loops. A solution structure of a GAAA tetraloop complexed jdentification of small-molecule ligands of macromolect e
with cobalt(ll) hexaamine revealed that the metal ion interacts However, compared to proteins, RNA is a relatively new target
E—, . T o 217) 224 for computational docking. Most docking programs have been
*To whom correspondence should be addressed. Phone: “designed for proteins, and only a few have been used to identify
7649. Fax: (217) 244-8024. E-mail: baranger@uiuc.edu. small-molecule ligands for RNA target§%-72 Two programs

T Wesleyan University.
* University of lllinois. that have been evaluated for their ability to reproduce experi-
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Table 1. Computational and Experimental Binding Free Energies of the Test Set off8x#all-Molecule Complexes

DOCK AutoDock experiment

ligand—RNA complex energy (D® rmsd (A) energy (kcal/mol) rmsd (A) AG (kcal/mol)
arginine-RNA aptamet -19 3.5 —6.71 1.87 —-5.7¢
biotin—RNA pseudokndt —-25 1.56 —8.59 1.19 712
theophylline-RNAP —34.5 0.8 —8.55 1.35 —8.8%

apU is dock unit.> The PDB codes are 1KOC for the argininBNA aptamer compleX¢ 1F27 for the biotir-RNA pseudoknot comple¥,and 1EHT
for the theophylline-RNA aptamer compleX® © The experimental binding energies were reported previously for the argiRIN& aptame®? the biotin—
RNA pseudoknof and the theophyllineRNA aptame$* complexes.

mental datéf63.6870.72and used to find small-molecule ligands
for RNA®%4-67 agre DOCK and AutoDock. DOCK uses shape
complementarity to match the ligand to the binding site of the
receptor’® The accuracy of DOCK is limited by its scoring
function, which only considers van der Waals and electrostatic
interactions. AutoDock uses a Lamarckian genetic search
algorithm and a scoring function that includes desolvation,
hydrogen bonding, ligand torsional, van der Waals, and
electrostatic energi€é.The ability of these programs to reliably
predict the binding sites and relative affinities of known ligands
has been investigated in both RNA and DNA systéfi8These

; i ati ; o Figure 2. Docking site of 38 spheres generated by DOCK on the
investigations have suggested that AutoDock is more effective GAAA tetraloop. The sizes of the spheres are arbitrary and were chosen

than DOCK bu_t that sequential docking W'th_ DOC_:K' followed for ease of visualization. The edges of the energy scoring grid that
by AutoDock, is a better procedure than using either program \yas constructed based on these spheres are shown.
alone for identifying small molecules in a library that bind the
RNA target. However, it is important to note that computational analysis of the DOCK and AutoDock programs for RNKgand
docking to RNA targets is still at an early stage of development, complexe$?
and a recent critical evaluation of 10 docking programs against Computational Docking of the NCI Diversity Set to a
protein targets, including DOCK but not AutoDock, did not GAAA RNA Tetraloop. We screened the NCI diversity set of
identify any one program as being superior to the otfers. compounds for molecules that bind RNA tetraloops. This

We performed sequential docking with DOCK and AutoDock database is composed of 1990 compounds that are derived from
to identify molecules in the diversity set database from the 140 000 compounds at the National Cancer Institute (NCI). We
National Cancer Institute able to bind to RNA tetraloops with chose this database because it is relatively small, it contains a
specificity over duplex RNA. We targeted molecules to a diverse set of compounds that are known to be druglike, and
binding pocket in the major groove of the helix proximal to the selected compounds can be easily obtained from the NCI. We
loop. This site was predicted to provide contacts to support high chose to use DOCK to eliminate about 80% of the database
binding affinity within a structure sufficiently different from  and then use AutoDock to calculate the binding free energy of
duplex RNA to enable selective recognition. These investiga- the remaining compounds.
tions have revealed an aminoacridine derivative (AD2) thatis A structure of the tGAAA RNA tetraloop determined by Pardi
related to AD1 and binds to RNA hairpins with approximately and co-workers was used as the target for the computational
10-fold and 20-fold selectivity over single-stranded and double- docking8%-81 This 15mer RNA has a’'®verhang that was too
stranded RNA sequences, respectively. flexible to define by NMR. Thus, the nucleotides in the 3
overhang were not included in the docking calculations.

As preparation for performing computational docking, a

Computational Screening of a Trial Set of RNA-Ligand binding site for the small-molecule libraries on the GAAA RNA
ComplexesWe selected three known RNAigand complexes  tetraloop was defined for DOCK using a model of the AD1
as a small test set for the DOCK and AutoDock programs, an GAAA tetraloop complex determined by AutoDock. AutoDock
arginine-RNA aptamer comple¥€ a biotir—RNA pseudoknot scanned the entire RNA molecule to find a site at which the
complex?’” and a theophyllineRNA complex’® These three small molecule interacted with the RNA with the lowest free
ligands represent neutral, positively, and negatively charged energy of binding. AD1 was found to bind to the major groove
ligands. Table 1 shows the results of docking of the test set. of the GAAA RNA tetraloop in the majority of the predicted
DOCK ranked these three compounds in the same order as thastable structures, including the top-scoring structure. This
of the experimental binding energies and was able to dock the binding site is consistent with the results of our previously
biotin and theophylline ligands back to their original positions. reported footprinting experiments of the ABIGAAA tetraloop
However, the complex formed with arginine had a root-mean- complex, which indicated that AD1 binds to the junction
squared deviation (rmsd) of 3.5 A from the experimentally between the loop and the stem of the tetralgbim addition,
determined structure perhaps because of the nonexhaustivehis binding site is similar to that determined for cobalt(lll)
sampling and lack of a solvation term in the DOCK scoring hexammine on a GAAA tetraloop by NMR.
function, as discussed previously by James and co-wofRers.  DOCK uses shape complementarity to match the ligand to
In contrast, AutoDock docked each ligand to the RNA with an the binding site of the receptor by generating a sphere file to
rmsd within 2 A of the experimentally determined structure. represent the docking site. The major groove docking site was
The free energies of binding calculated by AutoDock approach assigned 38 spheres by DOCK, which were used to create an
the values determined experimentally with an error of less than energy scoring grid. The spheres and the edges of the scoring
1.5 kcal/mol in all three test complexes. These results agreegrid are shown in Figure 2. The spheres are located in the major
with those obtained by Varani and co-workers in a detailed groove extending into the loop region. This region of the

Results and Discussion
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NCI diversity set (1990 compounds)
Assign partial charges by INSIGHT I
filter by molecular weight (<500)
1400 compounds

DOCK to tetraloop RNA
select top 50% binders

700 compounds

DOCK to duplex RNA
select compounds with higher affinty for
tetraloop than duplex RNA

350 compounds
ﬂ AutoDock to tetraloop RNA

95 compounds
ﬂ Evaluate binding experimentally

Figure 3. Flow chart of computational screening of the NCI diversity
set with DOCK and AutoDock programs.

tetraloop forms a pocket for binding with small molecules and

includes loop nucleotides, although not all of the loop bases.

Thus, we expected that the identification of small molecules
that bind RNA tetraloops with selectivity against nonhairpin

structures, such as duplex RNA, would be possible using this

binding site.

The computational screening of the NCI diversity set for
molecules to bind to the GAAA tetraloop is outlined in Figure
3. Compounds from the NCI diversity set with a molecular

weight less than 500 were assigned partial atomic charges usin

the Insight Il CFF91 force field and were docked to the GAAA
tetraloop RNA using DOCK. Compounds were ranked by the

Yan et al.

Selection of Compounds for Experimental Assay<Of the
95 compounds identified by AutoDock, 29 were selected for
experimental investigations based on the diversity of their
structural scaffolds. Only 10 of these compounds were soluble
in water or in 1:1 or 1:2 watefDMSO solutions. The identities
of these 10 compounds were confirmedibyNMR spectros-
copy. ThetH NMR spectra were found to be inconsistent with
the reported structures for 2 of the 10 compounds. The structures
of the remaining 8 compounds are shown in Figure 4. Binding
to two different GNRA tetraloops, a GAAA and a GCAA
tetraloop, was evaluated by NMR, CD, and fluorescence assays,
as described below. Both of these tetraloop sequences have been
structurally characterized by NMR by Pardi and co-worke#s.

The structures of the two tetraloops are nearly identical except
for the position of A6 in the GAAA loop and C6 in the GCAA
loop. A6 is stacked on A7 in the GAAA tetraloop, while C6
does not stack on A7 in the GCAA tetraloop. Thus, we expected
the selected ligands to bind with similar affinity to both
tetraloops.

Screening of Selected Compounds by NMRBinding to a
GCAA tetraloop (tGCAA, Figure 5) was investigated by
monitoring changes in the chemical shifts of the RNA as
increasing concentrations of individual compounds were added
to the solution of the tetraloop RNA. All of the experiments
were performed in 50 mM Naif?OQy/NaHPO, (90% H0, 10%

20, pH 7.0) at 5 or 25°C. Three of the compounds,

SC130813 (AD2), NSC3589 (QD1), and NSC62598, induced
changes of the chemical shifts of the aromatic and sugar protons

energy scores determined by DOCK. Half of the database was®f theé RNA upon addition to the RNA. No changes in the imino
discarded on the basis of these energy scores. The remaininé’mto” resonances were observed in these tltratllons. Add.|t|on
compounds were subsequently docked to duplex RNA in order of AD2 induced broadening of the RNA and AD2 signals, which

to identify ligands that selectively bind to the tetraloop RNA
over duplex RNA. The structure of rUAAGGAGGUGAYU
rAUCACCUCCUUA, which was determined at 2.6 A resolution
by X-ray crystallography® was chosen for the docking to
duplex RNA. The binding site was chosen to be the major
groove of base pairs49, as previously described by Kuntz
and co-worker§* There were 350 compounds that were
predicted to have a higher affinity for tetraloop RNA than for
duplex RNA. The program AutoDock was then used to dock

may be due to an exchange rate that is intermediate on the NMR
time scale. We investigated the binding of AD2 to tetraloop
RNA in detail because the magnitudes of the changes of the
chemical shifts of the RNA upon addition of AD2 were larger
than those of the RNA upon addition of NSC62598, and the
binding affinity of AD2 for RNA is 10- to 100-fold greater than
that of QD1 for RNA.

Evaluation of Binding of AD2 to Tetraloop RNA by 1H
NMR Spectroscopy.A series of spectra of the aromatic protons

these 350 compounds to the tetraloop RNA in order to achieve of tGCAA upon titration with AD2 are shown in Figure 5. The
more accurate energy scores. AutoDock predicted energy scoresargest changes in chemical shifts occur in the downfield regions

lower than—9 kcal/mol for 95 compounds.
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Figure 4. Compounds from computational docking that were studied experimentally.
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Figure 5. Spectra of the aromatic protons of tGCAA upon titration . . . . . . . .
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Figure 7. CD spectra of tGCAA (12:M) upon addition of AD2 in

10 mM NaHPO; (pH 6.0) at 25°C. The concentration of AD2 was
varied between 3 and 7@M. The spectrum of the free tGCAA RNA

is shown in red, and the spectrum with the highest concentration of

(\N,CHJ
N - .
AD2 (70 uM) is shown in blue.

U12 are observed to change upon addition of AD2. The changes

in the chemical shifts of the loop residues are larger than was
observed for tGCAA described above, suggesting that the AD2

Characterization of RNA Tetraloop Structure upon Ad-

5G A8

o1 M MM ca indi - - i

T T R Wk G 63/"\_‘_”‘_*__.,_ &é binding site may involve loop nucleotides for the GAAA
A R GAAA

GQ.IU12,GZ . . ,
7.6 6.8 ppm
Figure 6. 'H NMR spectra of GAAA tetraloop (300M) titrated with

8.4 8.0 7.2

dition of AD2 by CD Spectroscopy.In order to probe whether
the chemical shift changes described above resulted from direct

contact of the tGCAA tetraloop with AD2 or from an RNA
conformational change upon AD2 binding, we probed changes
in RNA conformation upon addition of AD2 by CD spectros-
copy. These experiments were performed over a greater range

two sets of overlapping resonances assigned to G1, A8, A14,0f ratios of AD2 to RNA than was possible in the NMR
and A7 for the first set and to C6, U12, and U13 for the second experiments because precipitation of AD2 did not occur at the
set shift upon addition of AD2. The chemical shifts of the sugar lower overall concentrations required for detection by CD. A
resonances also changed upon addition of AD2, but overlap ofdecrease in the magnitude of the RNA CD signals at 208 and
these resonances makes evaluation of these data difficult.265 nm upon addition of AD2, shown in Figure 7, indicated
Because of problems with precipitation of AD2 at higher thatthe RNA experienced conformational changes upon binding.
concentrations, we discontinued the titrations at a 1:1 AD2/ These results suggest that a portion of the NMR chemical shift
RNA ratio and were unable to observe by NMR the 2:1 complex changes observed upon addition of AD2 to tetraloop RNA may
that is indicated by the fluorescence experiments describedresult from conformational changes in the RNA.

below. The observed changes in chemical shift suggest that AD2 ~ Binding Affinity of AD2 for Tetraloop RNA. The equilib-

is binding to both the base of the loop and the@erhang of rium binding constants of the AD2etraloop RNA complexes
tGCAA RNA. The changes in chemical shifts for the overhang were measured by fluorescence techniques using tetraloop RNA
resonances are more significant, with the changes in A14 beinglabeled with 2-aminopurine (Figure 8). Two labeled tetraloops
particularly large. However, assignment of a binding site with were used in these experiments: a tGAAA tetraloop labeled
this data is ambiguous because binding of AD2 could cause with 2-aminopurine at position 8 in the loop (tGAAAp) and a
conformational changes remote from the site of binding, and tGCAA tetraloop labeled with 2-aminopurine in thederhang
these would also result in chemical shift changes. We were sequence (tGCAAUApU). Because the amino groups of both
unable to localize the binding site of AD2 using NOE experi- adenine and 2-aminopurine are in the minor groove of the RNA,
ments presumably either because of the intermediate rate ofwe expected that the 2-aminopurine substitution would not affect
exchange of AD2, which leads to broad AD2 resonances, or binding of AD2 to the tetraloop RNA. UV melting experiments
because no protons of AD2 are close enough to protons on theperformed previously showed that the 2-aminopurine substitu-

increasing concentrations of AD2 in 10 mM Nz#O, (pH 6.0),
D,O at 40°C. A spectrum of free AD2 is shown at the top of the
figure.

RNA to result in an NOE.

To evaluate the contribution of thé-8verhang sequence to
the binding of AD2 to tetraloop RNA, the GAAA tetraloop was
titrated with AD2. A series of spectra of the aromatic protons
of the GAAA tetraloop upon addition of AD2 are shown in

tion for A8 in the loop did not change the stability of the
tetraloop?*

We first measured the binding of AD2 to the tGAAAp RNA
tetraloop. As shown in Figure 9, the fluorescence of tGAAAp
was quenched upon addition of 0.22B0 uM AD2. The fraction

Figure 6. Precipitation of AD2 prevented acquisition of spectra of RNA bound was calculated by dividing the difference
at AD2/GAAA ratios greater than 1:2. The resonances assignedbetween the sample and initial fluorescence by the difference
to the loop bases G5, A6, A7 and to the stem bases G1 andbetween the final and initial fluorescence. We then plotted the
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5G Aps8 5G A8 5G Ap8
CG CG CG
GC GC GC
GC GC GC
1GU 12 1GU 12 1GU 12
U
A Ap
U
tGAAAp tGCAA-UApU GAAAp
CA
G C 4
u u 5'-AUCACCUCCUUA-3'
U C 3-UAGUGGAGGAAU-5'
Ap_C 6
CG
cG double-stranded RNA
UA 0 . I l
5 5 -5
ﬁg 5'-AUCApCCUCCUUA-3' 0 210 410 610
GC _ [AD2] (M)
GC single-stranded RNA . ) o
G Figure 10. Representative binding curves of the complexes formed
SL2 RNA with AD2 and tGAAAp (black), GAAAp (green), single-stranded (blue),

. . . ... _and double-stranded (red) RNAs assuming a 1:2 stoichiometry. The
Figure 8. RNA sequences used in fluorescence experiments. POsitions j 1~ were fit with eqgs 1 and 2 as described in the text. Experiments

of labeling with 2-aminopurine are indicated with Ap. For the double- : o Tri .
stranded sequence, some experiments were performed with RNA labele 56 [)e performed in 10 mM Naif*Q; (pH 6.0), 0.01% Triton X-100 at

at position 4 of the upper strand and some with RNA labeled at position

6 of the lower strand. o
The stoichiometry of the tGAAApAD2 complex was

510° measured at RNA concentrations approximately 20-fold greater

than the first dissociation constant of the tGAAAAD?2
6 complex. The concentration of AD2 ranged from 6.25 to 150
4107 uM, which is below the concentration at which precipitation of
3 AD2 was observed. The fluorescence of the labeled RNA was
S310°| | monitored upon addition of AD2. A binding stoichiometry of
& two AD2 to one tetraloop RNA was indicated from three
g N independent measurements, one of which is shown in Figure
3 210° | 11.
- The binding affinity of AD2 for the tGCAA RNA tetraloop
110° labeled in the 3overhang sequence (tGCAAJApU) was
' 3 similar to the affinity of AD2 for the tGAAAp tetraloop. The
0 -_-_ | dissociation constant for the first binding site was 2:10.1
240 360 380 200 420 uM and for the second site was 347 0.6 uM. These results
Wavelength (nm) suggest that the binding affinities of AD2 for the tGCAA and
Figure 9. Fluorescence quenching of tGAAAp (0.12M) upon tGAAA tetraloops are comparable, which is not surprising given
addition of AD2. Experiments were performed in 10 mM N&@y the similarity of their structures. The sensitivity of 2-aminopurine

(pH 6.0), 0.01% Triton X-100 at 28C. The concentration of AD2 incorporated at these two different positions in the RNA to the
was varied between 0.125 and 101. The spectrum of the free binding of AD2 and the similarity of the dissociation constants
tGAAApP RNA is shown in red, while that of the buffer is in blue.  measured with RNAs labeled in these two positions are
Samples were excited at 310 nm, and emission was monitored from o qistent hoth with two binding sites and with conformational
340 to 410 nm. Emission at 370 nm was used to calculate the fraction - - . .
of RNA bound by AD2. changes occurring upon binding. A conformational change in
the RNA upon binding of AD2 would be expected to affect

fraction of RNA bound versus the concentration of ADZ’ as 2'amin0purine f|u0l’escence at bOth pOSItIOﬂS of |abel|ng in the

sensitive to binding to the duplex adjacent to thederhang
F—F K.IST 4+ K.KIS12 and an RNA labeled in the'-®verhang sequence would be
0 _ 1[Sol F KiKalSdl 2 (1) sensitive to binding to the duplex adjacent to the loop.
Fr=Fo 14K, [Sg + KiK,[Sd] In order to probe the contribution of the three dangling

residues UAU to the binding of AD2, we measured the binding
which assumes a 1:2 tGAAApPAD2 complex8* F is the of AD2 to the tetraloop RNA without the ®verhang sequence.
fluorescence intensity of the sampig,is the initial fluorescence ~ AD2 bound to the tetraloop with no overhang (GAAAp) at two
intensity, F¢ is the final fluorescence intensity, JSs the total sites with 3.3+ 0.4 and 13+ 2 4M dissociation constants.
AD2 concentration,K; is the association constant of the The stoichiometry of binding was determined to be two AD2
tGAAAp—AD2 1:1 complex, and; is the association constant  binding to one GAAAp RNA tetraloop by similar methods used
to form the tGAAAp-(AD2), 1:2 complex from the 1:1  to determine the stoichiometry of binding to tGAAAp (data not
complex. A better fit of the data was observed assuming a 1:2, shown). Thus, AD2 binds with higher affinity to a helix with a
rather than a 1:1, binding stoichiometry. Additional binding 3'-overhang sequence. These results are consistent with AD2
experiments to probe the stoichiometry, which are described binding to two sites on the RNA tetraloop. One site may be in
below, supported a 1:2 binding stoichiometry. Dissociation the major groove proximal to the loop with a dissociation
constants of 1.@ 0.1 and 4.0+ 0.6 x«M were obtained for the constant of approximately 4M, while the other may be in the
first and second binding sites, respectively (Table 2). major groove proximal to the' @verhang. The affinity of AD2



Identification of a RNA Tetraloop Ligand Journal of Medicinal Chemistry, 2007, Vol. 50, No41@1

Table 2. Dissociation Constants Determined for Complexes Formed between AD2 and Different RNA Target Sites

tGAAAp tGCAA—UApU GAAAp SL2 RNA duplex RNA single-stranded RNA
Kpa (uM)® 1.0+0.1 2.1+ 0.1 3.3+ 04 0.7+ 0.3 23+ 6 9+2
Kbz (uM)P 4.0+ 0.6 3.7£ 0.6 13+ 2 1.7+ 0.7 35+ 7 9+2

aBuffer: 10 mM NabPO;, pH 6.06, 0.01% Triton X-100. Equation 1 was used to fit data obtained with stem-loop RNAs. Equation 2 was used to fit
data obtained with duplex and single-stranded RNA. Errors are the standard deviation of at least three independent medskirgraadtsp, are the
inverse of the association constaitsand K, determined from fitting the data with eqs 1 and 2.

1.2 more flexible loop was investigated. These RNA sequences are

shown in Figure 8. The sequence of the double-stranded RNA
was identical to that used as a negative selection step in the
computational docking. The single-stranded target was one of
the strands of the double-stranded target. The flexible loop was
stem loop 2 (SL2) RNA from Ul snRNA. This target was
chosen because it is more flexible than the tetraloop targets,
and we have previously investigated the ability of AD1 to bind
to this sequenc®. All of the RNA targets were labeled with
2-aminopurine to enable binding measurements using fluores-
cence techniques. The double-stranded and single-stranded
targets were labeled by substituting 2-aminopurine for A4 in
\ | | the upper strand (BAUCApCCUCCUUA-3). Double-stranded
00 5 4 6 P RNA was also labeled at A6 in the bottom strand- (3
[AD2)/[tGAAAP] molar ratio UAGL.JG'GApG(.BA{-\U-S'). Both of these p95|t|ons of Iabel!ng
Figure 11. Plot of the fraction of RNA signal quenched versus the are within the binding site used by DOCK in the computational

molar ratio of AD2 to tGAAAp RNA. This plot was used to determine docking described above. Bi”di_”g affinitie; d_etermin_ed for
the stoichiometry of the tGAAApAD2 complex. Measurements were  duplex RNAs labeled at both positions were within experimental
performed with a tGAAAp concentration of 19/M in 10 mM error. For all of the RNA targets, addition of AD2 quenched

NaH.PO: (pH 6.0), 0.01% Triton X-100 at 25C. the fluorescence signal of 2-aminopurine. As with the experi-
ments performed with the tetraloop RNA, the binding data were
for the site proximal to the'3overhang may be destabilized by fit better with a 2:1 [AD2]/[RNA] than with a 1:1 stoichiometry.
removal of the 3overhang, leading to an increase of the Similarly to the tetraloops, the binding isotherms for AD2 with
dissociation constant from AM for the complex formed with SL2 RNA were fit with eq 1. We were unable to confirm the
tGAAAp to 13 uM for the complex formed with GAAAp. stoichiometry of binding to the double- and single-stranded
Investigation of the Effect of AD2 Aggregation on Binding. RNAs by the method used for the RNA tetraloops because AD2
Previous studies have shown that false positive hits from precipitated at the high concentrations required for these
computational docking may arise for compounds that aggregateexperiments. The following equation,
because the aggregates can be responsible for binding instead 9
of the isolated molecul€®:36 We have found that AD2 begins F—Fo_ (K +KJIS] + KK S
to precipitate at concentrations of approximately 200 Thus, Fi—F 14+ (K +K)[S] + KKJIS)?
we probed whether AD2 aggregates were contributors to the
binding of AD2 to RNA. In order to reduce the aggregation of was used to fit the daf. This equation differs from eq 1
AD2, Triton X-100 was added to the buffer. The effect of Triton because it does not assume sequential binding to the two target
X-100 on the aggregation of small molecules has been char-sites.F is the fluorescence intensity of the sampfg,is the
acterized extensively by Shoiket and co-work&€oncentra- initial fluorescence intensityFs is the final fluorescence
tions of 0.01% are typically sufficient to substantially diminish intensity, [S] is the total AD2 concentrationK; is the
aggregation. If an aggregate of AD2 were responsible for the association constant of RNAAD2 at one binding site, ankl,
observed changes in 2-aminopurine fluorescence, the additionis the association constant of RNAD2 at the other binding
of Triton X-100 should markedly increase the measured site.
dissociation constants. Instead, the dissociation constants of The data, shown in Figure 10 and Table 2, indicate that AD2
AD2—RNA complexes remained unchanged or decreased binds with higher affinity to hairpin structures than to single-
slightly in the presence of Triton X-100. For example, in the and double-stranded RNA target sites. Binding of AD2 to single-
absence of detergent, dissociation constants of 3.0 andV.0  stranded RNA is 9-fold weaker than to the tGAAAp RNA for
were determined for the complex formed between the tGAAAp the first binding site, while the binding of AD2 to the double-
tetraloop and AD2. Upon addition of 0.01% Triton X-100 to stranded RNA is more than 20-fold weaker than to the tGAAAp
the buffer,Kp; decreased from 3.0 to 1M andKp, remained RNA for the first binding site. In contrast, the affinity of AD2
unchanged. Similarly, small changes in dissociation constantsfor the SL2 of U1 snRNA is similar to or even slightly greater
were observed upon addition of 0.01% Triton X-100 to the than for the tetraloop RNA. These results suggest that AD2
complexes formed with the tGCAAUApU and GAAAp prefers to bind to structures with a double-stranded to single-
tetraloops. These results indicate that aggregates of AD2 arestranded junction, such as those found in hairpins, perhaps
not responsible for the observed binding of AD2 to tetraloop because they have a wider major groove in positions proximal
RNA. All binding constants reported in Table 2 were determined to the loop than is found in regular A-form duplexes.
using buffers containing 0.01% Triton X-100.
Binding Selectivity of AD2. In order to investigate the
affinity of AD2 for different types of RNA targets, the binding In conclusion, we have used computational docking to identify
of AD2 to single-stranded and double-stranded RNA and to a molecules that bind RNA tetraloops. Incorporation of a negative
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selection step in the computational docking to reduce the number100 compounds in each group. We first removed the compounds
of molecules that would bind double-stranded RNA allowed whose molecular weight was larger than 500. Hydrogens and the
us to identify compounds that bind with significant selectivity Partial atomic charges were added to the compounds using the
to hairpin over double-stranded RNA. The similar binding Insight Il CFF91 force field. Some inorganic compounds were
affinity of AD2 for tetraloop and SL2 RNAs and the destabi- removed from the database because they were not charged properly.
lization of the complex upon elimination of th&-8verhang of A solution structure of a GAAA tetraloop RNA was selected as

; : : the RNA target for docking and experimental studielis atomic
the stem §uggest that AD2 may bind generally to junctions coordinates (1ZIF) were obtained from the Brookhaven Protein
between single- and double-stranded RNA.

) . Databank (PDB). RNA was also charged by the CFF91 force field.
We have previously found that a related molecule, AD1, binds The pinding site was generated using the SPHESERbdule in

to tetraloop and duplex RNAs with similar affinity. AD1 and  DOCK, and the docking site was chosen to be the first cluster of
AD?2 share the same acridine core but have different side chains.38 spheres in the major groove of the tetraloop RNA. Flexible ligand
The flexible side chain of AD1 may allow it to interact with docking was enabled with sampling of 1000 conformations.
multiple RNA binding sites. We and others have shown that Compounds were ranked, and those in the top 50% were subject
AD1 binds to stem-loop 2 of Ul snRN®, HIV-1 TAR to further docking to the duplex RNA.

RNA 5687 tetraloop RNAS4 and duplex RNAY The rigidity of A crystal structure of (UAAGGAGGUGAU)r(AUCACCUC-

the side chain of AD2 relative to that of AD1 may be responsible CUUA) was selected as a model structure for an A-form RNA
for the increased selectivity of RNA binding. It is interesting duPlex™ The PDB code for this duplex RNA is 1SDR. Docking

to note that the binding affinities of AD1 and AD2 for tetraloop S1t€S Were generated as previously described by Kuntz and
RNA are similar whilgthe binding affinity of AD2 for duplexp co-workers:* The top scoring 50% of the NCI compounds from

. . the previous step were docked to the RNA duplex, and the docking

RNA is considerably lower than that of AD1 for duplex RNA.  gnergies of each compound binding to tetraloop and double-stranded
Thus, the increased selectivity of AD2 compared to AD1 was RNA were compared. The compounds that were predicted to bind
achieved by destabilizing the complex formed with duplex RNA  with higher affinity to tetraloop RNA than duplex RNA were
rather than stabilizing that formed with tetraloop RNA. selected for the next round of docking. These 350 compounds were

This work suggests that the acridine derivatives described docked to the tetraloop RNA using AutoDock in order to obtain a
here could form the basis for the development of molecules More accurate estimate of binding energy. The default parameters
that specifically recognize different hairpin and overhang Were used for docking. Ligand pdbq files were generated by Scripps
structures. In fact, related acridine derivatives have recently beenSRCeriseT:ezJ?gg}g}gor%%j;ﬁtgai%lava'lable fromhttp:/fwww.
found that bind with 70-fold selectivity for quadruplex DNA PPS. \ ' .
over double-stranded DN Improvement of selectivity for Fluorescence Experiments.Fluorescence experiments were
tetraloop RNA over other s'tem-loop and overhang structures carried out on a FluoroMax-3 Spex spectrofluorometer from Jobin

h . PR . L Yvon Inc. The change of the intensity of the 2-aminopurine
will require modification of AD2 with groups that specifically  ,,orescence upon addition of AD2 was monitored. RNA was

recognize the sequence or structural features of the loopexcited at 310 nm, and emission scans were acquired from 340 to

nucleotides. 410 nm with excitation and emission slits less than or equal to 5
) _ nm. An average of six scans was obtained, and the dark count
Experimental Section correction was enabled. The fraction of RNA bound was calculated

using the emission at 370 nm by dividing the difference between
the observed fluorescen€eand the initial fluorescenci, by the
difference between final fluorescenée and initial fluorescence

Fo as shown in eq 1. The plots of fraction bound vs total

Materials. RNA sequences were obtained from Dharmacon
Research Inc. (Lafayette, CO). RNAs were first deprotected
following the protocol provided by Dharmacon and then purified

0 X . .
\?v)érzeo \//Olgl? ;iazt;l(rjlngypcd{//agr)]/ (Ijarg)l(c(i:tiasgzl ?rlgrcrfr(t)ﬁ 2 o&zﬁlséﬁst \t,)vaér;gs concentration of AD2 were fitby eq 1 assumln%é 1:2 stoichiometry
extracted from the gel slices either by electroelution using an Elutrap and sequential blno_llng for stem loop target S S
from Schleicher & Schuell or by TE (10 mM Tris, 1 mM EDTA, _ The plots of fra_ctlon bound vs total_ concentration of AD2 were
pH 7.5) extraction. The RNAs were then desalted by three to four fit by €q 2 assuming a one to two stoichiometry but not sequential
ethanol precipitations and extensive dialysis against water. For binding for single- and double-stranded target sites.
fluorescence experiments, the purity and identity of the RNA were  Both fitting equations assume that the fluorescence signal change
confirmed by analytic PAGE and MALDI-MS. For NMR experi- is similar for binding to either of the two binding sites. For both
ments performed in BD, purified RNA samples were dissolved in ~ sets of plots, concentrations of free AD2 were used instead of total
600uL of 10 mM NaHPO, (pH 6), dried under reduced pressure, concentration of AD2 when the concentration of RNA was within
and dissolved in 60@L of 99.9% D;0. The RNA samples were  a factor of 5 of theKp so that [AD2] could not be approximated as
then annealed by heating to 368 K for 5 min followed by cooling [AD2]otat
on ice for 5 min immediately before the NMR experiments. NMR Experiments. The NMR experiments were carried out

All compounds under investigation were obtained from the Drug using a Varian 400 MHz UnityPlus spectrometer or Varian 500
Synthesis and Chemistry Branch, Developmental Therapeutics MHz spectrometer. The 1BH NMR titration experiments were
Program, Division of Cancer Treatment and Diagnosis, National performed with a sweep width of 6000 Hz, 128 or 256 transients,
Cancer Institute (Bethesda, MD). The NCI diversity set is a free a 2 s delay time for the experiments in® and a 5 glelay time
database from the National Cancer Institute. The NCI code for AD2 for the experiments in ED. Chemical shifts of AD2 were broadened
is NSC 130813-V. upon binding at 298 K because of intermediate exchange. Therefore,

Computational work was performed on a Silicon Graphics Origin some experiments were performed at 313 K in order to obtain
200 with a CPU of 4x R10000 @ 180 MHz, 512 MB RAM, and sharper peaks for AD2. A 2D NOE spectrum of tGCAA was
an Irix 6.5.5 operating system. The DOCK 5.1.1 program was acquired to make chemical shift assignments. The 2D NOESY data
provided free of charge by UCSE20 and AutoDock 3.0 was were collected with a mixing time of 400 ;S s ofdelay time, a
obtained free of charge from the Molecular Graphics Laboratory sweep width of 4000 Hz in both dimensions, 32 transients, and
of the Scripps Research Institutelnsight 1l from Accelrys was 356 increments.
used to add atomic partial charges to the RNA and small molecules. CD Spectroscopy.CD experiments were carried out using a

Computational Screening with DOCK and AutoDock. The JASCO J-810 spectropolarimeter. Increasing concentrations of AD2
1990 compounds in the NCI diversity set were screened for binding (3—70 uM) were added to 1M tGCAA in 10 mM NaH,PO,,
to RNA tetraloops. Compounds were grouped in 20 groups with pH 6. At least three spectral scans were accumulated over a
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wavelength range from 200 to 320 nm and a temperature 6€25
in a 0.2 cm path-length cell at a scanning rate of 20 nm/min.
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