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We have screened the NCI diversity set library for molecules that bind specifically to stem loop 3 (SL3)
RNA of the packaging element Ψ of HIV-1 using the docking programs DOCK and AutoDock,
followed byMD simulations. The association of the predicted ligands with SL3RNAwas characterized
using fluorescence, ITC,UV-melting, CD, and footprinting techniques.Nine ligands for SL3RNAhave
been identified, four of which bind with higher affinity to SL3 RNA than to either single- or double-
stranded RNAmotifs. The most selective ligands, 9 (NSC252359) and 5 (NSC123111), bind SL3 RNA
with dissociation constants of 11 μMand 98 μM, respectively. Compound 9 binds with 4-7-fold higher
affinity to SL3 RNA than to the other tetraloops found in Ψ-RNA, SL2 and SL4 RNAs. The results
suggest that both 9 and 5 bind to the stem region of SL3RNAwithout large distortions of the SL3RNA.

Introduction

RNA plays essential functional roles in many steps of gene
expression and regulation, including the regulation of tran-
scription, translation, and RNAmodification, including spli-
cing.1,2 Thus, molecules able to bind specifically to particular
RNA sequences and structures and alter RNA function could
be powerful tools for understanding and controlling gene
expression.3-5 RNA folds to form complex secondary and
tertiary structures that are important for RNA function. One
of the most basic classes of secondary structure is the RNA
hairpin. Although RNA hairpins play vital roles in biological
processes involving RNA, form target sites for both proteins
and other RNAs, and are the most abundant form of second-
ary structure after the helix,6-15 there has been little investiga-
tion of small molecule binding to RNA hairpins.3 We
previously developed a computational docking method to
identify ligands that bind to GNRA tetraloops.16 We report
here the application of this approach to discover specific small
molecule ligands for anRNA stem loop (SL3) that is essential
for packaging of HIV.
The major packaging domain of HIV-1 retrovirus, called

the packaging elementΨ orΨ-site, is comprised of four stem
loops, SL1-4 (Figure 1).17,18 Although all four stem loops
play important roles in the replication process of the virus,
SL3a plays a critical role as part of the principle recognition
and packaging determinant for efficient encapsulation of the
viral genome.17,19-27 SL3 is a GGAG hairpin and is highly
conserved among different strains of HIV-1.18,28 Previous
NMR studies of the structure of SL3 RNA suggest that the
loop formsadynamic structure thatmaybemore adaptable to

binding small molecule ligands than theGNRA tetraloops we
investigated previously.23 This hypothesis is supported by the
binding of aminoglycosides and some other well-character-
ized RNA ligands to theΨ-site and the individual stem loops
in the Ψ-site with micromolar affinity, while most of these
ligands do not bind well to GNRA loops.29-33 Phage display
techniques have been used to select peptides that bind to the
Ψ-site and to individual stem loopswithin theΨ-site.34One of
these selected peptides that binds SL3 RNA was shown to
reduce virus release by infected cells.35 Thus, although SL3
RNA is not a target of current anti-HIV therapeutics, the
development of small molecules that bind SL3 RNA could
lead to novel anti-HIV agents.
To identify new RNA binding scaffolds for SL3 RNA, we

have screened a library of compounds using computational
methods that include the programs DOCK and AutoDock
supplemented with molecular dynamics (MD) simulations.
DOCKuses shape complimentarity tomatch the ligand to the
binding site of the receptor.36-38 The accuracy of DOCK is
limited by its simple scoring function, which exclusively
considers van der Waals and electrostatic interactions. Auto-
Dock uses a more exhaustive scoring function that includes
desolvation, hydrogen bonding, ligand torsional, van der
Waals, and electrostatic energies.39 Although the develop-
ment of computational methods to identify small molecule
ligands for nucleic acids is still at early stages of development,
the ability of DOCK and AutoDock to accurately reproduce
the structures and relative stabilities of nucleic acid-small
molecule complexes has been validated in several independent
investigations.40-46 Previous docking investigations per-
formed in our laboratory and other laboratories suggest that
sequential docking with Dock followed by AutoDock is a
better strategy than using either programalone for identifying
small-molecule ligands for nucleic acids.16,42,46

We have screened the NCI diversity set for binding to the
major groove proximal to the flexible loop of SL3 RNA and
have identified nine molecules that bind SL3 RNA with
micromolar affinity.We have characterized the binding affinity
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of these molecules and the specificity of a subset of these
molecules for SL3RNAover SL2andSL4RNAsanddouble-
and single-stranded RNA sequences. These investigations
have revealed two molecules, 9 (NSC252359) and 5

(NSC123111), that bind with higher affinity to SL3 than to
double- and single-stranded RNAs. Compound 9 binds with
4-fold and 7-fold higher affinity to SL3RNA than to SL2 and
SL4 RNA, respectively. Thus, the computational screening
method has identified a molecule that binds selectively to SL3
RNA with micromolar affinity.

Results and Discussion

Investigation of the Binding of AD2 to SL3 RNA. We
previously used computational docking to identify an acri-
dine derivative, AD2 (Figure 2), that binds to a GNRA
tetraloop hairpin RNA with aKD of 1 μM.16 AD2 is specific
for the GNRA tetraloop over both single- and double-
stranded RNA. Because SL3 is also a tetraloop, we initiated
our investigation of small molecule ligands of SL3 RNA by
determining the ability of AD2 to bind specifically to SL3
RNA. AD2 binds to SL3 with high affinity (KD=0.67 μM,
Table 1). However, AD2 binds equally well to double-
stranded RNA under the conditions used in these experi-
ments and only 4.4-fold weaker to single-stranded RNA
(Table 2). Although AD2 binds tightly to SL3 RNA, it does
not do so specifically. Therefore, a goal of the computational
docking described here was to identifymolecules able to bind
specifically to SL3 RNA.

Selection of Binding Site and Overall Docking Strategy.

Structures of both the free SL3 RNA and the complex
formed with the NC protein have been determined by
NMR spectroscopy.18,23 The structure of the free SL3
RNA revealed a highly flexible loop that is constrained upon
interaction with the NC protein. Because the free and bound
SL3 RNA structures are similar except for the loop region,
the structure of the bound SL3 RNA was used as the target
for computational docking. The docking site was defined as
the major groove region proximal to the flexible loop area

(Figure 3). This site is similar to the docking site we used
previously to find ligands for GNRA tetraloop targets and is
the site of interaction of a 310 helix of the NC protein.16,18

Computational docking was performed with the National
Cancer Institute (NCI) diversity set database, which is
comprised of 1990 compounds that have been selected from
140000 compounds based on pharmacophore diversity and a
minimum available quantity at the NCI. We selected this set
of molecules to screen because it is a relatively small library
of drug-like molecules. Selected compounds are easily ob-
tained from the NCI, which is important because docking of
small molecules toRNA is not well-developed and therefore,
may lead to false hits. We used Molecular Operating Envir-
onment (MOE) software (Chemical Computing Group) to
retain compounds with molecular weights less than or equal
to 500, log P values less than or equal to 4, 10 or fewer total
number of rotatable bonds, and a neutral or positive formal
charge. This screening eliminated 31% of the library, result-
ing in 1367 compounds, ∼5% of which carried at least one
positive charge.

Computational Screening of Compound Library. A step-
wise computational screening process began by using the
program DOCK to identify SL3 RNA ligands within the
selected 1367 compounds. DOCKuses shape complimentar-
ity to match the ligand to the binding site of the receptor by
generating a sphere file to represent the docking site.36-38

The docking site was chosen and manually assigned 100
spheres. The number of spheres used was within the range
recommended by the developers of DOCK.47 The potential
binding site for the ligandswas chosen to include the junction
region between the loop and the major groove of SL3 RNA
in order to identify ligands that would exhibit selectivity
against nonhairpin structures. The selected spheres were
then used to define the scoring grid and docking site. The
edges of the scoring grid that defined the docking site are
shown in Figure 3. The library compounds were assigned
partial atomic charges using theGasteiger (PEOE) force field
in the MOE program. The compounds were ranked by their
energy scores determined by DOCK, and the top 8% were
retained for further screening with the program AutoDock.
AutoDock39 allows for the efficient semirigid docking of a

Figure 1. Sequence of the HIV-1 genomic RNA packaging
signal Ψ.25

Figure 2. Structure of AD2.

Table 1. Summary of Experimentally Determined Dissociation Con-
stants by Fluorescence Methods for the Compounds Identified through
Computational Docking Studies

compd mol wt (g mol-1) formal charged KD (μM) f

AD2a 463 2 0.67( 0.03

3a 319 0 1.4( 0.4

6a 249 2 1.5( 0.7

9
b 342 0 11( 3

2a,c 352 0 32( 1

5b 331 0e 98( 43

4
b,c 320 0 118( 63

8 (NSC121848)a 316 1 135( 48

1 (NSC61809)b 318 1 157( 18

7 (NSC657704)a 376 0 163( 2
aDissociation constants determined by titration of ligands to fluor-

escein-labeled 20mer SL3 RNA. bDissociation constants determined by
titration of ligands to fluorescein-labeled 14mer SL3RNA. cTheKDs of
4 and 2 were determined by reverse titration with unlabeled 14mer SL3.
dFormal charges as determined byMOE. eCompound 5 was assigned a
formal charge of zero by MOE, but a formal charge of 1 was predicted
using Advanced Chemistry Development (ACD/Laboratories) Soft-
ware V8.14 for Solaris. Compound 5 was uncharged in the computa-
tional docking. fErrors are the standard deviation of at least three
independent measurements.
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flexible ligand to a rigid target molecule. AutoDock pre-
dicted binding energy scores of e -11 kcal/mol for 30
compounds, which are shown in Figure 4. The selected
structures share common features of aromatic and hetero-
aromatic groups that could stack with the RNA bases and a
variety of other functional groups that may participate in
hydrogen bonding with hydrogen bond donors and accep-
tors on theRNA. Seven of 30 (23%) of the selectedmolecules
contain positively charged groups, compared to ∼5% in the
initial pool of molecules. It is not surprising that the fraction
of molecules containing positive charges has increased in the
selection process because the positively charged groups
should interact favorably with the phosphate backbone of
RNA.

MD Simulations of Representative SL3-Ligand Com-

plexes. Of the 30 compounds identified by AutoDock, the
10 best-ranked compounds were selected forMD simulation
studies to predict the flexibility and stability of their com-
plexes with RNA in solution. The docking process using
both DOCK and AutoDock programs only includes con-
formational flexibility of the ligands, not the RNA receptor.
Although the docking site selected on SL3 RNA is structu-
rally stable byNMR, the adjacent loop is dynamic, and these
dynamic processes could alter the binding site of the ligand.
Therefore, we performed MD simulations to probe whether
the structure of the ligand-RNA complex predicted by
AutoDock would be different if SL3 RNA were allowed
conformational flexibility.
To identify possible binding modes of representative

compounds and to give a qualitative picture of conforma-
tional dynamics of their complexes with SL3 RNA, we
performed 5 nsMD simulations using an all-atom force field
with explicit water and counterions.48,49 Although exhaus-
tive sampling of the dynamics of the ligand-SL3 RNA
complexes cannot be expected within 5 ns, a qualitative
description of their conformational flexibility should result
from these simulations.With this goal inmind, the structures

predicted by AutoDock to be most stable were used as initial
structures for theMD simulations. The initial structures and
snapshots from the last 0.5 ns of the 5 ns simulations are
shown for each of the ligand-SL3 RNA complexes in
Figure 5a. Two of the 10 ligands (22 (NSC357756) and 25

(NSC303530)) dissociated from the RNA during the course
of the simulations. Two ligands (3 (NSC119236) and 14

(NSC633406)) remained bound to the RNA but to different
binding sites than those predicted by AutoDock. The re-
maining six complexes were stable, and the ligands remained
bound within the binding site predicted by AutoDock,
although in different binding poses.
The results of theMD simulations can be compared to the

experimental results described in more detail in the next
section. Of the 10 compounds described here, seven were
studied experimentally, one was not soluble and could not be
studied experimentally, and two could not be identified and
were assumed to be degraded or impure. Thus, the binding of
six of the eight molecules that remained bound to the RNA
during the MD simulations was characterized experimen-
tally. Binding to SL3 RNA was observed for five of the six
molecules. The sixth molecule, compound 29 (NSC119847),
was assumed not to bind SL3 RNA because no fluorescence
change was observed upon its addition to 50-fluorescein-
labeled SL3 RNA. However, it is possible that 29 does bind
to SL3, but this binding does not alter the fluorescence
signal. The limited solubility of 29 precluded measuring
binding by ITC. The binding of one of the two compounds
that dissociated from the RNA during the MD simulations
was studied experimentally, compound 25, while the other
molecule, compound 22, was not studied experimentally
because of its poor solubility in water and DMSO. Consis-
tent with the MD simulations, fluorescence binding experi-
ments suggest that 25 does not bind to SL3 RNA.
Analysis of the MD simulations showed that the loop

bases of the SL3 hairpin were flexible and adopted various
conformations in the course of the simulations in general,
while the stem helix bases remained fairly stable with mini-
mal conformational perturbations, which is consistent with
structural investigations of the SL3RNA byNMR spectros-
copy.23 Rmsd analyses of the backbone atoms of theRNA in
the MD simulations of the free RNA and the RNA com-
plexed with the most selective ligands, 5 and 9, are presented
in Figure 5b. Interestingly, the complex formed with 9 shows
the greatest fluctuations in structure, especially during the
first 2 ns. All three simulations have equilibrated by 2.5-3 ns
to structures 2-3 Å away from the original structure pre-
dicted by AutoDock. The equilibrated structures are dy-
namic, and the binding of the ligands does not reduce the
dynamics indicated in these analyses.
An analysis of the average structures of 5 and 9 in complex

with SL3 RNA extracted from the simulations suggested
that, in addition to van der Waals interactions, intermolecular

Table 2. Summary of Experimentally Determined Dissociation Constants Using Fluorescence Methods for AD2 and the Four Compounds that
Demonstrated Selectivity for SL3 RNA over Both Single- and Double-Stranded RNA Sequencesa

compd SL3 RNA duplex RNA KD (μM) single-stranded RNA KD (μM) SL3 duplex RNA KD (μM)

AD2 0.67( 0.03 0.87( 0.05 3.0 ( 0.3 ND

3 1.4( 0.4 3( 1 2.3 ( 0.1 NS

6 1.5( 0.7 6.1( 0.9 7.8 ( 0.3 14 ( 5

9 11( 3 69( 12 276 ( 50 58 ((1)

5 98( 43 345( 39 >4900 NSb

aErrors are the standard deviation of at least three independent measurements. bND is not determined and NS is no significant fluorescence signal
change was observed upon addition of ligand to the SL3 duplex RNA labeled with fluorescein at the 50 end.

Figure 3. Structure of SL3 hairpin (blue, PDB ID 1A1T), the edges
of the energy scoring grid for the computational docking (red), and
the sequence of SL3 RNA.
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hydrogen bonds are important for binding between SL3 and
the ligands. Compound 5 forms four hydrogen bonds with the
RNA, twowith the 4-NH2 group ofC14, and one eachwithO6
ofG9and thephosphate groupofG12,while 9 is stabilizedbya
single hydrogen bond formed between a piperazine amino
group and O6 of G17. In addition, the complex with 5 appears
to be stabilized by charge-charge electrostatic interactions
between the amino group of the aziridine ring and the phos-
phate group of G12.

Experimental Screening of Selected Compounds. The 30
compounds predicted by AutoDock to form complexes with
SL3 RNA with a binding energy of e -11 kcal/mol were
obtained from the NCI and screened experimentally. Three
of the selected compounds (22, 23 (NSC62594), and 24

(NSC115883)) were insoluble in water and DMSO and
therefore were not considered further. The identities of the
remaining 27 compounds were evaluated by ESI mass spec-
trometry. The ESI spectra of 15 of the 27 compounds
contained the correct molecular ion peak. The identities of
three of the remaining 12 compounds (19 (NSC117079), 20
(NSC34238), and 10 (NSC106218)) were further evaluated
using FAB, EI, and CI mass spectrometry and NMR spec-
troscopy, and the spectra obtained were not consistent with
the expected structures. Therefore, only the 15 correctly
identified compounds were screened for binding to SL3
RNA.
The binding affinities of the selected molecules to a 20mer

SL3 RNA were measured by fluorescence spectroscopy. A
fluorescein label was introduced into the 50-terminus of SL3

RNA and changes in the fluorescence signal (either quench-
ing or enhancement) were monitored as a function of ligand
concentration. This general method for determining binding
affinity, in which a change in the conformation of the RNA
stem loop upon ligand binding results in a change in the
fluorescence signal of fluorescein, has been used extensively
to determine the binding constants of RNA-ligand com-
plexes.3,50-52 Although some binding events may not be
detected by this method, those KD’s that are measured are
similar to those measured using other methods. For each
binding experiment, a control experiment was performed in
which the ligand was titrated into a solution of free fluor-
escein to probe for the possibility of a direct interaction
between the ligand and fluorescein. None of the small
molecules studied altered the fluorescence of fluorescein in
the control experiments. The addition of two of the mole-
cules, 2 (NSC54101) and 4 (NSC154020), to the fluorescein-
labeled SL3 RNA did not result in a significant change in
fluorescence. Because both compounds were intrinsically
fluorescent, their affinities for SL3 RNA were determined
by reverse titration with unlabeled 14mer SL3 RNA.
Nine of the 15 selected molecules were found to bind SL3

RNA using the methods described above. Apparent disso-
ciation constants were obtained assuming a 1:1 stoichiome-
try of ligand to SL3 RNA and are listed in Table 1. Of the six
compounds found not to bind SL3 RNA, three were spar-
ingly soluble under the experimental conditions and there-
fore binding at higher ligand concentrations may have been
prevented by low ligand solubility. It is also possible that

Figure 4. Compounds fromvirtual screening forwhichAutoDock predicted binding energy scores ofe-11 kcal/mol. The charges assigned to
the molecules for computational docking are indicated in the drawing. Highlighted in black are compounds whose identities were confirmed
and which bound SL3RNA, in red are compounds whose identities were confirmed, but which did not bind SL3RNA, in blue are compounds
whose identities could not be confirmed, and in purple are compounds that were not soluble under the binding conditions.
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these compounds did bind to the RNA but did not alter the
fluorescence of fluorescein-labeled SL3 RNA upon binding.

The six compounds were not fluorescent, and hence bind-
ing could not be determined by reverse titration methods.

Figure 5. (a)MD simulation snapshots of the 10 SL3RNA-ligand complexes taken at 0 ns and the last 0.5 ns (overlaid structures with 100 ps
intervals) of the 5 ns simulation. (b) Plots of the rmsd of theRNAbackbone atoms from the equilibrated structures calculated over the course of
the MD trajectories. In green is free SL3 RNA, blue is SL3 RNA in complex with 9, and red is SL3 RNA in complex with 5. (c) Average MD
structures of 5 (left, purple) and 9 (right, green) in complex with SL3RNA. Intermolecular H-bonding interactions formed between the ligands
and SL3 RNA are indicated with gray dashed lines in the inset.
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Because of the high sample concentrations required to
measure binding by ITC, especially for low-affinity binders,
we could not use ITC to confirm that these six molecules do
not bind SL3 RNA. Thus, these six molecules were not
investigated further.

Specificity of Selected Ligands for SL3 RNA. The selectiv-
ity of four of the molecules that bind SL3 RNA with highest
affinity (3, 5, 6 (NSC18613), and 9) compared to double- and
single-stranded RNA sequences was investigated. These
four molecules contain functionalities typical of RNA bind-
ing molecules. Compound 3 is a large flat aromatic molecule
that would be expected to intercalate at the junction between
the stem and the loop. Compound 6 is quite small, and
therefore it is surprising that it binds relatively strongly to the
RNA, although the three positive charges are expected to

contribute favorably to binding. Compound 9 contains aro-
matic groups to stack with RNA bases, although the MD
simulations and CD experiments suggest that stacking inter-
actions are not formed in the complex and heteroatoms
participate in hydrogen bonds. Finally, 5 is a derivative of
mitomycin C, which covalently modifies the 2-amino group of
guanine inCG sequences inDNA.53,54 AlthoughmitomycinC
requires a reductant to react with DNA, this particular
derivative is able to form covalent adducts with DNA in the
absence of a reductant.53,55 We investigated whether 5 is
forming covalent adducts with RNA upon binding under the
conditions used in this paper, which include lower concentra-
tions of 5 than is typical for investigations of covalent mod-
ification. The SL3RNAwas incubatedwith 5 for 72 h at room
temperature. Analysis of the sample using MALDI mass
spectrometry did not show a peak with a higher mass con-
sistentwith the formation of a covalent adduct, suggesting that
the RNA is not covalently modified upon binding of 5 under
the binding conditions used in this investigation.
The double- and single-stranded RNA sequences used in

these experiments are shown in Figure 6. All of the RNAs
were labeled at the 50-end, and binding was monitored by
measuring quenching or enhancement of the fluorescence
signal. Binding to two different double-stranded RNA se-
quences was investigated. One of the double-stranded se-
quences is identical to that used to determine the specificity
of AD2 for GNRA tetraloops,16 while the other is identical
to the stem sequence of the 20mer SL3 sequence. The results
of these experiments are presented in Table 2 and Figures 7
and 8. Compound 3 bound with 2-fold higher affinity to SL3
RNA than to double- and single-stranded sequences. No
change in the fluorescence signal of the SL3 duplexRNAwas
observed upon addition of 3. Compound 6 bound with 4- to
9-fold greater affinity to SL3 RNA than to single-stranded
and both double-stranded RNA sequences. In contrast,
although 9 and 5 bound with lower affinity to SL3 RNA
than the other twomolecules, they showed similar specificity
for SL3 RNA over the double-stranded RNA sequences and
greater specificity for SL3 RNA over the single-stranded
sequences. Compound 9 bound with 5-6-fold lower affinity
to both double-stranded RNA sequences and 25-fold lower

Figure 7. (a) Fluorescence quenching of 50 fluorescein labeled 14mer SL3 RNA (25 nM) upon addition of 5. Experiments were performed in
10mMTris 3HCl (pH 7.4), 25mMNaCl at 25 �C. The concentration of 5was varied between 30 and 360 μM.The spectrum of free SL3RNA is
shown in red, while the saturation point (addition of 360 μM 5) is shown in blue. Samples were excited at 490 nm, and emission was monitored
from 510 to 530 nm. Emission at 517 nm was used to calculate the fraction of RNA bound by 5. (b) Representative binding curves of the
complexes formed between 5 and SL3 (red), double-stranded (blue), and single-stranded (green) RNAs. The data were fit with eq 1 assuming a
1:1 stoichiometry as described in the text.

Figure 6. RNA sequences used in the fluorescence assays. Each of
the sequences was labeled at the 50 end with fluorescein, abbreviated
FL, except 9A2AP SL4, which was labeled in the loop by substitut-
ing adenine at position 9 with the fluorescent 2-aminopurine
nucleotide.
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affinity to single-stranded RNA, while 5 bound with 3.5-fold
and 50-fold lower affinity to double-stranded and single-
stranded RNA sequences, respectively. No change in the
fluorescence signal of the SL3 duplex RNA was observed
upon addition of 5. However, 5may bind to the SL3 duplex
and not change the fluorescence signal of fluorescein. Be-
cause specificity of RNA-binding compounds for particular
targets is more difficult to achieve than affinity, we focused
the remaining investigations on the most specific SL3 bind-
ing compounds, 9 and 5.
We investigated whether 9 and 5 are specific for SL3RNA

over the other two stem loops inΨRNA, SL2 and SL4, using
fluorescence assays with the sequences shown in Figure 6.
The data are presented in Tables 3 and 4. Similar to SL3
RNA, the stem loops were labeled on the 50-end with
fluorescein, and quenching or enhancement of the fluores-
cence signal was monitored as a function of added ligand.

Addition of 5 to 50- fluorescein-labeled SL2 and SL4 RNAs
resulted in an insignificant change of the fluorescence signal
up to a concentration of 200 μM. Thus, to determine the KD

of 5 for SL4, theRNAwas labeled at the loop by substituting
adenine at position 9 with 2-aminopurine. The data showed
that 5 binds to both SL3 and SL4 RNAs with similar
affinities (Table 3). Although the binding affinity of 5 for
SL3 was confirmed using ITC, a similar approach with SL2
and SL4 was not undertaken because of the high sample
concentrations required. In contrast, addition of 9 led to
significant fluorescence signal change of both 50-fluorescein
labeled SL2 and SL4 RNAs. The data showed that 9 binds
with 4-fold and 6-fold greater affinity to SL3 RNA than to
SL2 and SL4 RNAs, respectively (Table 4). Thus, 9 binds
with higher affinity to SL3 RNA than to either SL2 or SL4
RNA.

Isothermal Titration Calorimetry (ITC) Assays. The bind-
ing of two of the most selective compounds, 9 and 5, to SL3
RNA was further investigated using ITC. The data were fit
using a two-site sequential binding model for both com-
pounds (Figure 9). The dissociation constants obtained for 9

Figure 8. (a) Fluorescence enhancement of 50-fluorescein labeled 14mer SL3RNA (25 nM) upon addition of 9. Experiments were performed in
10mMTris 3HCl (pH 7.4), 25mMNaCl at 25 �C. The concentration of 9was varied between 10 and 100 μM.The spectrum of free SL3RNA is
shown in red, while the saturation point (addition of 100 μM 9) is shown in blue. Samples were excited at 490 nm, and emission was monitored
from 510 to 530 nm. Emission at 525 nm was used to calculate the fraction of RNA bound by 9. (b) Representative binding curves of the
complexes formed with 9 and SL3 (red), duplex SL3 (orange), double-stranded (blue), single-stranded (green), SL2 (black), and SL4 (purple)
RNAs. The data were fit with eq 1 assuming a 1:1 stoichiometry as described in the text.

Table 3. Summary of Dissociation Constants Determined for
Complexes Formed between 5 and the Indicated RNAsa

RNA motif fluorescence KD (μM) ITC KD (μM)

SL3 98 ((43) 110 ((27)

11000 ((4000)

SL2 NS ND

SL4 79 ((13)b ND

duplex 345 ((39) ND

single stranded >4900 ND
aErrors are the standard deviation of at least three independent

measurements. NS is no change in fluorescence signal was observed
upon addition of 5 to labeled SL2 and ND is not determined. bDeter-
mined by addition of 5 to 2-aminopurine-labeled SL4 RNA.

Table 4. Summary of Dissociation Constants Determined for
Complexes Formed between 9 and the Indicated RNAsa

RNA motif fluorescence KD (μM) ITC KD (μM)

SL3 11 ((3) 15 ((3)

2250 ((636)

SL2 46 ((9) ND

SL4 70 ((4) ND

SL3 duplex 58 ((1) ND

duplex 69 ((12) ND

single stranded 276 ((50) ND
aErrors are the standard deviation of at least three independent

measurements. ND is not determined.
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were 15 ( 3 and 2.3 ( 0.6 mM, while the dissociation
constants obtained for 5 were 110 ( 27 and 11( 4 mM.
Thus, the ITC titrations suggested that the ligands are
binding to a stronger and a weaker binding site. The dis-
sociation constants for the tighter binding site from ITC are
consistent with those obtained using the fluorescence meth-
ods described above (Tables 3 and 4), while the lower affinity
binding site was not detected in the fluorescence assays.

Characterization of the Structure and Stability of SL3RNA

upon Binding Selected Ligands. The effects of ligand binding
on the stability of SL3RNAwere investigated byUVmelting
experiments. Both the free and the bound SL3 RNAmelting
curves showed single sharp transitions indicating that the
RNApredominantly existed as single species. Analysis of the
UV melting data showed that SL3 RNA is stable thermally
with a Tm of 77.3 ((1.1) �C (25 mM NaCl). SL3 RNA
showed a slight stabilization of ∼1-2 �C upon binding of
compounds 9 (78.2 ( 1.1 �C) and 5 (79.2 ( 0.7 �C). These
small changes in the RNA melting temperature are within
experimental error, which suggests that the binding of either
ligand does not dramatically affect SL3 RNA thermal
stability.
To probe whether binding of the selected compounds 5

and 9 changed the conformation of SL3 RNA, the structure
of SL3 was investigated using CD spectroscopy (Figure 10).
The CD spectrum showed a negative signal at 238 nm and a
positive signal at 260 nm, indicating the presence of an A-
form helix, and a shoulder at 280 nm, indicating the presence
of a loop structure,56-59 thus confirming formation of an
RNA hairpin. Addition of 5 to SL3 RNA led to a significant
gradual decrease of the signal at 238 nm along with smaller
changes to the 260 and 280 nm signals. This observation rules

out a binding mode involving pure intercalation, which
would have resulted in a dramatic CD spectral change at
260 nm, and suggests that 5 interacts with the helical stem
region of theRNAandperturbs the loop region (Figure 10a).
Unlike 5, addition of 9 to SL3 RNA did not alter the RNA
CD spectrum (Figure 10b). This observation ruled out
binding through intercalation or to the flexible loop region,
suggesting that 9 interacts with the RNA stem without
altering the RNA structure. Overall the UV and CD results
suggest that the RNA conformation and stability is not
dramatically altered upon addition of either 5 or 9 at the
concentrations required for binding, which is consistent with
the results of the MD simulations.

Characterization of the Binding Site of 5 and 9 by Foot-

printing Experiments. To characterize the binding site of 5
and 9on SL3RNA, footprinting studieswere performed.We
selected RNase I and lead acetate cleavage reagents for
footprinting because they have been shown to cleave RNA
tetraloops.33 Both reagents cleave single-strandedRNAwith
no base specificity and double-stranded regions that contain
weak, bulged, or destabilized base pairs.60,61 However,
RNase I footprinting experiments were not reproducible
and were difficult to analyze. Therefore, results from lead
acetate footprinting experiments, shown in Figure 11, are
described here. Analysis of the lead acetate footprinting
cleavage results for 5 showed increased protection of all
bases in general, with the exception of C5, which is part of
the base pair that closes the loop. Further analysis showed
that the first four bases of the RNA had the highest protec-
tion relative to the remainder of the RNA sequence, which is
consistent with binding to the stem region as also predicted
by both AutoDock and MD simulations, although both

Figure 9. Representative ITCprofiles for the titration of (a) 5 and (b) 9 into a solution of unlabeled SL3RNA (20 μM) in 10mMTris 3HCl (pH
7.4), 25mMNaCl buffer at 25 �C. Each heat burst, shown in the upper curves, is the result of a 10 μL injection of 500 μMof compound (a) 5 and
(b) 9. The corrected injection heats shown in the bottom curves were derived by integration of the corresponding heat bursts (upper curves)
followed by subtraction of the corresponding dilution heats derived from control titrations of each compound into buffer alone. The data
points in the bottom curves reflect the corrected experimental injection heats, while the continuous lines reflect the calculated fits of the data
using a sequential two site binding model.
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AutoDock and the MD simulations predicted interactions
between the base of the loop and 5. Analysis of lead acetate
cleavage results of the complex formed between SL3 RNA
and 9 showed an overall increased protection of all the
nucleotides. The stem bases had the highest protection and
the loop bases had decreased relative protection. This sug-
gests that 9 also binds to the stem region of SL3 RNA,
consistent with the computationally predicted binding site.

Conclusion

We have utilized virtual screening methods to identify
molecules in the NCI diversity set that bind SL3 RNA. The
strategy of sequentially filtering the library according to
molecular chemical characteristics, followed by docking using
DOCK and then AutoDock, allowed us to identify com-
pounds that bind SL3 RNA. Nine of the molecules identified
bound RNA with micromolar affinity. Most of these mole-
cules have not been shown previously to bind RNA, demon-
strating that the docking methods can identify new RNA-
binding ligands. Two molecules, 9 and 5, bind with higher
affinity to SL3 RNA than to double- and single-stranded
RNA, and 9 shows selectivity for SL3RNAover SL2 and SL4
RNAs. Footprinting studies have suggested that both of these

molecules bind to the stem region of SL3 RNA. MD simula-
tionspredicted structures thatwere, in general, consistentwith
the experimental data. Both the MD simulations and CD
experiments suggested that9 and 5donot alter the structure of
the RNA upon binding and do not intercalate into the RNA.
Because of their small size and their well-positioned points of
possiblemodification, lead compounds 9 and 5 could form the
basis for the development of high affinity small molecules that
specifically recognize SL3 RNA.

Experimental Section

Materials. RNA sequences were obtained from Dharmacon
Research Inc. (Lafayette, CO). RNA sequences were first
deprotected and lyophilized following the procedure provided
by Dharmacon. The lyophilized RNA samples were then de-
salted by ethanol precipitation and their purity and identity
confirmed by MALDI mass spectrometry. Before any experi-
ment, single-stranded and stem loop RNA samples were heated
at 90-95 �C for 2 min and then allowed to cool slowly to room
temperature.Double-strandedRNAwas immediately placed on
ice for 1-2 min after heating. All the compounds utilized in
these investigations were obtained from the Drug Synthesis and
Chemistry Branch, Development Therapeutics Program, Divi-
sion of Cancer Treatment and Diagnosis, National Cancer

Figure 10. CD spectra showing the signal change of SL3 RNA with addition of 5 and 9. Experiments were performed with 15 μMSL3 RNA
in 10 mM Tris 3HCl pH 7.4, 25 mMNaCl buffer at room temperature. (a) Spectral change of SL3 RNA (red) upon addition of 55 μM (blue),
110 μM(black), and 220 μM(purple) of 5. (b)No significant spectral change of SL3RNA (red)was observed upon addition of 55μM(blue) and
110 μM of 9 (black).

Figure 11. (a) Footprinting autoradiogramof SL3RNAusing lead acetate in the presence of the ligands 9 and 5. Lanes 1 and 2, 500μM 9, lanes
3 and 4, 500 μM 5, and lane 5 is theRNAonly control. (b) Plots of lead acetate cleavage results of SL3RNA in complex with 5 and (c) SL3RNA
in complex with 9. Inset is the SL3 RNA sequence used in the foot printing experiments. Positive numbers indicate increased protection and
negative numbers indicate decreased protection of individual nucleotide bases of the RNA sequence in the presence of the ligands relative to
protection of the bases in absence of the ligands.
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Institute (Bethesda, MD). The NCI diversity set is a free library
from theNational Cancer Institute. Compounds were identified
by ESI mass spectrometry and were determined to be g95%
pure by HPLC. The purity of 5 and 9 was confirmed using
elemental analysis (CHN).

Computational Studies. Computational docking was per-
formed on a Silicon Graphics Origin 200 with a CPU of 4�
R10000 at 180MHz, 512MBRAM, and an Irix 6.5.5 operating
system. DOCK 5.1.1 was provided free of charge by UCSF,37,38

and AutoDock 3.0 was obtained from the Molecular Graphics
Laboratory of the Scripps Research Institute.39 MOE from
Chemical Computing Group was used to add atomic partial
charges using the Gasteiger (PEOE) force field to the RNA and
the ligands on a desktop PC with a Pentium4 processor, CPU
3.00 GHz with 2.00 GB of RAM running windows XP profes-
sional operating system.

For the MD simulations, the ligands, RNA, and complexes
were minimized and equilibrated on a Silicon Graphics Origin
200 with a CPU of 4�R10000 at 180MHz, 512MBRAM. and
an Irix 6.5.5 operating system, and the 5 ns simulations were
performed on a Sun Workstation with a 64-bit AMD Opteron
processor, 8 GBRAM (SunMicrosystems Inc.). The AMBER8
suite of programs48 and Amber98 force-field49 were used for the
MD simulations of the ligand-SL3 RNA complexes. Ante-
chamber tool set was used with the general AMBER force field
(GAFF)62 to generate force field parameter files for the ligands
for use with the AMBER simulation programs. The complexes
were solvated in a truncated octahedral box of TIP3P water and
the system neutralized by adding sodium counterions before
minimization and equilibration using the program SANDER.
All the systems were treated using the same procedure. Each
system was initially minimized for 500 steps, and the water
molecules and counterions were relaxed around the fixed solute
with a 100 ps MD run, which was followed by a 5 ns MD
production run. Bonds involving hydrogens were constrained
by using the algorithm SHAKE.63 A cutoff of 10 Å was used for
nonbonded van derWaals interactions. The system temperature
was maintained at 300 K, and Langevin dynamics were used to
control the temperature using a collision frequency of 1.0 ps-1.
Isotropic position scaling was used to maintain a constant
pressure of 1 atm with a relaxation time of 3 ps. Periodic
boundary conditions were applied and the particle-mesh Ewald
method was used to treat electrostatic interactions.

Fluorescence Experiments. Fluorescence experiments were
performed on a FluoroMax-3 fluorimeter (Horiba JobinYvon).
RNA (25 nM) labeled with fluorescein at the 50 end was
prepared in fluorescence binding buffer (10 mM Tris-HCl (pH
7.4) and 25 mM NaCl). The RNA sample (250 μL) was then
placed in a thoroughly cleaned and dried 3 mm � 3 mm path
length quartz fluorescence microcuvette (Starna Cells, Inc.)
along with a 2 mm� 2 mm spin bar. The spin bar did not
interfere with the light path of the spectrometer.

Three methods were used to measure dissociation constants
of theRNA-small molecule complexes. In the first, fluorescein-
labeled RNA was excited at 490 nm with a 3 nm band pass, and
the emission fluorescence signal was monitored at 510-530 nm
with an 8 nm band pass. Aliquots (1 μL) of a stock solution of
the ligand were sequentially added to the RNA sample at 25 �C
until the fluorescence signal was fully saturated, allowing 3-
5min for equilibration after each addition. The signal at 517 nm
was used to determine the KD’s for all compounds, except for 9,
for which the signal at 525 nm was used. The fluorescence
titration data were fit to a 1:1 bindingmodel of RNA and ligand
using eq 1.51,64

ðF - F0Þ=ðF f - F0Þ ¼ ða� ½x�TÞ=ðKD þ ½x�TÞ ð1Þ
F is fluorescence intensity of the sample, F0 is the initial

fluorescence intensity, Ff is the final fluorescence intensity, a is
the asymptotic limit, [x]T is the total ligand concentration, and
KD is the dissociation constant. All binding measurements were

performed with a greater than 10-fold excess of ligand over
RNA in each binding reaction so that [x] is approximately equal
to [x]T.

In the second method, changes in the fluorescence signal of
the small molecules (10 μM 4 and 5 μM 2) upon addition of
14mer SL3 RNA were monitored. Compound 2 was excited at
270 nm, the emission was monitored from 284 to 350 nm, and
the emission at 300 nm was used for KD determination. Com-
pound 4 was excited at 287 nm, the emission was monitored
from 450 to 490 nm, and emission at 470 nm was used for KD

determination. Equation 1 was used to fit the data and deter-
mine the KD.

The KD of 5 for SL4 was determined by a third method in
which the RNA was labeled in the loop by substituting adenine
at position 9 with 2-aminopurine. The 2-aminopurine labeled
SL4 RNA was excited at 310 nm with a 4 nm band pass and the
emissionmonitored at 350-420 nmwith a 12 nmband pass. The
2-aminopurine labeled SL4 (250 nM) was then titrated with 5
following similar procedures as described above for the experi-
ments performedwith the fluorescein-labeledRNAand the data
were analyzed and fit with eq 1 to determine the KD.

ITC Experiments. In a standard experiment, aliquots of the
ligand solution (10 μL, 500 μM) were added to the sample cell
that contained the RNA (20 μM, 1.42 mL) at 25 �C using a
250 μL rotating syringe (300 rpm). Both the ligand and RNA
were in a buffer comprised of 10 mM Tris 3HCl (pH 7.4) and
25 mM NaCl. Each experiment was accompanied by a control
experiment in which aliquots of the ligand were titrated into
buffer alone at 25 �C. The duration of each injection was 24 s,
and the spacing between two consecutive injections was 240 s.
The initial delay before the first injection was 60 s. The instru-
ment measured heat release from each injection in μcal 3 s

-1.
Heat release for each injection wasmeasured by determining the
area under the curve using Origin 5.0 software (MicroCal, Inc.,
Northampton, MA). The heat of ligand binding for each injec-
tion was determined by subtracting ligand-buffer solvation
from the heat associated with corresponding ligand-RNA
injection. Dissociation constants were determined from plots
of heat of ligand binding as a function of ligand-RNA molar
ratio. Data were fit using a sequential two-site binding model.

CD Spectroscopy. CD experiments were carried out using a
JASCO J-715 spectropolarimeter. Increasing amounts of each
compound were titrated into a solution of SL3 RNA (15 μM in
10 mM Tris 3HCl (pH 7.4), 25 mM NaCl) at 25 �C. Control
experiments were performed in which similar volumes of buffer
were titrated into theRNAsolution.At least three spectral scans
were accumulated from 230 to 320 nm using a cell with a 0.2 cm
path length.

Footprinting Studies. The reaction mixture (10 μL) was made
by mixing 32P-labeled RNA (1 μL, 25 nM), with corresponding
ligand (1 μL) at a series of concentrations, lead acetate (1 μL,
10 mM), and buffer (7 μL, 10 mM Tris 3HCl pH 7.4, 50 mM
KCl). Two control experiments were performed: one was a
reaction mixture comprised of RNA (1 μL, 25 nM) and 9 μL
of buffer; another was a reaction mixture comprised of RNA
(1 μL, 25 nM), lead acetate (1 μL, 10 mM), and buffer (8 μL).
The mixture of RNA and each of the ligands were incubated at
room temperature for 30 min, and then lead acetate was added
to the mixture and allowed to react for 5 min at 25 �C. The
reactions were quenched by addition of 10 μL of 20mMEDTA,
8M urea. The RNA samples were heated at 95 �C for 5 min and
resolved on a 20% polyacrylamide denaturing gel (1.08% Tris
base, 0.55% boric acid, and 0.06% EDTA in water, 40 W, 3 h).
Gels were analyzed using a STORM 840 imager. The relative
percent protection was determined by calculating the difference
between the intensity of each RNA band in the presence and
absence of the ligand, dividing by the intensity of the RNAband
in the absence of ligand, and multiplying by 100.

UV Melting Experiments. UV melting experiments were
performed in Tris 3HCl (10 mM, pH 7.4) and 25 mM NaCl
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buffer. Absorbance changes were monitored from 20 to 100 �C
with a ramp rate of 0.5 K 3min-1. The results were fit to a two-
state transition model with a sigmoidal algorithm using Kalei-
daGraph 3.5 (Synergy Software). The two-state transition equa-
tion is:

a þ ðb - aÞ=ð1 þ ðx=cÞdÞ
Where a is the maximum absorbance at 260 nm, b is the
minimum absorbance at 260 nm, c is the temperature at the
midpoint of absorbance, and d is the slope at the midpoint of
absorbance.
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