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Abstract: RNA plays a central role in many biological processes and is therefore an important target for
drug development. In recent years an increasing wealth of structural and functional information about RNA-
ligand complexes has been obtained using in vitro selected RNAs (aptamers). However, all those studies
focused on structure and changes of the nucleic acid and mostly considered the ligand as a rigid target.
To develop a detailed picture of ligand structure and dynamics in RNA-small molecule complexes, the
malachite green binding aptamer was studied. Isotopically labeled ligand in complex with RNA was analyzed
by NMR spectroscopy in solution. The surprisingly asymmetric changes in the 13C chemical shift of the
ligand methyl groups indicate that the dye undergoes changes in its conformation and charge distribution
upon binding. The role of the RNA electrostatic field in this interaction was explored using ab initio calculations
of the ligand structure and charge distribution. The results indicate that the uneven charge distribution in
the RNA binding pocket provides a major contribution to the driving force of the ligand structural changes.
The observation that not only the RNA adapts to the ligand, in what is called adaptive binding, but that the
ligand itself also undergoes conformational changes (“induced fit”) is crucial for the rational design of RNA
ligands and for understanding the properties of RNA-ligand complexes.

Introduction

Binding and recognition of small molecule ligands by nucleic
acids is thought to be based mainly on stacking interactions
and hydrogen bonding.1-4 These types of interactions are crucial
for RNA function in nature as well as in the context of RNA as
a drug target.5-8 RNA and DNA molecules that were selected
in vitro to specifically recognize and bind a target molecule9,10

(aptamers) are ideal systems for detailed studies of these
interactions. Several structures of such systems have been
determined using both X-ray crystallography11,12 and NMR
spectroscopy.13-15 The structures of RNA complexes with ATP,
biotin, or FMN, among others, demonstrated that specificity is

most often achieved by specific hydrogen-bonding patterns and
stacking of aromatic ring systems in the ligands with bases in
the RNA.1,14,16,17Another characteristic feature of these com-
plexes is that the RNA binding pocket in its ligand free form is
largely unstructured and folding occurs simultaneously with
ligand binding. This process has been termed ligand-dependent
folding or adaptive binding.3,15

The malachite green binding RNA aptamer was identified
by in vitro selection with the goal of providing a target for laser-
mediated RNA cleavage.18 The 38-nucleotide consensus se-
quence binds malachite green (MG) and several related organic
dyes withKD values in the nanomolar range. The structure of
the RNA in complex with the dye tetramethylrosamine (TMR)
was originally determined by X-ray crystallography.11 The RNA
binding pocket forms a complex three-dimensional structure
around the ligand, including two base triples and one base
quadruple. The ligand is intercalated between a Watson-Crick
base pair (G8-C28) and the base quadruple formed by C7, G24,
G29, and A31 (Figure 1). The MG-RNA complex did not
produce useable crystals and its structure was determined by
NMR spectroscopy in our laboratory.19 The overall structures
of the two complexes are very similar. However, there are some
small differences in the stacking arrangement within the ligand
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binding site. Two more significant differences on the periphery
of the molecule are most likely due to crystal contacts in the
X-ray structure. During the course of the NMR investigation,
the use of specific labeling of the ligand20 allowed a closer look
at its structure and dynamics. The observed changes in ligand
13C chemical shifts suggest that the ligand undergoes significant
changes with respect to its charge distribution and/or conforma-
tion. Here we report an analysis of the ligand conformation and
binding using NMR spectroscopy and ab initio calculations.

Experimental Section

Synthesis of RNA and Ligand.The RNA samples used for NMR
spectroscopy were synthesized by in vitro transcription according to
established protocols as previously described.19,21,22 The specifically
labeled ligand was synthesized from appropriately labeled precursors.20

NMR Spectroscopy.All NMR spectra were acquired on a Bruker
DRX 600 MHz spectrometer at 293 or 274 K. NMR samples typically
contained 0.5-1.2 mM RNA in complex with a small excess of labeled
or unlabeled ligand (RNA:MG ratio ca. 1:1.1).

Calculations. All calculations were performed using the Gaussian
98 and AMBER program packages running on Compaq Alphas with
EV67 processors.

Results and Discussion

NMR Spectroscopy of Bound MG.Analysis of the NOESY
spectra of RNA-MG complexes clearly indicates that the two
N-methylated rings in MG become nonequivalent upon binding
to RNA, due to their drastically different environments. The
two N-methylated rings are referred to as A and B in the
following discussion (see Figure 1B). Ring A is deeply buried
inside the binding pocket, stacked between G24 and C28. Its
two N-methyl groups and the protons on both sides of the phenyl
ring are nonequivalent and show distinctively different NOE
patterns at short NOESY mixing time (80 ms). In contrast, ring
B shows clear evidence for faster rotation of the phenyl ring
and the methyl groups on the NMR time scale. The NOE
patterns for both methyl groups and the protons on both sides
of the ring are identical, even though their environment in the
structure is quite different. Exchange peaks are observed for
the methyl resonances and the aromatic protons in the 2,6- and
3,5-positions on ring B. At long NOESY mixing times (250

ms or longer), the signals of A- and B-ring protons show
symmetric cross-peak patterns and exchange peaks. This is most
likely due to exchange between free and bound MG. The13C
N-methyl-labeled MG dye allowed the unambiguous identifica-
tion of the13C methyl signals. For the free dye, only one signal
is observed for the four methyl groups (δ[13C] ) 46.2 ppm).
Upon binding, four signals are found: two at a13C chemical
shift of at 40.3 ppm (ring B) and one each at 39.7 and 36.2
ppm for ring A (Figure 2). This upfield shift of the methyl13C
resonances on the A-ring relative to those on ring B is similar
to that observed for the C2 in adenines upon protonation of the
N1 position23,24and could indicate a more positive partial charge
of the A-ring nitrogen compared to the B-ring. This suggests
that binding to the RNA stabilizes the MG resonance structure
in which the positive charge is located on the A-ring nitrogen
(3 in Figure 1B). In this structure one would expect hindered
rotation of the A-phenyl ring andN-methyl group due to the
partial double bond character of the bonds connecting the
nitrogen to the ring and the ring to the central carbon. Indeed,
the differences in NOE patterns (see above) and proton line
widths of the methyl resonances are consistent with this
model: the1H signals of the B methyl groups have much
broader lines than those of the A methyls (Figure 2, ca. 43 and
32 Hz, respectively). Both dimethyl-N groups are in slow
exchange with respect to the1H chemical shifts (τ-1 , |δ1 -
δ2|). The separation of the1H signals suggests exchange rates
smaller than 45 and 222 s-1 for the A and B methyl groups,
respectively. To further substantiate this interpretation of the
NMR spectra, we undertook ab initio electronic structure
calculations to gain insight into the underlying physical nature
of the molecular interactions between the MG molecule and
the RNA aptamer when they form the MG-RNA complex.
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Figure 1. (A) Sequence, secondary structure, and tertiary fold of the TMR-RNA complex. The dark blue cross of bold lines in the center illustrates the
position of the ligand. Bold lines connect the nucleotides of the two base triples (red and green), and yellow lines indicate the nucleotides that are part of
the base quadruple. (B) Molecular structure of malachite green with resonance structures. The naming scheme for the three rings is indicated in1.

Figure 2. 2D HMQC spectrum of13C-labeled malachite green in the
complex with the RNA aptamer. The spectrum was acquired at 298 K using
a sample of 0.8 mM RNA aptamer in the presence of slight excess of MG
(RNA:MG ratio of 1:1.1).
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Electronic Structure Calculations.The MG-RNA aptamer
complex is too large for first-principles electronic structure
calculation. Therefore, our strategy is to decompose the physical
force of interactions of MG and RNA aptamer into the
electrostatic and base-stacking forces, exerted by the RNA on
the MG molecule. In doing so, we can account for what force
would have what dominant effects on changes of physical
properties of the MG molecule upon forming a complex with
the RNA aptamer. Here we report the results of the calculations
focusing on the effect of the electrostatic forces within the RNA.

Since the electrostatic force is a long-range force and the
charge of the RNA is concentrated in the backbone and nearby
counterions, we simplified the RNA molecule to a model of
point charges representing the backbone RNA structure in order
to examine the electrostatic effect of the RNA on the electronic
structure of the MG. The backbone is modeled as a series of
negative charges representing each phosphate group of the
backbone and a series of positive charges representing the
counterions. As mentioned before, implicit in this model is that
the Coulombic interactions are the dominant influences polar-
izing the electron distribution of the MG and consequently its
13C-chemical shift; interactions between the bases of the RNA
and MG will be considered in future work. Changes between
free and bound MG in our model may be attributed to responses
of the electron distribution to the external field and to the
resulting concomitant changes in molecular conformation.

The X-ray crystal structure of the tetramethylrosamine
(TMR)-RNA aptamer complex11 was used as our structural
starting point (PDB accession no. 1F1T), because it gives more
precise positions for the phosphate moieties of the RNA than
the NMR structure of the MG-RNA aptamer complex (PDB
accession no. 1LUY). Moreover, the NMR structure of the
MG-RNA aptamer is very similar to the X-ray structure of
the RNA aptamer around the TMR, especially with respect to
the backbone conformation. Therefore, we feel that the X-ray
structure of the RNA aptamer is more suitable for the compu-
tational studies.

The crystal structure provided the locations of the backbone
phosphorus atoms, but not the positions of necessary counte-
rions. To neutralize the phosphate groups, we first optimized
the MG molecule in a vacuum quantum mechanically using the
B3LYP density functional Hamiltonian with the 6-31G* basis
set. Upon convergence, partial charges of each atom were
computed using the Merz-Kollman charge-fitting scheme25 in
order to be consistent with the charges of the RNA bases in the
AMBER force field. An AMBER model of the complex was
then constructed by superimposing the optimized MG molecule
onto the TMR molecule in the RNA pocket using Kabsch’s
algorithm26,27 and then removing the TMR molecule from the
complex. Counterions were then added to neutralize the new
MG-RNA aptamer complex using the LEAP28 program of the
AMBER 5.0 software package.29 The RNA field surrounding
the MG molecule is now modeled as a collection of point

charges, where a negative charge is placed on each phosphorus
atom and a positive charge is placed on each counterion atom.
This assembly of the MG molecule in the pocket of the model
RNA point-charge field is now referred to as the MG-RNA
complex system, whereas the MG molecule in a vacuum is now
referred to as the MG system.

The molecular geometry of MG in both MG-RNA complex
and the MG systems was optimized at the B3LYP theory level
with the 6-31G* basis set. The MG system optimized completely
to the default thresholds of Gaussian 98 (Gaussian, Inc.,
Pittsburgh PA). The MG-RNA optimization proved more
delicate and the optimization was terminated after 100 cycles,
when both RMS and Max displacement variables were con-
verged completely to the default thresholds but forces had not
dropped below the threshold. We believe the residual forces
originated from a small inconsistency in the placement of the
MG molecule in the model point-charge field. The resulting
geometries were used to compute partial charges for each atom
of the MG molecule in both systems using the CHELPG charge-
fitting scheme,30 the 13C chemical shift of the methyl groups
using the continuous set of gauge transformations (CSGT),31,32

and CIS/6-31G* calculations of the first excitation energy.
Figure 3 shows the charge distribution within bound and free

malachite green. For the methyl groups the hydrogen charges
have been summed into the carbon atom charge. The total ring
charges in the bound form are clearly different between the A
and B rings. Experimentally, the carbon chemical shifts of the
methyl groups on the A ring nitrogen become very different
from each other upon complex formation, whereas the methyl
carbon chemical shifts on the B ring remain similar.

Figure 3 also shows the correlation between charge distribu-
tion and the calculated isotropic shielding constants for each
methyl carbon atom attached to the nitrogen atoms of ring A
and B in the bound ligand. The isotropic shielding constants
reported here are not at the saturated basis set limit, and we
regard only the differences as meaningful. As shown, the
chemical shift difference between two carbon atoms ofN-methyl
groups on ring A is about 6.1 ppm, whereas on ring B it is
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Figure 3. Charge distribution in free and bound malachite green. The
numbers in brackets refer to the bound MG and those without to the free
MG. The bold numbers above the rings are the charge total for the three
rings. The charge of the central carbon has been summed to equal parts
into the values for each ring. The underlined numbers are the calculated
isotropic shielding constants for the methyl13C nuclei of the bound MG.
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about 1.6 ppm. Experimentally, no chemical shift difference
for the carbon atoms ofN-methyl groups on ring B is observed
and the corresponding chemical shift difference for the carbon
atoms of ring AN-methyl groups is about 3.7 ppm. However,
in addition to the limited basis set and limited extent of
correlation in the wave function, the calculated shielding
constant does not take the dynamic nature of the system into
account. Given the complexity and uncertainty of the calculation,
we can arguably say that the computed chemical shift distribu-
tion is in general agreement with experiment.

The optimized geometries of the MG molecule in the presence
and absence of the RNA electrostatic fields are shown in Figure
4. In addition, we have included two figures (SF1 and SF2) in
the Supporting Information that show the optimized valence
angles and bond distances of MG in a vacuum and in the
charged field representing the RNA. Comparison of the two
structures shows that the only significant change between the
valence angles and the bond distances is the valence angle at
the ring junction carbon where the free MG has a valence angle
of 121.2° and the complexed form has a valence angle of 127.6°
for the angle between rings A and B. Of most interest are the
dihedral angles of the three rings, these being the degrees of
freedom most easily distorted by external influences. The inter-
ring dihedral angles of the optimized structures are shown in
Figure 4, where the effect of the RNA field upon complexation
is clearly evident. As shown, ring B becomes less coplanar with
respect to rings A and C in the RNA field (i.e., the dihedral
angle between rings B and A increases from 48.9° in the isolated
molecule to 57.0° in the complex, and the dihedral angle
between rings B and C increases from 59.2° to 65.6°). The
intervalence angle of rings A and B increases to help accom-
modate the dihedral angle changes. These dihedral angle changes
provide an explanation for a structural difference found while
comparing the TMR and MG complex.19 In the MG complex
the G8-C28 base pair is rotated slightly with respect to the base
quadruple. This results in ring A being completely intercalated
between C28, G24, and G29, whereas ring B is stacked on top
of the G29-C7 base pair but has nothing above it. In contrast,
TMR, in which rings A and B are coplanar, is completely
intercalated in its complex with RNA. The conformational
change of the MG ligand explains why the RNA aptamer adapts
its structure in this way: By eliminating the stacking interactions
on the top of ring B the RNA accommodates for the nonplanar
nature of the ligand and the rotation of the B ring.

We undertook single excitation configuration interaction (CIS)
calculations of the first excited state of MG using the optimized
geometries of both the free and bound forms of MG to obtain
a theoretical value for the experimentally observed 14-nm red
shift of the visible absorption upon complexations. Of course
the absolute values of the excitation energy with this simple
treatment of the excited state are badly in error, due to neglect
of both orbital relaxation effects and differential correlation;
however, one can assume that the difference between the free
and bound form excitation energies may give some cancellation
of similar error. We obtained a value of 3 nm for the red shift
(see Supporting Information). If the red shift is identified with
increasing delocalization of theπ-system upon complex forma-
tion, we see that the calculations suggest about 20% of that
may arise from conformational changes bringing rings A and
C into greater coplanarity (Figure 4) and thus can be directly
attributed to the influence of the RNA electrostatic field.

Conclusions

The results discussed above demonstrate that binding to the
RNA significantly affects the electronic structure of the bound
dye. This is achieved without any hydrogen-bond interactions
between RNA and ligand. The calculations show that the
distribution of negative charges within the RNA provides a
major contribution to this effect by providing a binding pocket
that has greatly different electrostatic environments for the two
N,N-dimethyl groups: Ring A has three phosphate groups within
6.2 Å of the nitrogen with the closest located at a distance of
4.6 Å. Ring B has only two phosphates in the same sphere with
the closest at a distance of 5.6 Å. These findings could be of
significance with respect to the mechanism by which the bound
dye promotes specific RNA cleavage. In a more general picture,
the interaction between the RNA electrostatic field and small
molecule ligands could also be important for the role of RNA
as a catalyst, i.e., the changes in charge distribution can promote
changes in the reactivity of the involved covalent bonds. The
fact that both RNA and ligand are changing during complex
formation and adapt to each other in an “induced fit” manner
seems to be crucial for designing drugs that target RNA and
for the computational prediction of the structures of RNA-
small molecule complexes.
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Figure 4. Conformation of free (left) and bound malachite green (right).
The dihedral angles between the phenyl rings are indicated by colored
numbers.
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