
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. 

We present the solution structure of an RNA aptamer that binds triphenyl dyes in 
complex with malachite green and compare it with a previously determined crystal 
structure of a complex formed with tetramethylrosamine. The structures illustrate 
how the same RNA binding pocket can adapt to accommodate both planar and
nonplanar ligands. The two RNA-ligand complex structures allow a discussion of 
structural changes that have been observed in the ligand in the context of the 
overall complex structure.

During the structural characterization of the RNA aptamer, 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. First, the role of the RNA electrostatic field in this 
interaction was explored using ab initio calculations of the ligand structure and 
charge distribution. 

Next, base-stacking interactions and the dynamics of a malachite green (MG)-RNA
aptamer complex were examined to help explain the observed 14 nm red-shift in 
the maximum absorption frequency of MG. In particular, we examined the 
conformational dynamics of the MG molecule, in terms of the interplanar dihedrals 
of its aromatic rings. A correlation between the degree of planarity of the ligand 
and binding strength was found in terms of the extension of π-system base-stacking 
forces.
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Figure 1 – Structures of (A) malachite green (KD = 800 nM), (B) 
tetramethylrosamine (KD = 50 nM), (C) pyronin Y (KD = 225 nM), and (D) 
secondary structure of the malachite green binding RNA aptamer.

Figure 2 – (A) ensemble of the family of 25 lowest energy structures calculated for the MG 
binding aptamer.  Color coding is as shown in Figure 1.  (B) Stereoview of the lowest energy 
structure of the MG aptamer, with the MG shown in thick bonds with a semi-transparent van 
der Waals surface.  The coloring of MG indicates the relative distribution of positive charge 
(darker blue corresponds to larger positive partial charge). Atomic coordinates for the 10 lowest 
energy structures have been deposited in the RCSB Protein Data Bank (accession number 
1Q8N).

Figure 3 - 2D 1H/13C-HMQC spectrum of 
13C-labeled malachite green in complex with 
the non-labeled RNA aptamer at a 1H 
frequency of 600.3 MHz. 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). 

Figure 4 – (A) Molecular structure of malachite green with resonance structures.  (B) Charge 
distribution in free and bound malachite green. The numbers in brackets refer to the bound 
MG and those without to the free MG. Charge totals for the three rings are shown in red. The 
charge of the central carbon has been summed to equal parts into the values for each ring. The  
calculated isotropic shielding constants for the methyl 13C nuclei of the bound MG are shown 
in blue. 

Figure 5 - Conformation of free (left) and bound malachite green (right). The dihedral angles 
between the phenyl rings are indicated by colored numbers.

Figure 6 - Malachite green in the RNA aptamer ligand binding site: (a) overview 
structure of MAG-RNA aptamer complex (b) expanded view of the ligand binding site.

A

B

MG-RNA 
(Xray)

MG-RNA 
(NMR)

TMR-RNA

Ring A -5.984 -7.161 -5.578

Ring B -6.476 -6.288 -5.789
Ring C -6.041 -4.417 -8.061
Total 
(A+B+C)

-18.501 -17.866 -19.428

Computed -8.166 -17.601
Experiment -8.365 -10.150

Binding Free 
Energy 

(kcal/mol)

van der Waals 
Ring-Base-
Stacking 
Energy 

(kcal/mol)

Table 1 – Energy of interactions of dyes and RNA aptamer.
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Background
Ribonucleic acids are an attractive drug target owing to their central role in many 
pathological processes. Despite this potential, only a few drugs that target RNA 
are in use or development. One of the main roadblocks on the way towards 
rational structure-based design of ligands and drugs that target RNA is the mode 
of recognition found in most complexes between RNA and small molecules. 
Ligand recognition occurs via  “ligand-induced folding” or “adaptive binding” in 
which the ligand acts as a scaffold for folding the RNA into an intricate three-
dimensional structure and becomes an integral part of the structure. 

The malachite green binding RNA aptamer was identified by in vitro selection 
with the goal of providing a target for laser-mediated RNA cleavage. The 38-
nucleotide consensus sequence binds malachite green (MG) and several related 
organic dyes with KD values in the nanomolar range. The structure of the RNA in 
complex with the dye tetramethylrosamine (TMR) was originally determined by 
X-ray crystallography. 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. The overall structures of the two 
complexes are very similar. 

Results and Discussion
The comparison of the X-ray structure of the TMR-RNA complex with the 
solution structure of the MG-RNA complex provides a glimpse at how the 
binding pocket of the aptamer can adapt to the structures of planar and non-
planar ligands. Rotation of the base pairs above and below the ligand can 
accommodate dye derivatives with non-planar ring systems without disrupting 
any crucial RNA structure elements. The adaptability of the aptamer with respect 
to the different ligands is largely facilitated by two flexible elements in the RNA 
structure, A9 and U26. Moreover, the two structures allow a discussion of 
structural changes that have been observed in the ligand in the context of the 
overall complex structure. 

Electronic Changes in Ligand Upon Binding

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 1). 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. 

13C N-methyl-labeled MG dye allowed for the unambiguous identification of the 13C methyl 
signals. For the free dye, only one signal is observed for the four methyl groups ([13C] = 
46.2 ppm). Upon binding, four signals are found: two at a 13C chemical shift of at 40.3 ppm
(ring B) and one each at 39.7 and 36.2 ppm for ring A (Figure 3). This upfield shift of the 
methyl 13C 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 position and 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. 

Electronic Structure Calculations

The MG-RNA aptamer complex is too large for first-principles electronic structure 
calculation. Therefore, our strategy was 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. 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 was modeled as a series of 
negative charges representing each phosphate group of the backbone and a series of 
positive charges representing the counterions. Implicit in this model was that the
Coulombic interactions are the dominant influences polarizing the electron distribution of 
the MG and consequently its 13C-chemical shift. 

The X-ray crystal structure of the tetramethylrosamine (TMR)-RNA aptamer complex was 
used as the structural starting point (PDB accession no. 1F1T), because it gives more 
precise positions for the phosphate moieties of the RNA and is similar enough to the NMR 
structure, especially with respect to the backbone conformation. Counterions were then 
added to neutralize the new MG-RNA aptamer complex using the LEAP program of the 
AMBER 5.0 software package. 

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 
resulting geometries were used to compute partial charges for each atom of the MG 
molecule in both systems using the CHELPG charge-fitting scheme, the 13C chemical shift 
of the methyl groups using the continuous set of gauge transformations (CSGT), and 
CIS/6-31G* calculations of the first excitation energy. For the methyl groups the hydrogen 
charges have been summed into the carbon atom charge. 

Charge Distribution in the Malachite Green Molecule

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 4 also shows the correlation between charge distribution 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. 

As shown, the chemical shift difference between two carbon atoms of N-methyl groups on 
ring A is about 6.1 ppm, whereas on ring B it is about 1.6 ppm. Experimentally, no 
chemical shift difference for the carbon atoms of N-methyl groups on ring B is observed 
and the corresponding chemical shift difference for the carbon atoms of ring A N-methyl 
groups is about 3.7 ppm. 

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. 

RNA Effect on Malachite Green Conformation

The optimized geometries of the MG molecule in the presence and absence of the RNA 
electrostatic fields are shown in Figure 5. 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. 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°). 

Performing ab initio calculations using electrostatic interactions alone allowed us to build a 
model which explains the observed 13C chemical shifts changes which occur upon ligand 
binding. However, it required a static model of RNA-MG complex and did not account for 
stacking interactions which are very significant in such aromatic systems. Still needed was 
an examination of the dynamical nature of the MG molecule inside the RNA ligand-binding 
site using molecular dynamics .

Energetic Contributions of Stacking Interactions

Binding of malachite green to the RNA aptamer causes a red-shift in the maximum 
absorption frequency of MG by 14 nm (from 616 to 630 nm). A desire to fully understand 
what is happening led us to undertake molecular dynamics simulations with explicit 
solvent. In particular, we examined the conformational dynamics of the MG molecule, in 
terms of the interplanar dihedrals of its aromatic rings both in the presence and absence of 
the RNA aptamer, as well as its spatial dynamics, in terms of base-stacking energy within 
the RNA ligand binding site. These interactions were examined because they may be 
presumed to have an influential role on the red-shift in the absorption frequency and the 
binding strength of the MG molecule upon forming a complex with the RNA aptamer. 
They promote the formation of the extended  π-system among rings of the MG molecule 
and base stacking energy between rings of the MG and bases of the RNA aptamer. 

Conclusion
Binding to an RNA aptamer affects the electronic structure and conformation of the 
malachite green molecule upon forming a complex by two dominant interactions: 
electrostatic and base-stacking. The effects of electrostatic interactions on the MAG 
electronic structure were studied and reported. Next, we evaluated the effect of base-
stacking forces on the MG-RNA interaction. These results show that one 
consequence of the binding of the MG molecule to the RNA aptamer is that the rings 
of the MG molecule adopt a more coplanar structure. This conformation leads to a 
more extended  π-system in the MG that we propose is the origin of the observed 
red-shift in its maximum absorption frequency upon binding to RNA. At the same 
time, the strength of binding of the dye to the RNA aptamer is correlated with its 
ability to form the coplanar conformation, as shown by a comparison of the binding 
energies of the MG and TMR molecules to the RNA. Together with our previous 
work, we conclude that charges of the RNA backbone and surrounding counterions
play an influential role in redistributing the electronic structure of the MG molecule 
(causing an asymmetrical NMR chemical shift), while dispersive interactions with 
the RNA bases determine the binding strength, which correlates with the ligand 
structural flatness, causing the observed red-shift in the MG's visible spectrum. 
These findings are important for understanding small molecule RNA interactions at 
the molecular level and as a basis for the rational design of molecules that interact 
specifically with RNA. 

Base-stacking energy depends exclusively on the geometrical alignment of aromatic 
rings in such a way that allows dispersive interactions between the π-clouds. The 
high-level first-principles quantum chemical methods necessary to accurately model 
such dispersive interactions could not be applied here due to the MG-RNA aptamer's
large size. We could nevertheless approximate these dispersive interactions using the 
empirically derived expressions for the van der Waals interactions between rings of 
the dye and bases of the RNA molecule. 

Table 1 shows van der Waals ring-base interactions for each ring of MG and TMR 
molecules to all bases of the RNA aptamer averaged over the course of 10 ns 
dynamics. As shown, the total computed van der Waals ring-base interactions of the 
TMR molecule (-19.4 kcal/mol) to bases of the RNA aptamer are more favorable 
than that of the MG molecule (-18.5 kcal/mol) by ~0.9 kcal/mol. This computed 
difference in the van der Waals interactions accounts for about 50% of the 1.8 
kcal/mol difference in the experimental binding free energies between MG and 
TMR. 
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