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Introduction
The malachite green aptamer (MG RNA) was originally engineered for 

binding specificity to the malachite green (MG) dye (Figure 1). This aptamer 
has since shown to be capable of more then selectively binding MG. MG, a 
cationic triphenyl methane dye, displays a significant change in the charge 
distribution in the presence of an in vitro selected aptamer.  These changes 
within the ligand molecule were first discovered with the aid of 1H-13C 
HMQC spectra of the 13C labeled dye in complex with the RNA (Figure 2).  
Ab initio calculations on the dye:aptamer system predict significant changes 
of the charge distribution within the dye upon binding to the RNA. The 
changes are consistent with the patterns of chemical shift changes observed in 
the heteronuclear NMR experiments (Figure 3).  

This shift in charge distribution upon binding to the aptamer led to the 
development of the MG-Acetate ester derivatives that takes advantage of this 
property (Figures 5 and 6). The catalytic potential of the aptamer’s 
electronegative binding pocket was harnessed to catalyze an ester hydrolysis 
via the stabilization of positively charged intermediates. This novel catalytic 
activity demonstrated the significance of electrostatic forces in RNA enzymes. 

In order to further investigate the catalytic ability of the aptamer another 
MG derivative was designed, the MG-thiocyanate. This derivative also 
displays an increased hydrolysis in the presence of the aptamer compared to 
background hydrolysis. The accelerated hydrolysis is a result of structure 
based ligand design, demonstrating the ability of the aptamer to catalyze the 
hydrolysis of a C-N bond (Figures 7, 8 and 9).
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Figure 1.  Secondary structure and family of 25 final structures of the MG:RNA
complex as determined by NMR spectroscopy.

Figure 2. 2D HMQC spectrum of 13C labeled Malachite Green in the complex 
with the RNA aptamer. The spectrum was acquired at 298K using a sample of 0.8 
mM RNA aptamer in the presence of slight excess of MG (RNA:MG ratio of 
1:1.1).

Objectives of Ligand Engineering
• Design and synthesize MG derivatives that have various functional groups in the 

C ring para position
• Analyze the binding behavior of the derivatives and determine dissociation 

constants of various derivatives
• Calculate ligand electronic structure and conformation
• Determine NMR structures of selective ligand complexes

• Utilize the charge distribution in the bound MG to 
accelerate chemical reactions

Results and Implications of Ab 
Initio Calculations

• Binding to the RNA significantly effects the electronic structure of the 
bound dye

• Influence on the ligand by the RNA is achieved without any hydrogen 
bond interactions and is a result of the orientation of the dye in the 
electrostatic field of the binding pocket

• Negative charges within the RNA (namely the phosphate backbone) 
are the major contributor to the shift in charge distribution within the 
bound dye

• The effect of the RNA on the ligand can be utilized as potential starting 
point for designing a ligand that can act as a substrate by taking 
advantage of the change in charge distribution 

Figure 3.  Ab Initio calculated charge distribution within Malachite Green in 
its free and bound form.  Numbers in brackets indicate Malachite Green 
charge distribution in complex with the aptamer.

Figure 4.  Detailed comparison of the structural motifs within the ligand 
binding pocket of the MG-Aptamer.  Thick blue bonds indicate that of 
the crystal structure of the Aptamer-TMR complex. Shown are the base 
quadruple, the two base triples and the U-turn.

Preliminary Results: Hydrolysis of a 
C-N bond

The product of the hydrolysis of the Malachite Green isothiocyanate (MG-NCS) 
is a MG derivative that possesses an amine group, Malachite Green amine (MG-
NH2). (Figure 7).

Figure 5.  Reaction scheme of the RNA catalyzed ester hydrolysis of the 
Malachite Green Acetate ester (MG-OAc) derivative.  

Figure 6. Kinetics of the hydrolysis reaction. The reaction rate constants for the 
hydrolysis of MGOH-Ac at pH 5.0 and 22°C in the presence and absence of malachite 
green aptamer RNA (MG RNA) and cadmium binding RNA aptamer (control RNA) 
(A). pH dependence of the hydrolysis reaction in the absence of RNA (circles) and in a 
1:1 complex with the RNA aptamer (triangles). The insert shows the region between 
pH 5.0 and 6.5 with the hydrolysis reaction rates in the presence of RNA aptamer 
(triangles) and control RNA (squares) (B) .

Conclusions
The results above illustrate that the binding of the ligand by the aptamer  
allows for the stabilization of positive intermediates that allows for 
hydrolysis. The aptamer is capable of catalyzing the hydrolysis of ester 
and the C-N bond of a isothiocyanate.  By utilizing the charge distribution 
within  the RNA binding pocket, water is able to attack and hydrolyze the 
NCS group at the para position of ring C.  The ability of a small RNA that 
has not undergone any selection or evolutionary process to catalyze the 
hydrolysis of a C-N bond as well as the C-O bond demonstrated earlier 
highlights the importance such interactions may have played in early 
evolution.

Further investigation of the proposed binding site of MG will include:

• Derivatives that carry the ester or isothiocyanate on ortho and meta 
positions on MG

• Determine the stability of the MG RNA in other solvents or high
concentrations of nucleophilic species, in order to investigate reactions 
not involving hydrolysis by water

•Designing more derivatives that are capable of taking advantage of the 
negatively charged pocket to further probe the aptamers capability
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Figure 7.  Reaction scheme of the hydrolysis of the Malachite Green isothiocyanate (MG-NCS). 

Figure 8.  Spectra showing the hydrolysis of MG-NCS catalyzed by MG RNA at pH 5, 
t is in units of hours. MG-NCS has a maximum of 640nm when bound to MG RNA and 
624 nm when free. MG-NH2 has a maximum of 590nm when bound and 586nm when 
free. In the absence of MG RNA no change was detected in MG-NCS at pH5.

Figure 9.  A Spectra showing the degradation of MG-NCS  at pH 1. The presence of 
the peak at 445nm indicates no conversion to MG-NH2 B Spectra showing the 
hydrolysis of MG-NCS to MG-NH at pH 11. The absorption maximum shifts from 
624nm to 586nm. Both reactions were in the absence of RNA aptamer. They indicate 
that the reaction is OH- driven in the absence of RNA.
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