
ranscriptional processing in viruses, and the control of gene expression at multiple levels. This multitude of crucial roles makes RNA an increasingly interesting target for drug design and the development of assays for biomarkers of

Probing the limits of the malachite green RNA aptamer’s 
adaptive binding 

Jason B. DaCosta, Pierre-Nicholas Roy,  Thorsten Dieckmann

Department of Chemistry, University of Waterloo, 200 University Avenue West, Waterloo, 
Ontario, Canada N2L 3G1  

Introduction 
!
The multiple roles of RNA in living cells are today well established. Its 
functions include the catalysis of protein synthesis in the ribosome, post-t 
cellular function. Aptamers have been developed for a wide variety of targets 
and are excellent model systems for RNA-ligand interactions. In addition, they 
have found roles in pharmaceuticals, and analytical instrumentation. The mode 
of binding in different aptamers varies greatly depending on their targets and 
selection procedure. The malachite green aptamer (MGA) was originally 
engineered for binding specificity to the tri-phenyl dye malachite green (Figure 
1 A and B). The structure of the aptamer was initially solved by X-ray 
crystallography in complex with the MG derivative tetramethylrosamine 
(TMR)  and later by NMR spectroscopy in complex with the original selection 
target MG (Figure 1C). The binding pocket of the MGA (Figure 1A) consists 
of a base quadruple (C7:G24:A31:G29) and a Watson-Crick base pair 
(G8:C28) which serve as stacking platforms for malachite green (MG, Figure 
1B). In addition, the nucleotides A9 and A30 are positioned in such a way that 
they almost completely close the pocket on one side (Figure 1C).The other 
residues in the internal loop region of the aptamer act as linkers and anchors 
for the nucleotides that are in contact with the ligand. The major difference 
between the structures of the MGA-TMR and the MGA-MG complexes is that 
in order to accommodate the non-planar MG, the aptamer undergoes a small 
rearrangement that can be best described as a rotation of the upper part of the 
binding pocket relative to the lower part. This provides enough space to 
accommodate the rings of MG in the binding pocket, but also leads to a loss of 
some stacking interactions. 

Results
Conclusions 
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The abovementioned studies and applications of the MGA and other 

aptamers indicate the need for a generalized understanding of ligand–RNA 
interactions as basis for further developments. Isothermal titration calorimetry 
(ITC) has been established as a standard method for the detailed study of the 
thermodynamics of RNA–small molecule and RNA–protein interactions as 
well as RNA folding processes. Insights into the thermodynamic forces that 
drive ligand binding and dissociation open a way for a better understanding of 
these important interactions that are the basis for drug action and catalysis. We  
have previously reported a comprehensive study of the binding of MGA to 
several derivatives of MG under a variety of solution conditions. In addition 
to MG itself, the derivatives included tetramethylrosamine (TMR), Pyronin Y 
(PY), and Crystal Violet (CV). 

!
!
• Neither NMR or crystal structure show hydrogen bonding 
between ligand and MGA  
!
• In binding pocket ligands undergo significant changes in 
electronic structure and charge distribution  
!
• MGA acts as a ribozyme when presented with suitable 
substrate. An acetyl-ester derivative of malachite green 
undergoes an accelerated hydrolysis reaction when bound to 
the aptamer. 
!
• Bound ligand is protected from the attack of hydroxide ion 
!
• Has been used as a bioprobe in combination with 
microtubules, as a fluorescent sensor,. an assay for malachite 
green (MG), as part of a diagnostic molecular automata, and 
for the validation of molecular docking software.  
!
• Mutation studies have shown that the A30, A31, U32, G33 
are important for binding.  These interact with the third ring 
of MG.  

Fig. 1 A) Secondary structure schematic of MGA with MG shown as green 
triangle. B) Superposition of the MGA NMR structure with bound MG (Green, 
PDB ID 1Q8N) and the MGA crystal structure with bound TMR (Purple, PDB 
ID 1F1T). The purple spheres indicate the position of Sr2+ ions in crystal 
structure. C) Detail view of the binding pocket of the superimposed structures; 
top : back view, bottom : front view. Graphics B) and C) were prepared with 
UCSF Chimera.17

Fig. 2 Chemical structure of MG derivatives used in this study: Tetramethylrosamine 
(TMR), Pyronin Y (PY) and Crystal violet (CV).  Listed beside each dye is the affinity 
for MGA we previously reported (Da Costa and Dieckmann, 2011)

Table 1. Summary of change in thermodynamic parameters of ligand binding to MGA going 
from no prebound ligand to prebound ligand.

Table. 2  ITC determined thermodynamic parameters for MG and TMR binding to MGAPY or 
MGACV complexes at different salt concentrations, pH 6.7 at 25 °C

Competitive binding studies using isothermal titration calorimetry have 
been conducted with the aim of understanding the adaptive nature of 
RNA. The results of these studies along with collaborating NMR data 
reveal that there are limits to the adaptability of the aptamer.
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Fig. 3 A) Schematic of  binding of a single ligand B) Schematic of 
displacement binding C) Schematic of suggested binding

  ΔHB  =  ΔHFB + ΔHCB (eq.1) and, 
!
  ΔHA =    ΔHFA + ΔHCA (eq.2) 
!
we have previously reported ΔHB and ΔHA, using schema A following the solid 
arrows from the purple complex to the red complex we can estimate theoretical ΔH 
!
  ΔHB

A   
Theor

 = ΔHB – ΔHA   =  ΔHFB + ΔHCB – ΔHFA – ΔHCA (eq. 4) 
!
From schema B we get 
  
  ΔHB

A  Exp = ΔHB
A   

Theor
 + ΔHA  (eq. 6)  

!
combining with eq. 4, 
!
   ΔHB

A  Exp =  ΔHCB + ΔHFBA +  ΔHFA  (eq. 7) 
!
Compare the thermodynamic values to approximate the difference between free 
MGA and MGAPV/CV. The difference between ΔHA

B and ΔHB correlates to the 
solvation and rearrangement involved in going from MGA to MGAPV/CV  
!
  ΔHB

A   
App – ΔHB

A   
Theor    =  ΔHFA – ΔHFB + ΔHFBA   (eq. 8) 

!
  ΔHB

A    
Exp – ΔHB    =  ΔHFA – ΔHFB + ΔHFBA   (eq. 9) 

!
ΔHB

A   
App represents the suggested route of the binding of a second ligand, scheme 

C, undergoing conformation change which is not accounted for in scheme B. 

Salt Concentration Pre-bound Titrant ΔΔH

150 mM NaCl CV MG -65.7
PY MG -11.1
CV TMR n/a
PY TMR -3.48

1 mM NaCl, 10  mM MgCl2 CV MG -37.5
PY MG -5.69
CV TMR n/a
PY TMR -1.63

This analysis shows clearly the effect of MgCl2, while the trend between 
MG and TMR binding MGAPY/CV stay the same there is a reduction in the 
ΔΔH and ΔΔS, suggesting that MgCl2 stabilizes MGA closer to the binding 
pocket conformation. The data also shows that MG replace CV has a much 
more favourable ΔΔH MG replacing PY. 

Salt Concentration Pre-bound n Titrant Kd(mM) ΔH(kcal/mol) ΔS(cal/mol/K) ΔG(kcal/mol)
 - 0.28±0.06 CV 4.45±0.08 -78.27±14.60 -280.0±49.15 -7.35±0.09
 - 1.07±0.02 PY 4.08±0.20 -17.81±0.38 -35.03±1.20 -7.37±0.03

150 mM NaCl

- 0.84±0.08 MG 0.28±0.06 -25.93±2.24 -56.87±8.54 -8.98±0.14
CV 0.52±0.01 MG 0.10±0.01 -91.63±0.43 -276.04±1.53 -9.37±0.07
PY 0.52±0.12 MG 0.50±0.16 -37.09±0.71 -95.45±1.61 -8.65±0.23
- 1.27±0.10 TMR 0.28±0.04 -18.32±1.09 -31.43±3.55 -8.95±0.08

CV n/a TMR n/a n/a n/a n/a
PY 0.61±0.02 TMR 0.32±0.07 -21.80±0.46 -43.44±1.94 -8.86±0.12

 - 0.46±0.07 CV 3.79±0.12 -54.48±9.71 -158.0±32.60 -7.40±0.01
 - 1.09±0.07 PY 1.65±0.67 -16.94±1.77 -30.20±6.52 -7.94±0.23

1 mM NaCl, 10  mM MgCl2

- 0.81±0.11 MG 0.10±0.01 -23.10±1.35 -45.37±4.42 -9.58±0.04
CV 0.54±0.05 MG 0.13±0.02 -60.56±0.53 -171.68±1.79 -9.40±0.09
PY 0.74±0.06 MG 0.21±0.06 -28.79±1.84 -66.02±6.72 -9.11±0.16
- 1.36±0.23 TMR 0.08±0.02 -17.29±1.51 -25.50±5.26 -9.69±0.12

CV n/a TMR n/a n/a n/a n/a
PY 1.39±0.58 TMR 0.27±0.07 -19.55±1.66 -34.57±5.81 -9.25±0.26

150 mM NaCl 10 mM Mg2Cl

Fig. 4 Binding affinities of MGA (free or preformed complex) at different buffer 
conditions.

• Penalty involved with exchanging ligands 
!

• MGA retains some information from previous ligand 

Fig  5. MGA NMR structure equilibrated at 500K complexed with A) CV B) 
MG C) PY D) TMR.  Figure was generated using UCSF Chimera 

Fig  6.  A) MGA  NMR structures  equilibrated at 300K overlaid B) close up of 
binding pocket C) RMSD values. Green bound to MG, Red bound to TMR, Pink 
bound to PY and Purple bound to CV 
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Initial  Molecular Modeling results:

In summary, the ITC experiments described here show that MGA 
maintains a certain level of structural memory of the initial target it 
binds, even when challenged with a competing ligand that has a higher 
affinity for the free RNA than the pre-bound one. The plasticity of the 
free RNA aptamer allows it to adapt to somewhat differently shaped 
ligands, planar and non-planar tri-phenyl dye derivatives in this case. 
However, once the RNA has adopted the optimal fold for a specific 
shape of ligand it maintains this fold at least partially for some time 
after the ligand leaves the pocket. This results in an energy penalty for 
binding a differently shaped ligand, because the pocket needs to be 
partially unfolded in order to accommodate the new binding partner. 
This effect is most likely due to the ligand bound structure of the RNA 
representing an energy minimum in the RNA folding pathway. Hence 
the molecule becomes kinetically trapped in the adopted conformation 
and requires additional energy and time to return to an unfolded state 
that can readily adapt to a different ligand. Fully characterizing this 
behaviour is critical for understanding the way in which small 
molecules interact with RNA aptamers. We hope to further our 
understanding of this interaction via molecular dynamic simulations 
and stop flow fluorescence studies.


