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Abstract 

Ribonuclease enzymes (RNases) play key roles in maturation and metabolism of all RNA 

molecules. Computational simulation of the processes involved help understanding the 

underlying enzymatic mechanism and is often employed in a synergistic approach together 

with biochemical experiments. Theoretical calculation require atomistic details on starting 

geometry of the molecules involved which in the absence of crystallographic data can only be 

achieved from computational docking studies. Fortunately, docking algorithms during the past 

years have tremendously improved so that today reliable structures of enzyme-ligand 

complexes can successfully be obtained from computation. However, most docking programs 

are not particularly developed for nucleotide docking. In order to assist our studies on the 

cleavage of RNA by the two most important Ribonuclease enzymes, RNase A and RNase H, 

we have evaluated four docking tools, MOE2009, Glide 5.5, QXP-Flo+0802, and Autodock 

4.0 for their ability to simulate complexes between these enzymes and RNA oligomers. To 

validate our results, we have analyzed the docking results with respect to the known key 

interactions between the protein and the nucleotide. In addition, we have compared the 

predicted complexes with X-ray structures of the mutated enzyme as well as with structures of 

previous calculations. In this manner we could prepare the desired reaction state complex as 

starting structure for further DFT/B3LYP QM/MM reaction mechanism studies. 
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Introduction 

The genetic information of living cells is encoded in the DNA and is translated into proteins 

via messenger RNA-molecules (mRNA) that are copied from the DNA during transcription. 

Both, messenger RNAs, that carry genetic material for making proteins, as well as non-coding 

RNAs, that function in varied cellular processes, are degraded by Ribonuclease enzymes 

(RNase) as part of their life cycle. In addition, active RNA degradation systems are the first 

defense mechanism against RNA viruses, and provide the underlying machinery for more 

advanced cellular immune strategies. Therefore, inhibitors of these enzymes could provide 

new drugs against many diseases. As important biological molecules, both enzymes, human 

RNase H and RNase A, represent key pharmaceutical targets and their understanding on a 

molecular basis is a keystone in the development of corresponding inhibitory drugs.  

RNase A is part of the human immune responses and is responsible for destroying RNA-

viruses that could infect the body and it digests RNA in our food. It hydrolyzes the single-

stranded RNA behind each cytosyl and uridyl nucleotide and leaves 5’-hydroxy and 3’-

phosphorylated products (Fig. 1) [1]. Human RNase H is part of the reverse transcriptase (RT) 

enzyme, which is absolutely necessary for the proliferation of retroviruses. Contrary to RNase 

A, RNase H specifically cleaves the RNA strand of a DNA/RNA duplex after transcription at 

position 7-12 nucleotides from the 3´-DNA/5´-RNA terminus (Fig. 1) [2] and leaves 5’-

phosphorylated and 3’-hydroxy products. A RNase H domain is also present at the C-terminus 

of retroviral reverse transcriptase which converts a single-stranded retroviral genomic RNA 

into a double-stranded DNA for integration into host chromosomes, thus playing a significant 

role in the HIV reverse transcription process [3]. In vivo studies demonstrated that 

inactivation of RNase H results in non-infectious virus particles [4, 5]. 

<Figure 1> 

In order to investigate the hydrolytic cleavage mechanism of the two key Ribonuclease 

enzymes human RNase H and RNase A, by computational approaches reliable starting 

geometries of the two enzyme-ligand complexes are indispensable. Here docking approaches 

can help by predicting binding modes of ligands inside the active site of the enzyme, i.e. the 

orientation and conformation of an inhibitor at the enzyme cleavage site thereby generating 

potential structures of enzyme-inhibitor-complexes.  
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In the last few decades a number of search and placement algorithms have been developed 

with the conceptual difference that the ligand is either treated in its entirety or it is built up 

from fragment bases inside the binding site [6]. In addition, most programs can even allow for 

receptor flexibility. To this end, several publications have recently appeared comparing and 

evaluating the different docking tools for a given enzyme-ligand combination [6-9]. Almost 

all papers, however, consider protein-based docking of small ligand molecules or protein-

protein docking, with the exception of van Dijk et al. who have recently developed a new 

method for protein-DNA docking [10-12]. Predicting the correct binding between proteins 

and RNA oligonucleotide chains is of growing interest [13-15], although rarely described in 

the literature.  

Since our main goal is to investigate the hydrolytic mechanism of the above described 

enzymes we need to generate starting structures for our calculations which in the absence of 

crystallographic data can be generated by molecular docking. In order to find an optimal 

docking procedure we have compared four docking programs (MOE2009 [16], Glide 5.5 [17], 

QXP-Flo+0802 [18], and Autodock 4.0 [19]) to find the most suitable one for our purposes. 

Here we describe our investigation of possible Ribonuclease-ribonucleotide oligomer 

complexes by molecular docking. Although calculation of RMSD (root mean square 

deviation) values between docking results and crystal structures is a well-established method 

for evaluation of docking poses we rather applied the interaction-based accuracy classification 

(IBAC) method as described by Kroemer et al. [6] since for each complex the necessary 

protein-ligand interactions are well described in the literature [6, 20-22]. Therefore, we have 

determined the correct docking poses by comparing the hydrogen bond (H-bond) distances 

between enzyme and nucleotide. In this way we have on the one hand identified the docking 

program which is most suitable for our case of nucleotide docking and on the other hand we 

could generate possible starting structure geometries for our calculations. However, we did 

not intend to establish any ranking between the applied docking tools.  
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Materials and methods 

Protein preparation, in silico 

Crystal structures of both Ribonuclease-ribonucleotide complexes were retrieved from the 

PDB Database [23]. The protein preparation for both Ribonucleases was carried out by using 

the parallel software package NWChem [24]. After adding hydrogen atoms the protein was 

solvated in an 80 Å cubic box of water and the system was relaxed using stepwise molecular 

dynamic calculations and was optimized applying high level B3LYP/DFT QM/MM 

simulations. Afterwards the ligand (ribonucleotide) was removed and the resulting enzyme 

was employed for docking. 

The three dimensional coordinates of the ligand-free RNase A is also available in the protein 

database at atomic resolution (PDB code: 2E3W) [25], however, superposition of this 

structure with other RNase A enzymes complexed with any ligands (e.g. 1RUV, 1RPG) 

revealed that probably upon ligand binding one of the important active site histidine residues 

(His119) changes its orientation, since in the ligand-free enzyme the imidazol ring of His119 

is flipped over. For this reason, the ligand-free enzyme was not suitable for docking. 

In the first set of calculations we started from the productive binding complex of RNase A 

with deoxycytidyl-3',5'-deoxyadenosine (PDB code: 1RPG, resolution 1.40 Å) [26]. 

According to the generally accepted mechanism [1, 27] His12 was unprotonated, and Lys41 

and His119 were protonated. In addition, to evaluate our docking method, we also used the 

RNase A – cyclic uridyl phosphate (CUP) complex from previously published QM/MM 

calculations [28] to perform docking studies between CUP and the protein to reproduce this 

structure for verification.  

The starting point for the second set of calculations was the crystal structure of human RNase 

H1 catalytic domain mutant D210N in complex with a 14mer the DNA:RNA duplex (PDB 

Code: 2QKK) [22]. Prior to protein preparation as described above the residue Asn210 was in 

silico mutated to Asp210 in order to reproduce the wild-type protein. Moreover, the optimized 

complex served as comparison for the docking results.  
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Ligand preparation  

To verify the procedure of the RNase A docking we first used the ligands from the original 

optimized enzyme-substrate complexes described above (deoxycytidyl-3',5'-deoxyadenosine 

and cyclic uridyl-phosphate, CUP, respectively).  

For the desired active reactant state complexes RNA(poly(U)) oligomers (dimer, trimer, 

tetramer nucleotides) from the PubChem [29] database served as ligands (CID: 439261). The 

appropriate ligand files were prepared by adding and optimizing the hydrogen atoms using the 

Protein Preparation Wizard of Maestro 9.0 [17] followed by rebuilding the 3D conformation 

of each molecule using LigPrep 2.3 [17] at pH of 7.0. Afterwards, the rebuilt ligands were 

subjected to a conformational search using Macromodel 9.7 [17] with OPLS 2005 force field 

in a water solvent model. For minimization the “steepest descent” method was applied with a 

maximum iteration of 500. The energy window for keeping structures was set to 5.02 kcal 

mol
-1

 and the RMSD cutoff value to 0.5 Å to generate the lowest energy conformations. 

For the docking experiment with RNase H, a tetramer RNA:DNA hybrid duplex was 

extracted from the original ligand of the X-ray structure. Since none of the docking programs 

can simultaneously consider two molecules as present in the RNA:DNA double helix, a 

covalent ether bridge was built between the RNA and the DNA chain without changing the 

conformation of the double helix. This ligand was used for docking after molecular mechanics 

optimization in MOE with Amber99 as force field. After docking the ether bridge was 

removed and the corresponding nucleotide base was optimized to build up the hydrogen bond 

between the two ribonucleotide chains. Furthermore, additional ligands were generated by 

using a single stranded dimer, trimer, and tetramer RNA nucleotide chain of the hybrid 

duplex. These structures were then docked rigidly in order to retain their original geometry.  

All figures containing molecular structures were prepared with MOE2009. 

Docking programs and parameters 

MOE 2009.10 [16] In the potential energy setup panel Amber99 was chosen as force field. 

For solvation the implicit model of “Born” [30] was selected. Two placement methods, “alpha 

triangle” and “triangle matcher”, were employed to find the optimal docking parameters with 

the result that the alpha triangle method is faster and yields more suitable docking poses, that 
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show the required enzyme-ligand interactions. In all cases the scoring was the “London dG 

[31] method” and “force field refinement” was applied allowing for flexibility of the catalytic 

site within 7.0 Å. Each run was adjusted to retain 30 docked conformations as a cut-off unless 

less suitable poses were found. The top poses were retained for visual analysis (investigating 

the H-bond distances) for each nucleotide per enzyme. For RNase A the residues Gln11, 

His12, Lys41 and His119 were defined as binding pocket [1] while for RNase H the residues 

Asp145, Glu186, Asp210 and Asp274 defined the pocket [22]. “Rotate bond” of “the Docking 

Simulation” panel was enabled in both cases. 

Glide 5.5. [17] For each protein first a grid box of 30 × 30 × 30 Å with a default inner box (10 

× 10 × 10 Å) was centered on the catalytic pocket using the same active site residues to 

describe the pocket as above. Default parameters were used, and for RNase A four constraints 

were defined. One positional constraint was set for the phosphate group and three Donor-

Acceptor (H-bond) constraints were applied between His12, Lys41 and His119 and the given 

sugar moiety oxygen atoms, that represent the most important interactions between the 

enzyme and the ligand. For RNase H only the positional constraint was used, since the amino 

acids of the catalytic site are not involved in the substrate binding interaction [21]. For all 

experiments the standard precision mode of GlideScore was selected as scoring function, and 

the option of “Dock flexibly” was selected for RNase A and “Dock rigidly” for RNase H in 

order to keep the original helix-like conformation of the RNA strand. The top 10 poses were 

kept and H-bond between the ligand and the protein analyzed. 

QXP-Flo+0802 [18]. In a multistep procedure [7] the full Monte Carlo docking (SDOCK+) 

was followed by a local Monte Carlo run (MCDOCK), which is also part of the program 

package. The 25 hits of the full MC run were ranked, rescored and redocked in a local MC 

simulation as described by Alisaraie et al. [7] The catalytic site water oxygen atoms were 

colored purple and the hydrogens blue to enable some movement. The ligand was kept rigid 

for the RNase H docking runs. Docking results were evaluated according to the IBAC scheme 

[6].  

Autodock 4.0. [19] The active site residues were defined as flexible residues and the rest of 

the protein was designated as rigid. The grid maps representing the protein in the docking 

process were calculated with Autogrid 4.0. The dimension of the grid was 80 × 80 × 80 points 

with a spacing of 0.375 Å between the grid points and the center close to the ligand.  
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Default docking parameters were used and for the search parameters the “Lamarckian Genetic 

Algorithm (LGA)” was applied [32]. For the ligands of RNase A the number of rotatable 

torsion angles was set by “AutoTors”. To disable bond rotation for the RNase H substrates the 

“number of torsions” was set to 0. The resulting structures were automatically ranked 

according to their mean docking energy by the scoring function of AutoDock. Subsequently, 

the relevant H-bond lengths were analyzed. 

Evaluation of docking results 

ProFit V3.1. [33] For the results of docking studies with single stranded RNA RMSD values 

were calculated using the McLachlan algorithm [34] as implemented in the program. For the 

simulations with the modified RNA:DNA double helix no RMSD calculation is possible in 

this form, since the mobile and the reference structure must have the same number of atoms. 

Therefore, the ether bridge was removed after docking and the 14mer double helix of the 

reference structure was shortened to tetramer for the RMSD calculations. 

IBAC (Interaction-Based Accuracy Classification [6]). The predicted poses were analyzed 

with respect to the essential key interactions with the protein. 

LPC (Ligand-Protein Contacts) [35]. Extended analysis of all heavy atom contacts was 

performed using the LPC CSU Server of the Weizmann Institute. 

 

Results and discussion 

Software evaluation for docking of nucleotides 

The goal of our simulations was to produce reliable starting structures for further QM/MM 

reaction mechanism studies. Although currently available crystal structures of the PDB data 

base provide fundamental information about the active site of both RNase A and RNase H, it 

is not possible to generate the coordinates of their reactant state complexes experimentally 

since the nucleotide is hydrolyzed immediately upon binding. Therefore, the use of docking 

programs to build a productive initial complex structure is crucial. Since docking programs 

are not particularly developed for nucleotide docking we have initially evaluated four docking 
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programs, MOE2009 [16], Glide 5.5 [17], QXP-Flo+0802 [18], and Autodock 4.0 [19] for 

their accuracy in reproducing the experimentally known crystal structures of non-active 

RNase-ligand complexes. In all docking simulations we started from the DFT/B3LYP 

QM/MM optimized complexes (reference molecule) of the available X-ray data as described 

in the materials and methods section. The ligand of the existing complex was removed from 

its binding site and docked back into the catalytic pocket (bound docking). This method 

affords an unbiased setup for the evaluation of the software and the scoring function. The 

resulting structures were analyzed and the docking accuracy was determined by comparison 

of the H-bond distances and the distances between the superposed structures of the given 

docking pose and the reference molecule. Additionally, ProFitV3.1. [33] was applied to 

calculate the RMSD values between the docking pose and the reference molecule by 

superposing the complete enzyme-substrate complex.  

<Figure 2> 

MOE and Glide demonstrated good accuracy in the prediction of binding modes with RMSD 

values for the best docking hits below 1 Å. Fig. 2 shows the superposition of the top binding 

pose with the original structure.  

<Table 1> 

QXP and Autodock, however, could not reproduce the initial structure by bound docking at 

all. The resulting complex did not match the productive binding structure as the ligand was 

placed incorrectly into the catalytic pocket and therefore neither a RMSD validation nor the 

LPC analysis would be applicable to describe these docking results. 

<Table 2> 

As one can see from Tables 1 and 2, although MOE finds fewer correct docking poses than 

Glide the resulting hits have significantly better RMSD values. Another interesting point is 

that in both docking studies the order of docking scores does not correlate with the order of 

RMSD values and hence the reproducibility of the reference structure. In addition LPC 

analysis [35] revealed that with respect to the X-ray structure MOE could recover 76 % and 

Glide 61 % of all heavy atom contacts (below 4.5 Å) with a deviation of 0.6 Å or less. 
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For the docking studies of RNase H and the RNA:DNA hybrid duplex (see Materials and 

Methods section) the ligand was modified by connecting the RNA and DNA chain with an 

ether bridge to be able to perform the docking with the double helix. However, the 

modification did not affect the conformation of the hybrid duplex. Since the original ligand 

has been modified the comparison of the RMSD values for the whole system was possible 

only when subsequent to docking simulation the ether bridge was removed (Fig. 3, 

RMSD=0.711). In addition, the position of the ligand was compared by measuring 

mechanistically relevant distances between the enzyme and the nucleotide similarly to the 

IBAC method of Kroemer et al. [6]  

<Figure 3> 

Table 3 compares the most relevant distances between the docked ligand and RNase H to the 

reference structure. Note that although the docked complexes match the low resolution (3.20 

Å) experimental structure quite well, the measured distances are slightly over-estimated by 

both softwares. This might be due to the applied flexible docking, where the active site 

residues were allowed to move, with the consequence that the binding pocket is a little 

expanded upon force field optimization of the side chain positions. 

<Table 3> 

To evaluate MOE and Glide for docking a tetramer RNA:DNA double helix into the active 

site of RNase H the experimental and docked structures were manually compared by 

measuring distances of atoms relevant for the mechanism (Table 3). Although, MOE and 

Glide are both suitable to reproduce the experimental results, again MOE showed 

significantly better performance in terms of the average accuracy for docking nucleotides. 

According to LPC analysis [35] both MOE and Glide recovered roughly 50 % of all heavy 

atoms contacts (below 4.5 Å) with a deviation of 0.6 Å or less in comparison with the 

reference structure. 

The RNase A reaction state complex 

On the basis of these results we have chosen MOE and Glide to find suitable reactant states 

for our studies of RNase A and RNase H reaction mechanism. For RNase A the literature 



10 

 

provides a putative pathway [1] of the transphosphorylation step (Fig. 4) and defines a 

number of H-bonds between the enzyme and the ligand. The first step in the proposed 

mechanism involves intramolecular transphosphorylation to form a cyclic phosphate stable 

intermediate product and displacement of the O5P-nucleotide product as illustrated in Fig. 4. 

Since RNase A cleaves single stranded RNA behind uridyl and cytosyl nucleotides only, for 

the docking simulation dimer, trimer, and tetramer uridyl nucleotide oligomers were used in 

the presence of crystallographic water molecules. 

<Figure 4> 

According to the putative reaction mechanism [36] as presented in Fig. 4, the first step 

involves protonation of His12 by the OH-group of O2’ followed by a proton transfer from 

His119 to O5P. Accordingly, strong H-bonds between (NE2)His12 and O2’ as well as 

between (ND1)His119 and O5P are indispensible and the corresponding distances should 

therefore be as short as possible in correct docking poses. 

<Table 4> 

<Table 5> 

At the intermediate or transition state stage the phosphorane and the partial negative charge 

on the phosphate oxygens must be stabilized by further interactions between (NZ)Lys41-O2’, 

(NE2)Glu11-O2P and (NE2)His12-O1P. Therefore, the resulting hits were analyzed with 

respect to the length of the corresponding H-bond distances. Tables 4 and 5 show that the 

alpha-triangle placement method, as implemented in MOE, yielded significantly more 

possible docking poses than GlideScore SP. The H-bond analysis reveals that aside from the 

number of hits found the docking efficacy of Glide and MOE are comparable. Fig. 5 

illustrates the catalytic pocket with the ligand (uridyl nucleotide dimer) of the docking pose 

that best fits the desired H-bond interactions. 

<Figure 5> 

In order to adjust the enzyme ligand complex to the natural structure and to investigate the 

interactions far-off from the scissile phosphate bond the size of the ligand was increased by 
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docking a trimer and a tetramer uridyl phosphate, respectively, into the active site of RNase 

A. This resulted in a drastic decrease of meaningful docking poses, but rather yielded – with 

both of the two docking tools employed – just one acceptable hit each for each ligand.  

<Table 6> 

Surprisingly, the derived structure reproduced the natural structure with all the important 

interactions between protein and nucleotide quite well (Table 6). 

Cation titration experiments suggest that the interaction between the enzyme and a single 

stranded RNA extends well beyond the phosphate group through Coulombic interactions [37]. 

The binding subsites of RNase A can be divided into P and B subsites, in which the phosphate 

and the nucleotide base interact with the protein as described by Raines [1]. In our docking 

complex the uridyl base of the B1 subsite interacts with Thr45 and the phosphate group of the 

P2 subsite interacts with Lys7 and Arg10 as illustrated in the ligand interaction map depicted 

in Fig. 6. This map shows that as well the short as the wide range interactions between the 

protein and the timer nucleotide could be reproduced in the docking simulation.  

<Figure 6> 

Lys41 and His12 are both strongly H-bonded to the O2´ oxygen and Gln11 is coordinated to 

O2P. Furthermore, His12 interacts with the O1P oxygen and His119 with the O5P atom. All 

these interactions are essential for the reaction mechanism to proceed. In addition not only the 

active site water molecules but further crystallographic water molecules also play important 

roles in stabilizing the complex through H-bridges between the protein and the ligand. 

To summarize these results, our docking simulations of the uridyl nucleotides and RNase A 

yields a ligand pose that reproduces all of the important H-bond in the catalytic site as 

described in the literature [1]. In addition, also the interactions beyond the cleavage site were 

reproduced correctly. Accordingly, we have used the trimer uridyl docking pose of MOE as 

the desired reaction state complex as starting structure for further calculation.  
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The RNase H reaction state complex 

Recently, the first crystal structures of the catalytic domain mutant of human RNase H [22] 

and Bacillus halodurans RNase H [38] complexed with an RNA:DNA hybrid substrate was 

reported. Nowotny et al. have shown that the RNA strand of the hybrid duplex is recognized 

by the protein through its interaction with the 2’-OH groups and that the active site of human 

RNase H consists of the amino acids Asp145, Glu186, Asp210 and Asp274 which are all 

essential for the required activity [22]. However, the amino acids of the catalytic site are not 

involved in the substrate binding interaction [21].  

In our reaction mechanism studies [39] (Fig. 7) Nowotny´s human RNase H1 catalytic 

domain mutant D210N in complex with 14-mer RNA/DNA hybrid was used as starting 

structure for our calculations (PDB code 2QKK [22]). In order to turn the system back to the 

natural active enzyme-substrate complex we mutated Asn210 to Asp210. Separate QM/MM 

optimization proved that the mutation hardly affects the structure of the system or the active 

site. To further confirm the validity of this procedure we have performed docking calculations 

to generate the corresponding reactant state complex. 

<Figure 7> 

Since none of the docking tools used can handle a duplex structure like the RNA:DNA double 

helix we have employed RNA trimer and tetramer nucleotides (cut from the RNA:DNA 

double helix) for docking into the active site of RNase H in the presence of water molecules 

and the Mg
2+

 ions that exist in the binding site. In order to retain the geometry of the original 

double helix the ligand was kept rigid during the simulations by allowing no bond rotations at 

all for the nucleotide. Afterwards the resulting structures were compared with the QM/MM 

optimized active complex from our previous calculations (reference structure) [39] and the 

relevant protein-ligand distances were analyzed and are summarized in Table 7.  

<Table 7> 

Due to the fact that we used single stranded oligomers in our studies the calculation of RMSD 

values for the whole system is not feasible. Therefore, we compared the distances between the 

nucleotide and significant residues of the active site with our QM/MM optimized structure. 
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The number of possible docking poses obtained by MOE is much larger than for Glide but the 

resulting top hits are comparable as can be judged form the analyzed interactions.  

<Figure 8> 

Both structures turn out to be very close to the reference structure (Fig. 8). This strongly 

supports that replacement of the mutated Asn210 to Asp210 in order to construct the active 

enzyme did not affect the geometry of the catalytic site. As can be seen on Fig. 8 the 

nucleotides which are in the deeper regions of the pocket fit excellent, however the nucleotide 

base at the end of the pocket turns rather towards the exit of the pocket due to the fact that in 

that region there are less interactions with the protein.  

 

Conclusions 

With the aim of predicting reactant state structures for reaction mechanism calculation of 

RNase A and RNase H hydrolysis, we have evaluated four protein-based docking tools with 

respect to their capability for enzyme-nucleotide docking. To this end different ribonucleotide 

oligomers were placed into the active sites of RNase A and RNase H. As molecular docking 

tools were developed originally for placing small ligands into protein binding sites, or for 

protein-protein interactions, we tested the docking tools Glide, QXP-Flo+, and Autodock as 

well as the docking algorithm implemented in MOE for their ability to reproduce non-active 

protein-RNA complexes known from the literature. While QXP and Autodock could not 

reproduce the crystal structures in a bound docking experiment with a known structure, MOE 

and Glide demonstrated good accuracy in the prediction of binding modes with RMSD values 

for the best docking hits below 1 Å even for large ligands, like uridyl tetramer nucleotide. 

According to our findings these two docking programs could successfully reproduce the 

reference experimental structures and the interactions beyond the active site. Since our initial 

goal was to find suitable active reactant state complexes for our studies of RNase A and 

RNase H reaction mechanism we have, therefore, chosen MOE and Glide to accomplish our 

project. 

In the docking studies of the mutated RNase H and a modified tetramer RNA:DNA hybrid 

duplex we could correctly position the ligand into the active site of the enzyme. Therefore, we 
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can assume that docking experiments between the nucleotide and the active enzyme provided 

a reasonable complex structure, which supports further that the complex in our reaction 

mechanism studies [39] was the correct starting structure.  

The results of the present studies prove that current protein-based docking programs can well 

be used for nucleotide docking and – at least in the special cases we have investigated - can 

generate reactant state complexes for further theoretical studies. Our simulations with RNase 

A identify a few appropriate docking poses, which were subjected to further analysis in terms 

of the important interactions between the enzyme and the tetramer nucleotide. In addition, 

MOE provided the desired productive initial structure for our intended reaction mechanism 

studies. Previously, we have studied [28] the second step (hydrolysis step) of the RNase A 

catalytic cycle, and on the basis of the docked reactant state structure as derived from our 

docking simulation we can now continue our investigation towards the first step of the 

reaction mechanism. These calculations should eventually result in the first description of the 

complete pathway on a high level DFT based QM/MM bases. 
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Tables 

Table 1 RMSD values of the best docking poses of the RNase A – cyclic uridyl-phosphate 

complex. Only RMSD values below 1 Å were considered 

 

 hit1 hit2 hit3 hit4 hit5 

MOE 0.097 0.122 0.117 0.181  

Glide 0.775 0.557 0.748 0.882 0.546 
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Table 2 RMSD values of the best docking poses of the RNase A – deoxy-cytosyl-adenyl-

dinucleotide complex. Only RMSD values below 1 Å were considered 

 

 hit1 hit2 hit3 hit4 hit5 

MOE 0.392 0.327 0.511 0.494  

Glide 0.860 0.792 0.910 0.869 0.974 
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Table 3 Comparison of distances (in Å) between docking results (best hit) and the 

corresponding experimental structure of RNase H – tetramer hybrid-duplex (PDB code: 

1RPG). proO1P is the O1P atom of the following nucleotide. To measure the distance 

between the centroids of the sugar rings a dummy atom was placed into the center of the five-

membered ring 

 

 reference  

structure 

MOE Glide 

dist  diff. dist  diff.  

O3’-(OD1)Asp210 3.35 3.71 0.36 3.83 0.48 

O3’-(OE1)Glu186 3.11 3.21 0.10 3.41 0.30 

O1P-(OE1)Glu186 3.38 3.86 0.48 3.71 0.33 

O1P-(OD1)Asp145 2.87 3.25 0.38 3.66 0.79 

O1P-(OD2)Asp145 3.26 3.73 0.47 3.75 0.49 

O1P-(OD1]Asp274 4.50 4.65 0.15 4.46 -0.04 

proO1P-(OD1)Asp274 3.83 4.28 0.45 4.50 0.67 

P(ref)-P(docked) -  0.37  0.73 

centroid of sugar ring 

nucleotide 1 

-  0.37  1.85 

centroid of sugar ring 

nucleotide 2 

-  0.68  2.18 
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Table 4 Relevant H-bond distances (in Å) between uridyl nucleotide dimer and active site 

residues of RNase A after docking with MOE using alpha-triangle placement method. Top 

hit, with the shortest average H-bond distances, is marked blue 

 

MOE hit1 hit2 hit3 hit4 hit5 hit7 

(NZ)Lys41-O2’ 2.94 2.98 2.97 2.98 3.02 2.94 

(NE2)His12-O2’ 3.23 3.19 3.12 3.15 3.26 2.93 

(NE2)Glu11-O2P 2.98 3.01 3.47 2.93 3.15 3.56 

(NE2)His12-O1P 3.54 3.89 3.54 3.30 3.94 3.95 

(ND1)His119-O5P 2.77 3.13 2.70 2.96 2.98 2.82 



21 

 

Table 5 Relevant H-bond distances (in Å) between uridyl nucleotide dimer and active site 

residues of RNase A after docking with GlideScore SP. Top hit, with the shortest average H-

bond distances, is marked blue 

 

Glide hit1 hit5 hit8 

(NZ)Lys41-O2’ 3.01 2.99 2.86 

(NE2)His12-O2’ 2.84 2.87 2.89 

(NE2)Glu11-O2P 2.94 2.84 2.93 

(NE2)His12-O1P 3.76 3.48 3.83 

(ND1)His119-O5P 2.76 2.87 2.88 
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Table 6 Relevant H-bond distances (in Å) between the ligand and active site residues of 

RNase A after docking with MOE and Glide, respectively. Top hit is marked in blue 

 

 MOE 

trimerU 

MOE 

tetramerU 

Glide 

trimerU 

Glide 

tetramerU 

(NZ)Lys41-O2’ 2.93 3.86 3.00 2.69 

(NE2)His12-O2’ 3.05 3.06 2.75 2.72 

(NE2)Glu11-O2P 2.84 3.54 2.96 2.72 

(NE2)His12-O1P 2.95 4.83 3.94 4.36 

(ND1)His119-O5P 2.85 2.97 2.74 3.83 
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Table 7 Comparison of relevant protein-ligand interactions between docking results (best 

hit) and the reference structure. proO1P is the O1P atom of the following nucleotide. Distance 

and different values are given in Å 

 

 ref.  

 

MOE tetramer MOE trimer Glide tetramer Glide trimer 

dist. diff. dist. diff. dist. diff. dist. diff. 

O3’-(OD1)Asp210 3.35 3.57 0.22 2.94 -0.41 3.41 0.06 2.88 -0.47 

O3’-(OE1)Glu186 3.11 3.23 0.12 3.16 0.05 3.12 0.01 3.24 0.13 

O1P-(OE1)Glu186 3.38 3.52 0.14 3.63 0.25 3.53 0.15 3.60 0.22 

O1P-(OD1)Asp145 2.87 3.12 0.25 2.72 -0.15 3.02 0.15 2.67 -0.20 

O1P-(OD2)Asp145 3.26 3.44 0.18 3.09 -0.17 3.33 0.07 3.03 -0.23 

O1P-(OD1]Asp274 4.50 4.60 0.10 4.30 -0.20 4.44 -0.06 4.30 -0.20 

proO1P-(OD1)Asp274 3.83 3.86 0.03 4.03 0.20 4.24 0.41 3.96 0.13 
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Figure captions 

Fig. 1 Cleavage mechanism of the two Ribonuclease enzymes, RNase A and RNase H 

 

Fig. 2 Superposition of the top binding poses from bound docking with MOE. 

Reproduced complexes of RNase A and cyclic uridyl-phosphorane RMSD=0.097 

(Fig. 2a), and deoxy cytosyl-adenyl-dinucleotide RMSD=0.327 (Fig. 2b). The 

original pose is colored green and the docking hit is red. The displayed surface 

illustrates the catalytic pocket, in which purple color identifies H-bond interactions, 

green color characterizes areas of hydrophobic contacts, and blue color denotes 

dipole-dipole interactions 

 

Fig. 3 Top hit of bound docking of RNase H and the modified tetramer RNA:DNA hybrid 

duplex RMSD=0.711 (Fig. 2c). The original pose is colored green and the docking 

hit is red. The displayed surface illustrates the catalytic pocket. Color codes are as 

specified in Fig. 2 

 

Fig. 4 Putative reaction mechanism of the first step of the RNase A hydrolysis 

 

Fig. 5 Best docking pose from MOE-docking of dimeric uridyl nucleotide into RNase A 

active site. The displayed surface was generated by MOE and illustrates the 

catalytic pocket. Color codes are as specified in Fig. 2 

 

Fig. 6 Top hit docking pose of trimer (a) and tetramer (b) uridyl nucleotide and RNase A. 

Corresponding ligand interaction map as generated by MOE (c). The displayed 

surface illustrates the catalytic pocket. Color codes are as specified in Fig. 2 

 

Fig. 7 Proposed reaction pathways [1] for the O3΄−P cleavage of human RNase H 

 

Fig. 8 Superposition of the reference structure (green) and the top tetramer nucleotide 

docking hit (red). Color codes are as specified in Fig. 2 
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