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Aromatic–aromatic interactions play an important role in the enzyme–substrate recognition mechanism
and in stabilization of proteins. Gelonin – a ribosome inactivating protein (RIP) from the plant Gelonium
multiflorum – belongs to type-I RIPs and shows N-glycosylation activity which has been used as a model
to explain the role of aromatic–aromatic stack pairing in RIPs. RIPs have a different substrate binding site
and catalytic site. Role of tyrosine residues at the binding site has already been known but the role of
tyrosine residues at catalytic site is still unclear. In this study, the role of tyrosine–adenine–tyrosine aro-
matic stack pairing at the catalytic site was studied by in silico mutation studies using molecular dynamic
simulations. Through this study we report that, despite the fact that aromatic stack pairing aids in recog-
nition of adenine at binding site, both the tyrosine residues of stack pairing play a crucial role in the sta-
bilization of adenine at catalytic site. In the absence of both the tyrosine residues, adenine was unstable
at catalytic site that results in the inhibition of N-glycosylation activity of gelonin protein. Hence, this
study highlights the importance of p–p stack pairing in the N-glycosidic activity of gelonin by determin-
ing its role in stabilizing adenine at catalytic site.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Ribosome inactivating proteins (RIPs) inhibit protein synthesis
via the catalytic cleavage of N-glycosidic bond in the 28S ribosomal
RNA of the larger subunit in eukaryotic ribosomes [1]. RIPs cleave
the N-glycosidic bond and depurinate the isolated DNA, RNA, PolyA
and intact ribosome. However, the activity of each RIP varies
widely from substrate to substrate [2,3]. Based on their structure,
RIPs have been divided into two categories: type I RIPs and type
II RIPs. Type I RIPs have a single polypeptide chain that performs
enzymatic function [1,4]. Type II RIPs are heterodimeric proteins
with two polypeptide chains (chain A and chain B) linked by disul-
fide bonds; chain A is similar to that of the type I RIPs and respon-
sible for the enzymatic function of type II RIPs while chain B is a
galactose binding lectin responsible for binding on the surface of
eukaryotic cells and retrograde transport of chain-A to cytosol
[1,4]. More recently a type III RIP was introduced, including a single
RIP from maize, in which the catalytic chain has an additional
peptide tail that must be removed for the RIP to be active [5].

The present study employed gelonin protein – a type-I RIP, as a
model to study the RIPs. Gelonin was reported from the seeds of
Gelonium multiflorum and is a 31 kDa single chain type-I RIP [6].
Gelonin has been reported as a potent inactivator of protein syn-
thesis in the mammalian cell-free translation system, but less toxic
to intact cells due to its inability in binding to cells and in penetrat-
ll rights reserved.
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ing the cell membrane [7]. It has been reported with anti-HIV as
well as anti-tumor activity [6–8]. It inhibits not only the de novo
HIV-1 infection and cell-to-cell transmission of the virus, but also
the viral replication in pre-infected cells [8]. Gelonin has also been
proved to be an effective antiviral protein against Herpes Simplex
Viruses and Human Herpes Virus-8 [9].

All proteins of the RIP family share almost a similar active site
with conserved residues as well as conserved hydrogen bonds.
Conserved arginine, glutamic acid and two tyrosine residues form-
ing an aromatic–aromatic stack pairing are the hall mark residues
of the active site of RIPs. Mechanism of N-glycosylation by RIPs has
been proposed in earlier studies. In trichosanthin (type-I RIP from a
plant Trichosanthes kirilowii), it is suggested that, conserved argi-
nine of active site protonates the adenine at active site and is a cru-
cial residue for the activity of trichosanthin [10]. It has also been
proposed that RIPs have different substrate binding site and
catalytic sites [11]. The substrate is first recognized by the aro-
matic–aromatic stack pairing at substrate binding site, while catal-
ysis occurs at slightly different loci from substrate binding site.
Role of conserved arginine, glutamate and tyrosine has been
studied by mutagenesis and found to play a crucial role in the func-
tioning of RIPs. However, the role of tyrosine residues of aromatic–
aromatic stack pairing at catalytic site is still not clear. It has been
proposed that aromatic–aromatic stack pairing plays important
role in stabilization of substrate at substrate binding site. But, the
stack pairing may also contribute to the movement of substrate
from binding site to catalytic site and stabilizing adenine at cata-
lytic site in addition to the stabilization of substrate (AMP) at
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substrate binding site. In the present study, the role of aromatic–
aromatic stack pairing in the stabilization of adenine at catalytic
site of gelonin protein was analyzed.
2. Materials and methods

2.1. Preparation of protein complex

X-ray crystallographic structure of adenine bound gelonin com-
plex (3KTU) has been used as an initial structure, which is a
homodimer with a N-glycosylated adenine bound at its catalytic
site. Water molecules have no role in salt bridge interaction at cat-
alytic site, which has been inferred by removing all the water mol-
ecules along with a chain of 3KTU complex during the protein
preparation step. The structure has been optimized by the addition
of hydrogen atoms using Schrödinger’s maestro interface [12].
Schrödinger’s Protein Preparation Wizard [13] has been used for
the removal of bad contacts, optimization of bond lengths and also
to prepare the receptor model. Model prepared was then used to
generate three mutant structures Y72A, Y113A, and a structure
with both the mutation Y72A and Y113A using Schrödinger’s mae-
stro interface.

2.2. Glide scoring and Prime/MMGBSA free energy

Prime/MMGBSA method [14–16] has been used to score the
free energy of binding of all the receptor–adenine complexes. All
the complexes were scored using Glide XP [17] docking protocol
without actually docking adenine with gelonin receptor. To
achieve that, adenine has been extracted from the complex to be
used as a ligand for docking and was prepared using LigPrep’s
[18] ligand preparation protocol. Grid of each complex was gener-
ated around the catalytic site by taking adenine as a reference mol-
ecule. Prepared adenine molecule has been docked with the
complexes using generated grids. Obtained docking poses were
then used for the calculation of free energy of binding by
Prime/MMGBAS method.

The docked poses were minimized using the local optimization
feature of Prime [14]. OPLS-AA force field [19,20] and GB/SA con-
tinuum solvent model were used to calculate the energies of the
complexes. The binding free energy DGbinding is then estimated
using an equation:

DGbinding ¼ ER:L � ðER þ ELÞ þ DGsolv þ DGSA

where ER:L is the energy of complex, ER + EL is sum of the energies of
the receptor and ligand, DGsolv (DGSA) is the difference between
GBSA solvation energy (surface area energy) of complex and sum
of the corresponding energies for the ligand and protein.

2.3. Molecular dynamic simulations

A molecular dynamics simulation approach has been followed
to determine the effect of mutations on the stability of adenine
at catalytic site [21]. All wild and mutant types of the complexes
were subjected for 10 ns molecular dynamic simulation (MD sim-
ulation) using Desmond Molecular Dynamics System [22,23] with
OPLS all-atom force field 2005 [19,20]. Desmond set up wizard has
been used to prepare protein complex systems for MD simulations.
Each one of the systems was then neutralized using an appropriate
number of ions and then surrounded by an octahedral periodic box
of SPC water molecules. The distance between box wall and protein
complex was set to be greater than 5 Å, so that the protein did not
directly interact with its own periodic image. Minimization of all
prepared systems for MD simulation has been performed up to
the maximum of 3000 steps using the method steepest descent un-
til a gradient threshold (25 kcal/mol/Å) was reached. Minimized
systems were used to run for 10 ns MD simulations at constant
temperature of 300 K and constant pressure of 1 atm with a time
step of 2 fs. Long range electrostatic interactions during the MD
simulations were calculated using smooth particle Mesh-Ewald
method. A 9 Å cutoff radius value has been used for coulombic
short range interaction cutoff method.
2.4. Analysis of simulations

The root means square deviation (RMSD) of all the atoms has
been calculated through the simulation, with the first frame as ref-
erence. The last 6 ns of the simulations were considered as produc-
tion stage and used for analysis of structural changes. The average
structures were calculated from the production stage for both wild
and mutant protein complexes. The hydrogen bonds were defined
as hydrogen acceptor–donor atom distances of less than 3 Å and
acceptor–H-donor angles of more than 120�. Graphs were plotted
to show the distance between adenine and tyrosine residues of
stack pairing. Distance between each atom of adenine and carbons
of tyrosine residues were calculated manually and further used to
draw the plots.
3. Results and discussion

RMSD of adenine with active site residues in wild type protein
(Fig. 1A) suggests it is stable and consistent conformation through-
out the 10 ns simulation time with a standard deviation value of
0.09 (Table 1). Consistent conformation of adenine over a long time
scale simulation indicates the high structural stability of adenine at
the catalytic site of wild protein. Mutation of tyrosine74 to alanine
does not seem to affect the conformation of adenine with active
site residues since the mutant Y74A has shown very less structural
deviations along the 10 ns simulation (Fig. 1A). Similarly, mutation
of tyrosine113 to alanine failed to have any impact on the stability
of adenine and the conformation of adenine with active site resi-
dues was found to be stable around 0.5 Å during the course of sim-
ulation (Fig. 1A). Trajectories of both Y74A and Y113A mutant type
proteins were deviated by 0.10 and 0.16 Å, respectively (Table 1).
The data suggests that mutation of any single tyrosine residue of
p–p stack paring has no significant effect on the stability of ade-
nine at the catalytic site. However, Y113A mutant shows deviation
little higher as compared to that of Y74A. At the same time, stabil-
ity of adenine was affected significantly at the catalytic site in dou-
ble mutated system. After 2.5 ns the conformation of adenine with
active site residues of the double mutated system has been altered
significantly with an approximate RMSD of 1.5 Å (Fig. 1A) which
persisted till the end of 10 ns simulation time during which ade-
nine acquired a different conformation at catalytic site.

RMSD of wild and mutant protein backbones indicate the struc-
tural fluctuations in the backbone of proteins during the time ser-
ies (Fig. 1B). The backbone of wild type protein has a standard
deviation of less than 2 Å, indicating the superior quality of simu-
lation (Table 1). Both the single mutant proteins have shown al-
most similar deviations as of wild type that explains the
mutation of tyrosine to alanine has no change on the protein back-
bone (Fig. 1B). However, in double mutant, standard deviation in
the backbone was slightly higher as compared to that of wild type
protein.

On the basis of conserved H-bond between N3 of adenine and
guanidium of Arg169, Ren et al. [24] has proposed N3 of adenine
as the most likely protonation site for N-glycosylation [24]. The
mechanism has been further supported by the study of Guo et al.
[11] which states that the absence of H-bond between N3 of ade-
nine and Arg169 results in the loss of N-glycosylation activity of



Fig. 1. (A) RMSD of adenine with active site residues during the simulation in wild and mutated systems. (B) RMSD of backbone of wild and mutated systems during the
simulation.

Table 1
RMSD values of backbone and adenine with active site residues (Val75, Gly111, and
Arg169) during the simulation in wild and mutant proteins.

Structure RMSD (Å) of
backbone

RMSD (Å) of adenine with active
site residues

Wild type 0.16 0.09
Y74A mutant 0.14 0.10
Y113A mutant 0.17 0.16
Y74A and Y113A

mutant
0.21 0.39
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gelonin. Other conserved H-bonds with Gly111 and Val75 also play
a crucial role in the stabilization of adenine. In wild type and single
mutant proteins all the conserved H-bonds of adenine with active
site residues were found stable during the 10 ns simulation (Table
2, Figs. S1 and S2). Hence, we report that mutation of tyr74 or
Table 2
Hydrogen bonds (distance between donor H and acceptor atoms) present in the

Structure H-bonds

75Val (H)-N1
Ade (Å)

111Gly (O)-HN6
Ade (Å)

111Gly (H)-
Ade (Å)

Wild type 1.92 Absent 1.64
Y74A mutant 1.89 Absent 1.62
Y113A mutant 1.91 2.32 1.67
Double mutant 2.11 Absent Absent
tyr113 one at a time will not bring any significant change in the
stability of adenine at catalytic site, since, in both the single mu-
tants all adenine associated conserved H-bonds were stable with
approximately similar bond length to that of wild type protein.
Whereas, mutation of both the tyrosine residues of p–p stack par-
ing to alanine made adenine unstable at its active site, by virtue of
which adenine losses its conserved H-bonds with Arg169 and
Gly111 (Table 2, Fig. S3). In double mutant system, adenine formed
a new H-bond with Asp89, through which it acquires a new confor-
mation (Fig. 2). RMSD graph of double mutant system (Fig. 1A)
clearly indicates that adenine acquires an altered conformation
with the help of newly formed H-bond with Asp89 after 2.5 ns to
the end of simulation (Figs. 2 and 3). Therefore, complete loss of
p–p stack paring at the active site makes adenine unstable at cat-
alytic site and leads to an altered conformation. Results have also
shown that adenine loses two conserved H-bonds, one with
average structures of wild and mutant proteins.

HN7 75Val (O)-HN6
Ade (Å)

169Arg (NH1)-N3
Ade (Å)

89Asp (O)-HN7
Ade (Å)

Absent 2.04 Absent
2.44 1.89 Absent
2.37 1.91 Absent
2.31 Absent 1.64



Fig. 2. Formation of new H-bond between adenine and Asp-89 after 2.5 ns simulation time.

Fig. 3. (A) Superimposed last frames of wild type protein (yellow), mutated Y74A
(red), mutated Y113a (blue), and double mutated (green) systems. (B) Superim-
posed average structures (over last 6 ns simulation) of wild type protein (yellow),
mutated Y74A (red), mutated Y113a (green), and double mutated (blue) systems.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Gly111 and another with Arg169 (Table 2), the most important H-
bonds for N-glycosylation activity, that in turn corresponds to the
reduced or complete loss of N-glycosidic activity of gelonin.

Even though, the tyrosine mutations have changed the confor-
mation of adenine at catalytic site, there was no change in the pro-
tein structures. RMSD values of the secondary structures of mutant
proteins were either less than that of the wild type protein or
approximately same (Table 3). All the intra-hydrogen bonds in mu-
tant proteins were conserved, similar to that of wild type protein
[data not shown]. The average structures of wild and mutant pro-
teins over the last 6 ns simulation time signify the major structural
changes on an average scale. Superimposition of average structures
reveal no change between the wild and mutant proteins (Fig. S4)
while, the deviation of adenine from the catalytic site can be ob-
served clearly in mutant proteins (Fig. 3A).

Mutation of single tyrosine residue of stack pairing has shown
two types of structural changes at catalytic site depending on num-
ber of contacts or closeness with adenine ring. Single mutation
either brought very minute structural change in another tyrosine
residue of stack pairing or it made adenine to adjust its position
slightly. Distance between adenine and tyrosine has been used as
a scale to identify the structural changes at catalytic site and these
structural changes were detected by comparing the distance be-
tween adenine and tyrosine in wild and mutant proteins (Fig. 4).
Fig. 4C and E shows the distances between carbons of tyrosine res-
idue and atoms of adenine in wild and mutant proteins. The dis-
tances were represented by solid line for wild type protein,
whereas dotted lines for mutant proteins. Three different colors
represent three different carbons of tyrosine. The solid line below
the dotted line of the respective color indicates the closer associa-
tion of adenine and tyrosine ring in wild type, i.e. tyrosine is lo-
cated closer to adenine in wild type as compared to the mutant
protein. Whereas, the solid line above the dotted line indicates that
the tyrosine of mutant protein was located closer to adenine as
compared to that of wild type protein. In Y113A mutant, solid lines
were found below the dotted lines (Fig. 4C) and it is clear that tyro-
sine74 acquires a different conformation (shifts 11� away from
adenine) in Y113A mutant as compared with wild type protein
(Fig. 4B). The results explain the basis of stability of adenine at cat-
alytic site even after the mutation of tyrosine113. Among the tyro-
sine residues of stack pairing, tyrosine74 has been found to be a
stronger participant of stack pairing, since, mutation of tyro-
sine113 could have brought an unbalance at catalytic site. But,
the loss of weak interaction at the opposite side of adenine with re-
spect to tyrosine74 has been complemented by an increase in dis-
tance between tyrosine74 and adenine. In Y74A mutant, solid lines
were above the dotted lines (Fig. 4E) and it is clear from that the
adenine shifts slightly towards tyrosine113 as compared to that
of wild type protein (Fig. 4D). The result explains the basis of sta-
bility of adenine at catalytic site even after the mutation of tyro-
sine74. In this case, loss of strong interaction at opposite side of



Table 3
RMSD values of secondary structures of wild and mutant proteins during the
simulation.

Structure RMSD of helix
(Å)

RMSD of strand
(Å)

RMSD of loop
(Å)

Wild type 0.23 0.13 0.21
Y74A mutant 0.14 0.17 0.23
Y113A mutant 0.19 0.16 0.23
Y74A and Y113A

mutant
0.12 0.10 0.26
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adenine has been complemented by a shift in adenine towards
tyrosine113 decreasing its distance with tyrosine113.

Simulation studies performed, were further supported by the
docking scores and free energy calculations. Binding energy was
Fig. 4. (A) Labeled adenine and side chain of tyrosine. Labels marked were used in measur
site of wild type and mutated Y113A proteins illustrate the shift of tyrosine74 side chai
between the carbon atoms of tyrosine74 and adenine. (D) Superimposed catalytic site
tyrosine113 side chain residue in the absence of tyrosine74. (E) Graph showing the dist

Table 4
Docking scores and energies (kcal/mol) of the wild and mutated c

Structure Glide XP score Free energy of binding (Prim

Wild type �8.27 �26.91
Y113A mutant �7.96 �21.51
Y74A mutant �5.04 �17.31
Double

mutant
�4.61 �17.23
calculated using the Prime MM-GBSA method and small molecule
at active site has been scored by Glide XP docking (Table 4). The
intermolecular van der Waals interactions (DEvdw) for Y74A and
Y113A were almost the same but lesser than the wild protein.
While DEvdw of double mutated protein is much lower than the
wild type protein as well as other single mutant proteins. The
van der Waals energy values indicate that the loss of both the tyro-
sine residues weakened the electrostatic interactions around the
catalytic site of gelonin which further validates the structural anal-
ysis explained above. Significant difference between the free ener-
gies of binding of wild type and mutant proteins were found such
as the double mutant has a total of �17.23 kcal mol�1 binding en-
ergy DGbinding, which was 9.68 kcal mol�1 higher than that of wild
type protein. Similarly, double mutant protein has also shown very
low docking score explaining the instability of adenine at catalytic
site. The above mentioned free energy values and docking scores
ing the distances between adenine and tyrosine carbons. (B) Superimposed catalytic
n towards adenine in the absence of tyrosine113. (C) Graph showing the distances

of wild type and mutated Y74A proteins illustrate the shift of adenine towards
ances between the carbon atoms of tyrosine113 and adenine.

omplexes.

e MM GBSA) Ligand strain energy Glide Evan der Waals

0.92 �19.91
1.25 �17.53
1.29 �17.10
0.96 �14.70
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show the complete loss of p–p stack pairing from the active site
resulting in a less energy favored association and makes adenine
unstable at catalytic site. Ligand strain energies of complexes show
the strains on adenine at catalytic site and suggest that absence of
any one of the tyrosine from the p–p stack pairing increases the
strain on adenine at catalytic site that in turn reduces the N-glyco-
sidic activity of gelonin which has been further supported by the
higher free energies of single mutant proteins and lower docking
scores, demonstrating an energetically unfavorable mutation.

In the present study the structural insight of gelonin protein’s
catalytic site and the effect of in silico mutations of tyrosine rings
on it were analyzed using computational methods such as MD sim-
ulations, docking, and MM GBSA free energy calculation. In the
mutants Y74A and Y113A, all the conserved H-bonds were stable
similar to that of the wild type protein and Arg169 still holds the
ability to form H-bond with N3 of adenine. But, the docking studies
and free energy analysis of these mutated systems indicates that
the above mentioned mutations made adenine less energetically
favorable at catalytic site. Hence, it is concluded that the mutation
of any single tyrosine residue may cause slight decrease in N-gly-
cosylation of adenine at catalytic site, without much change in
their structure. Mutation of both the tyrosine residues of p–p stack
pairing system leads to an altered configuration of adenine at the
catalytic site of gelonin, significantly increasing the free energy
of binding and decreasing the docking score of adenine at catalytic
site. This study clearly emphasizes that at least one of the tyrosine
residues of p–p stack pairing system is essential for the N-glycosyl-
ation activity of gelonin and both the tyrosine residues of p–p
stack pairing system stabilizes the adenine with minimum strain
on it.
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