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Pentose bisphosphate pathway, exclusively found in archaea, is similar to the pentose phosphate pathway pres-
ent in bacteria and eukarya. In pentose bisphosphate pathway, the conversion of ribose moieties of nucleosides
into 3-phosphoglycerate (3-PGA) involves multiple steps; one of them being the conversion of ribose-1,5-
bisphosphate (R15P) to ribulose-1,5-bisphosphate (RuBP) catalyzed by an enzyme ribose-1,5-bisphosphate
isomerase (R15Pi). The availability of the three-dimensional structure of R15Pi had facilitated the understanding
of various structural and functional aspects of the enzyme. Nevertheless, the structure of R15Pi also left several
significant questions unanswered that would aid in understanding the structure-function relationship of the en-
zyme. Thus, we have taken up a computational approach to further understand the role of various structural fea-
tures of the enzyme R15Pi. Results obtained from molecular dynamics (MD) simulations aided in understanding
the obligation of the enzyme R15Pi to oligomerize and also in deciphering the role of catalytic residue(s) in struc-
tural stability. Identification of invariant water molecules of the enzyme R15Pi helped in discerning their signif-
icance at the active-site pocket and structurally important regions. Further, molecular docking studies allowed
the identification of the amino acid residues essential for holding the substrate (R15P) or product (RuBP) in
the vicinity of the active site of the enzyme R15Pi. Interestingly, results of the molecular docking studies assisted
in the identification of an “alternate binding site” for the substrate, R15P. Finally, based on these results, we pro-
pose a mechanism of “substrate sliding” for the enzyme R15Pi.

© 2019 Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Biotechnology.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The pentose phosphate pathway present in bacteria and eukarya is
accountable for the interconversion of pentoses and hexoses required
for the nucleic acid biosynthesis and during the glycolysis as well as glu-
coneogenesis, respectively [1-3]. However, almost all archaea, are
known to be devoid of a canonical pentose phosphate pathway [4-6].
In archaea, the production of trioses and hexoses from pentoses occur
via a metabolic pathway termed as pentose bisphosphate pathway [7].
In this pathway, nucleosides (the main source of pentoses) are con-
verted into trioses and hexoses via the formation of ribose-1,5-
bisphosphate (R15P). The molecule R15P can either be generated
through the formation of ribose-1-phosphate (R1P) with the help of

Abbreviation: ADP-R1P, ADP-dependentribose-1-phosphate; ASU, asymmetric unit;
EFBE, estimated free energy of binding; LGA, Lamarckian genetic algorithm; MD, molecu-
lar dynamics; NMP, nucleoside 5’-monophosphate; 3-PGA, 3-phosphoglycerate; R1P, ri-
bose-1-phosphate; R15P, ribose-1,5-bisphosphate; R15Pi, ribose-1,5-bisphosphate
isomerase; RMSD, root mean square deviation; RMSF, root mean square fluctuation;
RuBP, ribulose-1,5-bisphosphate; RuBisCO, ribulose-1,5-bisphosphate carboxylase/oxy-
genase; SASA, solvent accessible surface area.
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the enzymes, nucleoside phosphorylase and ADP-dependent ribose-1-
phosphate (ADP-R1P) kinase or via the nucleoside 5’-monophosphate
(NMP) degradation pathway [7]. Apart from the final step of NMP
degradation pathway, where ribulose-1,5-bisphosphate carboxylase/
oxygenase (RuBisCO) produces 3-phosphoglycerate (3-PGA) to be di-
rected towards the glycolysis and gluconeogenesis pathways, another
crucial step includes the isomerization of R15P to ribulose-1,5-
bisphosphate (RuBP) by an enzyme ribose-1,5-bisphosphate isomerase
(R15Pi) [7-11].

Till date, the three-dimensional crystal structure of the enzyme
R15Pi have been elucidated from only two archaea Thermococcus
kodakarensis and Pyrococcus horikoshii [11,12]. Structurally, the
protomer of the enzyme R15Pi comprises of an N-terminal a-helical do-
main (NTD) and a C-terminal oipo-sandwich domain (CTD). The active
site of the enzyme R15Pi is formed at the interface of the NTD and CTD
(Fig. 1A). Functionally, the enzyme R15Pi is made up of six identical
protomers with interaction(s) occurring at the CTD while the NTD re-
mains completely isolated (Fig. 1B). The available three-dimensional
crystal structures of the enzyme R15Pi can be categorized in three dif-
ferent forms, (i) the unliganded open form (R15Pi-Form I), (ii) the
substrate-bound closed form (R15Pi-Form II) and (iii) the product-
bound open form (R15Pi-Form III). However, the substrate-bound

2001-0370/© 2019 Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Biotechnology. This is an open access article under the CC BY-NC-ND license
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Fig. 1. The three-dimensional structure of the enzyme R15Pi. (A) Protomer of R15Pi (PDB id: 3A11) comprised of NTD (light pink) and CTD (blue and cyan). The active site of the enzyme is
encircled by dashed line. (B) The hexameric form of the enzyme, wherein the NTD and CTD are colored in light pink and cyan, respectively. One subunit of the hexamer is marked by

dashed line for the clarity of the figure.

structure of the wild type R15Pi (R15Pi-WT) is not available owing to
the ability of the enzyme to spontaneously convert R15P to RuBP during
the crystallization process. Thus, to obtain substrate-bound enzyme
(R15Pi-Form II), mutation of one of the two crucial catalytic residues
was carried out [11,12].

In the absence of the substrate (R15P), the enzyme R15Pi retains an
open conformation with a completely accessible active site. Upon R15P
binding, the NTD move towards the CTD, resulting in the shielding of
the active-site cleft from the aqueous environment [11]. Once the con-
version of the substrate (R15P) to product (RuBP) is accomplished,
the NTD reverts back to its initial position propelling the enzyme into
its open conformation, which also allows the product (RuBP) to exit
the active site (Fig. S1). This conversion process of R15P to RuBP re-
quires the catalytic activity of two residues Cys133 and Asp202 (num-
bering according to R15Pi from T. kodakarensis, TkR15Pi) via the
formation of a cis-phosphoenolate intermediate. Although, point muta-
tion of either of these residues abolishes the enzymatic activity
completely, it does not hinder the binding of R15P or RuBP to the en-
zyme [11,12].

Although the three-dimensional structure of the enzyme R15Pi has
been elucidated [11,12], the accountability of the enzyme to function
as a hexamer, recognition of the essential catalytic residue for structural
stability, identification of essential substrate- and/or product-binding
residues and structural as well as functional role(s) of invariant water
molecules remains undescribed. Thus, in this study, we employed com-
putational approaches such as molecular dynamics (MD) simulation,
molecular docking and data mining to address these aspects and conse-
quently to obtain an insight into the role of the structural features of the
enzyme R15Pi in rendering adequate stability and optimal ligand bind-
ing environment.

2. Materials and Methods
2.1. Molecular Dynamics Simulation

MD simulation was performed using the package GROMACS v.5.1.4
[13]. For all the simulations (Table S1), AMBERO3 force field embedded

in GROMACS was utilized [14]. The module editconf of GROMACS was
used to generate a cubic box keeping the minimum distance between
the solute and the edge of the box at least 1.0 nm. The module genbox
present in the GROMACS suite was used to solvate the protein models
with the flexible simple point charge (SPC/E) water model. Chloride
and sodium ions were utilized to neutralize the overall charge of the
system. To inhibit edge effects, periodic boundary condition (PBC) was
applied along the three spatial directions. Energy minimization was per-
formed using the steepest descent method with a maximum force cutoff
of 1000 kJ/mol/nm. The solvent and ions around the protein were equil-
ibrated in two phases. Firstly, equilibrations were performed under an
NVT (canonical or isothermal-isochoric) ensemble for 100 ps with a ref-
erence temperature of 310 K. Subsequently, second phase of equilibra-
tion was performed under an NPT (isothermal-isobaric) ensemble for
500 ps with a reference pressure of 1 bar. A velocity rescaling thermo-
stat [15] with coupling constant of 0.1 ps was used to control the refer-
ence temperature at 310 K. The reference pressure of 100 kPa (1 bar)
with coupling constant 2 ps was controlled using the Parrinello-
Rahman barostat [16]. The long-range electrostatic interactions were
computed using the particle mesh Ewald (PME) method [17,18] while
the short-range van der Waals interactions were computed using Verlet
neighbor list calculation with a cutoff of 0.8 nm. P-LINCS algorithm [19]
was used to constrain the bond lengths and a time step of 2 fs was used
to integrate the equations of motion. Each MD simulation was per-
formed for a time period of 100 ns and 300 ns for R15Pi from T.
kodakarensis (TkR15Pi) and P. horikoshii (PhR15Pi), respectively,
resulting in a total of 2.6 ps of simulation. The analyses were performed
using the programs available in GROMACS and home-built shell scripts.
The program Xmgrace [20] was used to prepare the graphs.

2.2. Identification of Invariant Water Molecules

The three-dimensional atomic coordinates of 13 crystal structures of
PhR15Pi are available in closed conformation. These structures include
R15Pi-WT, R15Pi-C135S and R15Pi-D204N proteins bound to either
R15P or RuBP (Table S2). However, only those structures which harbor
greater than or equal to 100 water molecules were considered for the
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identification of invariant water molecules. For identification of invari-
ant water molecules in TkR15Pj, all the three available structures were
considered even though they contain less than 100 water molecules.
All the structures of PhR15Pi belong to the space group P3;12 and con-
sist of three subunits in the asymmetric unit (ASU). The three mono-
meric units in each of the eight structures were considered as an
independent molecule. Thus, a total of 18 monomers of PhR15Pi were
taken as data set for the analysis. The crystal structure deposited with
PDB id 5YFT (chain B) was taken as the reference or fixed molecule as
it contains the highest number (236) of water molecules among the
considered structures. All the remaining structures were considered as
mobile molecules and superimposed on 5YFT (chain B) to identify the
invariant water molecule(s). The superimposition of the structures
was manually performed in the program Coot [21] as well as using a
home-built shell script. The cutoff distance between a pair of super-
posed water molecules was kept as 1.8 A. A water molecule was consid-
ered to be invariant only when it was present in all the structures
considered. An invariant water molecule was considered to be buried
when it had a solvent accessible surface area (SASA) of less than equal
to 2.5 A? [22]. For calculation of the residence frequency of the invariant
water molecules, MD simulation was performed for a time period of
300 ns. The structures generated during MD simulation at every 1 ns
were used for comparison and to compute the residence frequency of
each invariant water molecule. The interaction(s) between protein
atoms and solvent molecules were calculated with a hydrogen-bond
distance of 3.5 A. All the other parameters of MD simulation were kept
same as mentioned in the previous section.

2.3. Molecular Docking Studies

To perform molecular docking experiments, the three-dimensional
atomic coordinates of the two open forms of R15Pi i.e. R15Pi-Form I
(PDB id: 3A11) and R15Pi-Form III (PDB id: 3A9C) from TkR15Pi were
extracted from the RCSB Protein Data Bank (PDB) [23]. Since R15Pi-
Form II (PDB id: 3VM6) has a closed active site, only the open forms of
the protein were used for docking experiments. The ligands (R15P and
RuBP) used for the docking experiments were extracted from their
bound states of the enzyme TkR15Pi. Molecular docking experiments
were carried out using the program Autodock version 4.0 [24]. During
each docking experiment, the receptor (i.e. protein) molecule was
kept as rigid while the ligand (i.e. R15P and RuBP) molecules were con-
sidered both as rigid and flexible along the rotatable bonds. As both the
rigid and flexible ligands produced similar outcomes, results of only the
rigid-ligand docking were considered for analysis. The size of the grid
box was kept to 126x126x126 with a spacing of 0.375 A between the
grid points and taking the center of mass of the protein as the grid cen-
ter. To search for the best conformational space of the ligand, the La-
marckian genetic algorithm (LGA) with a total of 2000 runs was
performed. The docked conformations of ligands in each molecular
docking experiment were clustered with a root mean square deviation
(RMSD) cutoff of 2.0 A. The ligand conformation having the lowest esti-
mated free energy of binding (EFBE) was selected as the final docked li-
gand to the protein. Identification of the amino acid residues involved in
the interaction(s) with the docked ligand was performed using the pro-
gram Coot [21]. All the figures of the docked ligands were generated
using the program PyMOL (PyMOL Molecular Graphics System,
Schrodinger, LLC).

3. Results

3.1. Hexameric State is Obligatory for the Structural Stability and Optimal
Ligand Binding of R15Pi

To understand the significance of the oligomeric state of R15Pi, MD
simulations of R15Pi-monomer and R15Pi-hexamer were performed.
The R15Pi-hexamer is found to be more stable than the R15Pi-

monomer during the simulation (Fig. 2A). Nonetheless, binding of ei-
ther of the ligands i.e. R15P or RuBP to the R15Pi-monomer reasonably
increases the stability of the enzyme (Fig. 2A). On the other hand, R15Pi-
hexamer remains stable throughout the simulation irrespective of the
presence or absence of ligand (Fig. 2A). The stability of the hexameric
protein is further supported by the comparison of the potential energies
of the R15Pi-monomer and R15Pi-hexamer (Fig. 2B).

An analysis of the root mean square fluctuations (RMSFs) exhibits
that the NTD of R15Pi-hexamer displays a slightly higher fluctuation
than that of the R15Pi-monomer. In contrast, the RMSFs of the
CTD are notably lower for R15Pi-hexamer than that of the R15Pi-
monomer. The most significant fluctuation of the CTD in the R15Pi-
monomer occurs at a long loop region (residues 245-283) of the
protein. Interestingly, this fluctuation is somewhat decreased in the
presence of either the substrate (R15P) or the product (RuBP) bound
at the active site of the protein (Fig. 2C).

To find whether the oligomeric state of R15Pi had any effect on the
binding of the substrate or product, the distance between protein and
the ligand (R15P or RuBP) was computed during the 100 ns simulation.
Results show a lesser distance between them in the case of R15Pi-
hexamer compared to that of the R15Pi-monomer suggesting a better li-
gand binding to the hexameric protein (Fig. 2D).

3.2. The Catalytic Residue Cysteine is Preferred over Aspartate for Structural
Stability

To identify the preferred catalytic residue between Cys135 and
Asp204 (Cys133 and Asp202 in TkR15Pi) for the structural stability of
enzyme PhR15Pi, MD simulations of the mutant proteins R15Pi-C135S
and R15Pi-D204N, both in bound and unbound forms, were performed.
The RMSD plot reveals that the R15Pi-C135S mutant protein displays a
relatively higher instability in the structure as compared to R15Pi-
D204N mutant protein (Fig. 3A). However, in the presence of either
R15P or RuBP, the mutant gains structural stability and exhibits a
lower RMSD (Fig. S2A). On the other hand, in case of R15Pi-D204N mu-
tant, the presence or absence of ligand (R15P or RuBP) shows no effect
on the stability of the protein (Fig. S2A). This is further supported by
comparison of the potential energy of two mutants, where the mutant
R15Pi-C135S exhibits a higher potential energy than that of the mutant
R15Pi-D204N (Fig. 3B and S2B), indicating the importance of the cyste-
ine residue in rendering structural stability.

In the three-dimensional crystal structure of R15Pi-C135S mutant
protein, Ser135 interacts with GIn166 (bond distance: 2.8 A) while in
R15Pi-D204N, no such interactions occur between Cys135 and GIn166
(bond distance: 4.2 A) (Fig. 3C). Hence, in R15Pi-D204N mutant protein,
GIn166 is available to interact with Lys164 which in turn coordinates
with Glu260 present in the longest loop region. Glu260 further interacts
with another amino acid residue Arg254 which is also present in the
longest loop region. Thus, Cys135 is involved in indirectly rendering sta-
bility to the highly flexible longest loop region by adhering it to the core
CTD. However, hydrogen bond formation between Ser135 and GIn166
in R15Pi-C135S mutant protein makes GIn166 unavailable for further
interactions (Fig. 3C). The higher fluctuation in the longest loop region
in case of R15Pi-C135S mutant protein due to the lack of stabilizing in-
teractions is also evident from the RMSF plot (Fig. 3D). The fluctuation
also decreases in the presence of either the substrate or product
owing to their interaction with Arg256 which resides in the longest
loop region (Fig. S2C and S2D).

3.3. Invariant Water Molecules are Strategically Arranged Around the
Active Site and Structurally Important Regions

A total of 29 water molecules were identified to be invariant in a
protomer of the closed conformation of PhR15Pi. Out of these, 12 invari-
ant water molecules are present either in the active-site pocket or in its
vicinity (Table S3), five (IW1, IW2, IW3, IW4 and IW5) of which make
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Fig. 2. Dynamics of R15Pi-monomer and R15Pi-hexamer. The plot for the (A) root mean square deviation (RMSD), (B) potential energy, (C) root mean square fluctuation (RMSF) and
(D) the minimum distance between the protein and ligand. The different forms of the enzyme R15Pi for which simulations were performed include R15Pi-monomer (blue), R15P-
bound R15Pi-monomer (magenta), RuBP-bound R15Pi-monomer (orange), R15Pi-hexamer (black), R15P-bound R15Pi-hexamer (red) and RuBP-bound R15Pi-hexamer (green).

direct interaction with both R15P and RuBP in a similar manner. For in-
stance, IW2 is hydrogen bonded to the 1-phosphate group of the ligand
while the 5-phosphate group is held by three other invariant water mol-
ecules IW1, IW3 and IW5. The invariant water molecule IW4 forms hy-
drogen bond with the 03 oxygen atom of the ribose sugar (Fig. 4A and
Table S3). All these water molecules are highly stable as indicated by
their low B factors (Table S4). Moreover, these invariant water mole-
cules stabilize residues in the vicinity of the active site of the enzyme.
One of the invariant water molecules IW2 forms hydrogen bond with
0°! atom of the catalytic residue Asp204 of R15Pi-WT. Similarly, invari-
ant water molecules IW1, IW3, IW4, IW5 and IW6 forms hydrogen
bonds with the residues Arg26, His134, Gly202, Ala203, Asn214,
Lys215, Ala235, Lys240 and Glu287 (Fig. 4B and Table S3).

A total of another five invariant water molecules (IW7, IW8, IW9,
IW10 and IW11) do not directly interact with the ligand, however,
make contact with amino acid residues which form the “active-site
roof” of the enzyme. The water molecule IW8 is hydrogen bonded to
backbone O atoms of lle16 and Ile21 as well as to N"® atom of Arg65.
The invariant water molecule IW9 hydrogen bonds with the backbone
0 atom of Pro66 and networks three other water molecules (W585,
W666 and W701 of PhR15Pi). Two invariant water molecules IW7 and
IW11 are hydrogen bonded to the backbone O and N"? atoms of

Arg22 while IW10 holds the residue Arg29 through N"!' and N"2
atoms (Fig. 4C and Table S3). Interestingly, only one invariant water
molecule (IW12) interacts with amino acid residues forming the “ac-
tive-site floor” of the enzyme. More precisely, IW12 interacts with the
N atom of Pro63 & Lys164, O atom of Thr161 & Arg162 and O°! atom
of GIn166. These five amino acid residue are part of a loop region
which shield the active-site pocket from underneath (Fig. 4D and
Table S3). Notably, three invariant water molecules IW4, IW5 and
IW12 are present in both open and closed conformations of the enzyme
TkR15Pi as well, signifying their importance.

Apart from the invariant water molecules at the active-site pocket
and its vicinity, 17 invariant water molecules are present at various
structurally relevant regions (Fig. 5A). Four invariant water molecules
(IW15,IW16,IW17 and IW18) are involved in holding the long loop re-
gion. Three invariant water molecules (IW19, IW20 and IW21) interact
with the longest helix, as while two other invariant water molecules
(IW27 and IW28) interact with helices oi; and o, respectively. On the
other hand, IW29 forms hydrogen bond with three water molecules
(W603, W559 and W549 of PhR15Pi) which in turn interacts with the
loop region connecting helices o3 and . Five invariant water mole-
cules (IW22,1W23,1W24,IW25 and IW26) interact with amino acid res-
idues at the inter-subunit region. Although these invariant water
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and R15Pi-D204N (blue) during the MD simulation. (C) Absence (presence) of interaction between GIn166 and Cys135 (Ser135) in R15Pi-C135S (R15Pi-D204N) mutant protein(s). The
amino acid residues involved in conferring structural stability in R15Pi-C135S (orange) and R15Pi-D204N (light brown) mutant proteins are shown as lines and their interactions are
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yellow. The amino acid residues are numbered according to the enzyme PhR15Pi. (D) The plot of root mean square fluctuation (RMSF) of the mutant proteins R15Pi-C135S (black)

and R15Pi-D204N (blue) during the MD simulation.

molecules do not directly interact with the amino acid residues of the
associating monomer, they interact with water molecules present at
the void created at the hexameric interface (Fig. 5A and Table S3).
Two invariant water molecules (IW13 and IW14) are involved in hold-
ing together the three regions NTD, CTD and the long loop region of
R15Pi by anchoring the residues Thr67, Pro163, Glu254 and Glu260
(Fig. 5B,C and Table S3). All the amino acid residues involved in
interacting with the invariant water molecules are well conserved in
the enzyme R15Pi (Fig. S3).

3.4. The Substrate R15P Seems to Bind at an “Initial Binding Site” Before
Sliding Into the Active Site

Among the available three-dimensional structures of R15Pi, only
two (R15Pi-Form I, PDB id: 3A11 and R15Pi-Form III, PDB id: 3A9C)
are present in an open conformation. To gain insights into the early
binding events of the substrate to the protein R15Pi, docking of the
R15P with the R15Pi-Form I was performed. Interestingly, the result re-
veals that the substrate R15P is docked at a site (hereafter referred to as
“initial binding site”), which overlaps the active site (Fig. 6A), with a

binding energy of —10.18 kcal mol™! (Table S5). At this site, the 1-
phosphate group of the substrate (R15P) forms hydrogen bond with
the main chain N atoms of Lys136 and Ala137 while the 5-phosphate
group is held by the N* atoms of Lys24 and Lys136. Although, Lys24 of
TkR15Pi is substituted by arginine in PhR15Pi, the availability of a posi-
tively charged amino acid residue will favor similar interaction with the
negatively charged 5-phosphate group of the ligand (Fig. S3). The main
chain N atom of Gly23, 0% of Glu235 and N¢ of Lys238 stabilize the ri-
bose sugar oxygen atoms (Fig. 6B and Table S5). Notably, the residues
Lys136, Ala137 and Lys238 bridge the “initial binding site” and active
site of the protein.

However, the docking of R15P to R15Pi-Form III reveals its binding
directly to the active site instead of the “initial binding site”, although
with an identical binding energy (—10.18 kcal mol 1), to that of the lat-
ter site. Notably, the docked conformation of the substrate is identical to
that of the crystal structure. At the active site, the 1-phosphate group of
the substrate (R15P) interacts with N° of Lys213 and N™' of Arg254
while the 5-phosphate group is coordinated by O of Ser135, main
chain N atoms of Lys136 & Ala137 and N° atoms of Lys213 & Lys238
(Table S5). The oxygen atoms (02 and 03) of the ribose sugar are
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anchored by the 0°' & N®? of Asn212 and N of Lys213 (Fig. 6C and
Table S5).

However, docking of the product (RuBP) to both the forms i.e. R15Pi-
Form I as well as R15Pi-Form Il establishes binding directly at the active
site with an estimated free binding energies of —9.46 and
—11.88 kcal mol ™!, respectively. Expectedly, in the R15Pi-form III, the
coordinating residues of the protein to the docked RuBP at the active-
site pocket are almost identical to that of the substrate, except for the in-
teraction between N°® of Lys136 and 5-phosphate (Fig. 6D,E and
Table S5).

The amino acid residues interacting with the substrate or product at
the “initial binding site” and active-site pocket are well conserved in the
members of the order thermococcales while less conserved in the mem-
bers from other archaeal orders (Fig. S3).

3.5. The Residues Lys24 and Lys136 Dictate the Binding of the Substrate at
the “Initial Binding Site”

The 1- and 5-phosphate groups of the docked substrate (R15P) at
the “initial binding site” interact with the residues Lys136 & Ala137
and Lys24, respectively. Among these, the residue Lys24 is exclusive to
the “initial binding site” while Lys136 and Ala137 lie at the overlapping
region. Thus, to estimate the significance of Lys24 in the substrate bind-
ing at the “initial binding site”, it was mutated to alanine. Interestingly,
the substrate docked at the active site of R15Pi-K24A mutant, instead of

the “initial binding site”, with an estimated free binding energy of
—7.89 kcal mol~"' (Fig. 7A and Table S5).

Docking of the R15P to R15Pi-Form III resulted in its binding to the
active site instead of the “initial binding site”. Thus, to identify the fac-
tors responsible for the R15P binding at the “initial binding site”, the
structures of both the forms, R15Pi-Form I and R15Pi-Form III were
compared. Notably, among the residues interacting with the R15P at
the “initial binding site”, two residues Lys24 and Lys136 adapt different
conformations in the two forms i.e. R15Pi-Form I and R15Pi-Form III
(Fig. 7B). To verify this, the orientation of the residues Lys24 and
Lys136 in R15Pi-Form I were altered according to that of R15Pi-Form
III. The docking result reveals the binding of the substrate R15P at the
active site rather than the “initial binding site” with the side chain N¢
atom of Lys136 interacting with 5-phosphate group of R15P (Fig. 7C
and Table S5).

3.6. The Substrate (R15P) Slides From the “Initial Binding Site” to the Active
Site

The docking results suggest that the substrate (R15P) binds firstly at
the “initial binding site” rather than the active site of the enzyme R15Pi.
Thus, we speculated that the substrate may slide into the active site
after binding briefly at the “initial binding site”. To test this hypothesis,
we calculated the distance between R15P and the residues Lys24 (inter-
acts with the 5-phosphate group at the “initial binding site”) and Lys213
& Arg254 (interacts with the 1-phosphate group at the active site)
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during the MD simulation. Quite interestingly, the distance between
R15P and Lys24 increases from 4.4 A to 6.8 A while that between R15P
and Lys213 & Arg254 decreases from 6.8 A to 2.1 A indicating the move-
ment of the substrate (R15P) from the “initial binding site” to the active
site of the protein (Fig. 8A). This is further supported by the decrease
(from —9.3 to 0 kJ/mol) and increase (from 0 to —47 kJ/mol) in interac-
tion energies between the R15P and Lys24 and Lys213 & Arg254, re-
spectively (Fig. 8B).

3.7. The Residues Arg20, Arg63, Lys213, Arg238 and Arg254 Are Essential
for the Product (RuBP) Binding at the Active Site

The molecular docking results demonstrate that, unlike the sub-
strate, the product (RuBP) binds at the active site instead of the “initial
binding site” irrespective of the protein forms i.e. R15Pi-Form I and
R15Pi-Form IIL. Thus, to identify the residues aiding the binding of
the product (RuBP) at the active site, we mutated the conserved resi-
dues Ser135, Lys213, Lys238 and Arg254 (Fig. S3), which holds the 1-
and 5-phosphate groups of the RuBP, individually to alanine. The
docking results reveal that except S135A, the other point mutations
K213A, K238A and R254A affect the binding of the product at the ac-
tive site (Fig. 9A,B,C,D and Table S5). Similarly, point mutation of con-
served residues Arg20 and Arg63 (Fig. S3), which interact with the 5-
phosphate group of the substrate (R15P) in the R15Pi-Form II (i.e.
closed conformation), to alanine causes the binding of the product
(RuBP) to the “initial binding site” instead of the active site of the pro-
tein (Fig. 9E,F and Table S5).

4. Discussion

The enzyme R15Pi has been well studied in terms of its three-
dimensional structure, domain motions, catalytic residues and enzyme

reaction mechanism [10-12]. However, some of the questions that
still need to be addressed include an understanding of the obligation
of R15Pi to be present in a hexameric state, role of the catalytic residue
in structural stability, role of invariant water molecules and identifica-
tion of amino acid residues essential for ligand binding at the active
site of the protein. Furthermore, acquisition of structural information re-
lated to the initial stages of substrate binding might provide new insight
into the mechanism of enzyme substrate interaction. Overall, under-
standing these aspects of the enzyme R15Pi would aid in further
comprehending the structure-function relationship of the enzyme.
From MD simulation results, it is evident that R15Pi-hexamer is
more stable than R15Pi-monomer. In the R15Pi-monomer, higher fluc-
tuations could be perceived at the CTD including the long loop region.
However, these fluctuations are stabilized to a large extent in the
R15Pi-hexamer owing to the strong interaction present between the
CTD of each monomer. Since the CTD remains rigid, only the NTD of
R15Pi accomplishes the domain motion essential for ligand binding.
R15Pi-hexamer also forms more stable interaction with the ligand
which might also be due to the fact that most of the amino acid residues
of the active-site pocket which interacts with the ligand are present at
the CTD. A flexible CTD, as in the case of R15Pi-monomer, might hinder
a stable binding with the ligand moiety, thus necessitating the require-
ment of a hexameric enzyme.

The two catalytic residues (cysteine and aspartate) required for the
enzymatic activity are well identified and studied. Initially, the residue
aspartate (202/204 in TkR15Pi/PhR15Pi) was considered to be more
vital than the residue cysteine (133/135 in TkR15Pi/PhR15Pi) owing
to the inability of the ligand to bind to the D202N mutant of TkR15Pi
[11]. However, elucidation of R15P-bound structure of R15Pi-D204N
mutant protein from P. horikoshii later negated this observation [12].
Thus to recognize the structurally essential catalytic residue, MD simu-
lation was performed for the two mutant proteins. A higher instability
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of R15Pi-C135S mutant protein owing to the absence of amino acid in- Although the enzyme R15Pi is known to undergo an open-to-closed
teractions essential for stabilizing the longest loop region indicated transition during ligand binding, a set of invariant water molecules still
that the cysteine residue is more crucial for the structural stability of en- populate the active-site pocket. These water molecules are not
zyme R15Pi. displaced even after ligand binding indicating their importance in the
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functioning of the enzyme. Few of the water molecules assist in the
binding of the ligand at the active-site pocket by directly interacting
with R15P and RuBP in a similar manner while the others interact
with the conserved amino acid residues in the vicinity of the active-
site pocket. The water molecules concentrated in the vicinity of the
active-site pocket mostly interacts with those amino acid residues
which are part of the flexible loop regions around the active-site pocket.

By interacting with these amino acid residues, the water molecules per-
mit sufficient movement of the loops around the active-site pocket for
accommodating the ligand, without rendering the whole area too flac-
cid. Furthermore, the invariant water molecules at the active-site pocket
and in its vicinity are also observed to be completely buried. This implies
that these invariant water molecules might have formed interaction
with the amino acid residues at the active-site pocket or its vicinity
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prior to the folding of the protein and thus contributed towards the for-
mation of the active-site pocket. Even though, the crystal structures of
TkR15Pi contain low water molecules, three of the invariant water mol-
ecules are found to be present in 87% of the structures. Out of these, one
of the invariant water molecules (IW4) interacts with the O3 oxygen
atom while the other (IW5) interacts with the 5-phosphate group of
the ligand. This indicates that among the five invariant water molecules
that interact with the ligand, two (IW4 and IW5) are most essential for
ligand binding at the active-site pocket. Another invariant water mole-
cule IW12 is involved in holding a loop region that forms the “active-
site floor”. The presence of this water molecule in TkR15Pi protein
hints towards the necessity of the water molecule for the stability of
the loop.

Apart from the active-site pocket, invariant water molecules are also
involved in providing structural integrity to the protein. They are pres-
ent along the longest helix, ois which exhibits the most pronounced
structural transition during the domain movement. The availability of
water at this region might contribute towards the stability of the helix
s during the domain movement. The long loop region, which harbors
one of the conserved active-site residues Arg254, is also held by invari-
ant water molecules. Presence of invariant water molecules provides ri-
gidity to the otherwise flexible loop and in turn helps in maintaining the
structural integrity of the active site of the enzyme. The structural integ-
rity of the active-site pocket is further maintained by two invariant
water molecules which couples the long loop region with the NTD
and CTD. This interaction also results in the formation of a more
compact protein molecule. The invariant water molecule at the inter-
subunit region forms hydrogen bond(s) with other water molecule
(s) concentrated in the void area created at the hexameric interface of
R15Pi. These water molecules, in turn, interact with amino acid residues
of the neighboring protomer. In this manner, a water mediated network
is established that is involved in maintaining an intact hexamer.

An attempt to obtain a substrate-bound structure of R15Pi-WT re-
sulted in the attainment of a product-bound structure [11,12]. This
inhibited in achieving a clear picture of the initial stages of substrate
(R15P) binding to the enzyme R15Pi in its native form. Molecular
docking of substrate to R15Pi-Form I interestingly led to the identifica-
tion of an “initial binding site” which overlaps with the active-site
pocket. However, docking of the substrate to R15Pi-Form III did not re-
sult in binding of the R15P to the “initial binding site”. This occurs due to
the difference in the orientation of the two amino acid residues Lys24
and Lys136 in R15Pi-Form III, even though both forms are present in
an open conformation. This difference in orientation of amino acid res-
idues in R15Pi-Form IIl might be to ensure the binding of RuBP at the
active-site pocket and inhibit its access to the “initial binding site”.

The binding of the substrate R15P at the “initial binding site” hints
towards a probable early binding event which could not be captured
during the process of crystallization. Binding of R15P to the “initial bind-
ing site” might resemble the “Two-step model” proposed by Stank et al.
[25] where a ligand first binds to an adjacent site transiently which, in
turn, increases the possibility of its binding to its desired site. Similarly,
in R15Pi, it might be possible that R15P initially binds at the “initial
binding site” with one of the phosphate groups interacting with resi-
dues, which are part of the active-site pocket, thus, guiding R15P to
the actual catalytic site. Another possibility might be to render binding
specificity to the substrate over the product. As observed from the
docking studies, RuBP shows the tendency of binding to the active-site
pocket rather than the “initial binding site”. Although, the conversion
of R15P to RuBP is a reversible process, the subsequent step i.e. the con-
version of RuBP to 3-PGA by the enzyme RuBisCO is irreversible and
thus would constantly require the availability of RuBP. Henceforth, the
binding of R15P at the “initial binding site” might help in the displace-
ment of RuBP from the active-site pocket. However, it is very prelimi-
nary to arrive at such a conclusion based only on the docking studies.
It would require a more detailed investigation supported by experimen-
tal evidences to prove the hypothesis.

To identify the amino acid residues which are crucial for ligand bind-
ing at the “initial binding site” and the active-site pocket, point muta-
tions were performed. Mutation of Lys24 led to the displacement of
R15P from the “initial binding site” to the active-site pocket indicating
it to be the most crucial amino acid residue at the “initial binding site”.
At the active-site pocket, all the positively-charged conserved amino
acid residues e.g. Arg20, Arg63, Lys213, Lys238 and Arg254 interacting
with the 1-phosphate group are more crucial than the conserved
amino acid residues Ser135, Lys136 and Ala137 interacting with the
5-phosphate group. The amino acid residues interacting with the
5-phosphate group act as an “anchor” to bring the substrate R15P into
a close proximity of the active-site pocket while the actual binding
site is determined by the amino acid residues which interacts with the
1-phosphate group of the ligand.

4.1. A Plausible Mechanism of “Substrate Sliding” From the “Initial Binding
Site” to the Active Site of the Enzyme R15Pi

Binding of the substrate R15P to the “initial binding site” instead of
directly to the active-site pocket have led us to propose a probable “sub-
strate sliding” mechanism for the enzyme R15Pi. Initially, the substrate
R15P binds to the “initial binding site” with the 1-phosphate group
interacting with amino acid residues at the overlapping region
(Fig. 10A). The binding of R15P to the “initial binding site” might compel
the NTD to move towards the CTD. Owing to this conformational
change, R15P can no longer maintain its interaction with the amino
acid residues at the “initial binding site” and, in turn, is forced to slide
into the active-site pocket. The most significant bond breakage due to
the forward movement of the NTD occurs in between Lys24 and the
5-phosphate group of R15P. This also causes Lys24 to come into close
proximity of Lys136 and as a result, the positive-positive charge repul-
sion compels Lys136 to change its orientation. The change in the orien-
tation of Lys136 changes the interacting atoms of 5-phosphate group
from side chain N® atom to the main chain N atom (Fig. 10B). Simulta-
neously, forward movement of the NTD impels the other essential
amino acid residues to come into close proximity to R15P. Once R15P
forms a stable interaction with amino acid residues at the active-site
pocket, Lys136 again changes its orientation in order to interact with
the 5-phosphate group via its side chain atom N¢ (Fig. 10C), This move-
ment of R15P from the “initial binding site” to the active-site pocket can
also not be ignored based on the change in orientation of Lys136 in the
three different available forms of R15Pi.

In summary, our study provides an understanding of the different
structural aspects of the enzyme R15Pi that are indispensable for its ef-
fective functioning. Furthermore, identification of an “initial binding
site” in R15Pi and the proposition of a “substrate sliding” movement to-
wards the active-site pocket provide a new perspective to the mecha-
nism of action of the enzyme R15Pi.
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