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Abstract ADP-glucose pyrophosphorylase (E.C. 2.7.7.27;
AGPase) is a key regulatory enzyme that catalyzes the rate-
limiting step of starch biosynthesis in higher plants. AGPase
consists of pair of small (SS) and large (LS) subunits thereby
constituting a heterotetrameric structure. No crystal structure of
the native heterotetrameric enzyme is available for any species,
thus limiting the complete understanding of structure—function
relationships of this enzyme. In this study, an attempt was
made to deduce the heterotetrameric assembly of AGPase in
rice. Homology modeling of the three-dimensional structure of
the LS and SS was performed using the Swiss Model Server,
and the models were evaluated and docked using GRAMM-X
to obtain the stable heterodimer orientation (LS as receptor and
SS as ligand) and then the heterotetrameric orientation. The
initial heterotetrameric orientation was further refined using
the RosettaDock Server. MD simulation of the representative
heterodimer/tetramer was performed using NAMD, which
indicated that the tail-to-tail interaction of LS and SS was more
stable than the head-to-head orientation, and the heterotetramer
energy was also minimized to —=767,011 kcal mol . Subunit—
subunit interaction studies were then carried out using the
programs NACCESS and Dimplot. A total of 57 interface
residues were listed in SS and 63 in LS. The residues plotted
by Dimplot were similar to those listed by NACCESS. Multiple
sequence alignment of the sequences of LS and SS from potato,
maize and rice validated the interactions inferred in the study.
RMSD of 1.093 A was obtained on superimposition of the
deduced heterotetramer on the template homo-tetramer (1YP2),
showing the similarity between the two structures.
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Introduction

ADP-glucose pyrophosphorylase (E.C. 2.7.7.27; AGPase) is
a major enzyme controlling starch biosynthesis. It catalyzes
the regulatory step of ADP-glucose formation, which pro-
vides a glucosyl donor for elongation of the «-1-4-gluco-
sidic chain in the presence of divalent metal Mg>" [34].
Thus, this enzyme plays a key role in the modulation of
photosynthetic efficiency in source tissues and also deter-
mines the level of storage starch in sink tissues, thereby
influencing overall crop yield potential [21]. Regulation of
almost almost all higher AGPase depends on the ratio of 3-
phosphoglyceric acid to inorganic phosphate (3PGA/Pi).
While 3-PGA functions as the main stimulator, Pi inhibits
the activity of the enzyme [36].

Plant AGPases consist of a pair of small subunits (SS)
and large subunits (LS), which constitute a heterotetrameric
structure. AGPase is encoded by two genes named
Shrunken-2 (SA2) and Brittle-2 (B¢2). The Sh2 gene encodes
the less conserved (50 %—60 % identity) larger subunit
responsible for regulating the allosteric properties of SS,
and the Bf2 gene encodes the highly conserved (85 %-—
95 % identity) smaller subunit with catalytic and regulatory
functions [35]. In addition, specific regions from both subunits
are important for subunit association and thus enzyme stability
and functioning in potato [31]. Using chimeric maize and
potato small subunits, Cross et al. [8] observed a polymorphic
motif in the SS that is critical for subunit interaction, and
reported that a 55-amino acid region between residues 322
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Fig. 1 Assessment for Anolea, Qmean and Gromos force fields of a small (SS) and b large (LS) subunits of rice ADP-glucose pyrophosphorylase
(AGPase) structures. Green favorable energy environment, red unfavorable energy environment
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Fig. 2 Ramachandran plot for a LS and b SS of AGPase of rice
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and 376 interacts directly with LS and contributes sig-
nificantly to overall enzyme stability. Several chemical
modification studies were also carried out by Frueauf et
al. [11] to determine the role of conserved residues in
potato tuber.

Analysis of the allosteric regulatory properties of
these enzymes indicates that, although the LS is re-
quired for optimal activation by 3-PGA and resistance
to Pi, the overall allosteric regulatory and kinetic prop-
erties are specified by both subunits. The results of
Hwang et al. [19] showed that the regulatory and kinet-
ic properties of AGPase are not simply due to the LS
modulating the properties of the SS but, instead, are a
product of synergistic interaction between the two sub-
units. Additionally, phylogenetic analysis of AGPase
subunits revealed a role of subunit interfaces in the
allosteric properties of the enzyme inferring that large
subunits have undergone more duplication events than
small subunits [12].

Several attempts have been made to obtain AGPase
in a crystalline state allowing its structural characteriza-
tion but have failed to date due to the difficulty of
obtaining the enzyme in a pure state. The structures of
neither the LS nor the heterotetrameric AGPase have
been solved yet. This strongly limits a complete under-
standing of the structure—function relationships of the
enzyme and also manipulation of the enzyme for in-
creased starch production in grains. Recently, the first
atomic resolution structure of AGPase from potato tuber
(SS homotetramer) was obtained [20], following which
several computational approaches involving homology
modeling were applied to obtain an idea of the
heterotetramer structure in potato as well as in other
species. Tuncel et al. [40] modeled the large subunit
of potato AGPase using homology modeling techniques
and proposed a model for the heterotetrameric AGPase.
Baris et al. [2] examined the AGPase model to identify
important residues mediating the interactions between
LS and SS using both computational and experimental
techniques. Based on the molecular mechanics general-
ized Born surface area (MM-GBSA) method, two dis-
tinct LS domains were found to be involved in LS-SS
subunit interactions.

Manipulations of starch biosynthesis have already
been shown by several studies. The expression of a
cytoplasmically localized AGPase mutant gene from
Escherichia coli in rice endosperm resulted in enhanced
starch synthesis and, in turn, higher seed weight. The
transgenic plants showed up to 13-fold higher AGPase
activity [30]. Also, an in vivo, site-specific mutagenesis
system was used in maize [13, 33] to create defined
mutations within the gene encoding the large subunit of
the endosperm-specific starch-synthesizing enzyme
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Table 1 Evaluation of models

of large (LS) and small (SS) Model

PROCHECK

ERRAT

VERIFY 3D STATUS

subunits of ADP-glucose
pyrophosphorylase (AGPase) LS
of rice

Core region
84.2 %
Allowed region

13.5 %

Generously
allowed region

1.6 %
Disallowed region
0.8 %

SS Core region
84.9 %

Allowed region
14.1 %

Generously
allowed region

0.8 %
Disallowed region
0.3 %

Overall
Quality factor — 77.70

Overall quality factor — 83.565 96.83 % of the residues had

98.85 % of residues
Averaged 3D- 1D Score >0.2

PASS

PASS
an averaged 3D-1D Score >0.2

AGPase. This work identified an important protein motif
of this subunit and one resulting change that lead to an
increase in seed weight of 11-18 %. These results
complemented those in potato [37], showing that the
AGPase reaction is one of the limiting factors of starch bio-
synthesis and that carbon flux into starch can be enhanced by
increasing the net catalytic activity of this enzyme.

Therefore, it is critical to reveal the native heterotetrameric
AGPase structure and identify the key residues taking part in
subunit-subunit interactions to obtain a more detailed picture of
the enzyme. In the present study, an attempt has been made to
obtain an insight into the structure of two subunits (LS and SS)
of heterotetramer AGPase in rice—one of the most important
cereal plants—as well as the interactions of the two subunits to
form the heterotetramer.

Fig. 3 Predicted structures of a LS and b SS of AGPase of rice

Materials and methods
Homology modeling of the large and small subunit

The sequences of LS and SS of rice AGPase were retrieved
from the NCBI protein sequence database (http://
www.ncbi.nlm.nih.gov/protein) and a template was identified
using PSI-BLAST ([1], http://blast.ncbi.nlm.nih.gov/
BLAST.cgi) against the RCSB protein databank (PDB) ([5],
http://www.pdb.org). The three dimensional (3D) structures of
both the protein subunits were build using the Swiss Model

Fig. 4 Best orientation as obtained from the GRAMM-X server of the
heterodimer of AGPase of rice. Blue chain A, LS; red chain B, SS
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Fig. 5 Most stable orientation of the heterotetramer of AGPase of rice
as obtained from the GRAMM-X Server. Blue Chain A, LS; green
chain C, LS; cyan chain B, SS; red chain D, SS

Server ([32], http://swissmodel.expasy.org/). The modelled
structures were assessed using the Protein structure and model
assessment tools at the Swiss Model server, which utilizes
various local and global quality estimation parameters. The
models were further analyzed and verified using programs
PROCHECK [23], VERIFY3D [10] and ERRAT [7] at the
Structure Analysis and Verification Server (SAVES) (http://
nihserver.mbi.ucla.edu/SAVES). The results were analyzed
and models were further improved.

Fig. 6 Refined heterotetramer structure of AGPase of rice from the
RosettaDock server with minimum total score of —863.023 kJ mol '.Blue
Chain A, LS; green chain C, LS; cyan chain B, SS; red chain D, SS

@ Springer

Fig. 7 Molecular dynamics (MD)-minimized structure of dimer 1
(437,986 kcal mol ') with tail-to-tail subunit interactions. Chain A
LS and chain B SS

Protein—protein docking studies

The homology modeled LS and SS of rice AGPase were
submitted to the GRAMM-X docking server ([39], http:/
vakser.bioinformatics.ku.edu/resources/gramm/grammx) to
perform a rigid body docking using fast Fourier transformation
methods by applying smoothed Lennard-Jones potential,
knowledge-based and refinement stage scoring, which gives
rise to the best surface match. The best dimer orientation was
again fed to the GRAMM-X server to obtain initial
heterotetramer orientations. The RosettaDock server ([24],
http://rosettaserver.graylab.jhu.edu/) was used to refine the initial

Fig. 8 MD-minimized structure of dimer 2 (396,097 kcal mol ")
with head-to-head subunit interactions. Chain A LS and chain D SS
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Fig. 9 MD-minimized structure (-767011 kcal mol™') of the
heterotetramer. Blue Chain A, LS; green chain C, LS; cyan chain B,
SS; red chain D, SS

orientation obtained from GRAMM-X. The best orien-
tation PDB files with energy scores were retrieved and
the minimum energy structure was taken for further
reference. Idealization of bond geometry and removal
of unfavorable non-bonded contacts was performed by
energy minimization with force field GROMOS96 [42] with
the Swiss-Pdb Viewer ([14], http://spdbv.vital-it.ch).

Molecular dynamic simulations

Explicit solvent molecular dynamic (MD) simulation for the
representative structure of AGPase heterodimer/heterotetramer
from RosettaDock server was performed using NAMD ([28],
http://www.ks.uiuc.edu/Research/namd/). MD was performed
using the CHARMM force field [25] parameters with 2-fs time
steps and constant pressure conditions on an 8-node Linux
cluster operating at 0.1 TFLOPS. The starting structures

were solvated in a rectangular box of TIP3P (three-site
models have three interaction sites, corresponding to the
three atoms of the water molecule). The distance be-
tween the edge of the box and the closest solute mol-
ecule was 10 A. Counter ions (Na') were added to
neutralize the system, which was minimized using 10*
steps for fixed backbone atoms and then another 10*
steps with relaxed atoms to remove bad contacts with
conjugate gradient algorithm. Finally the .coord, .xst,
.dcd, .log and .vel files for the system were retrieved.
The final minimized structures for the heterodimers and
the heterotetramer were obtained using VMD ([18],
http://www.ks.uiuc.edu/Research/vimd/).

Subunit—subunit interaction studies

To study subunit—subunit interactions, the MD minimized struc-
tures were used as input to two different programs namely
NACCESS ([17], http://www.bioinf. manchester.ac.uk/naccess/)
and Dimplot ([44], http://www.ebi.ac.uk/thornton-srv/software/
LIGPLOT)).

The sequences from potato tuber, maize and rice for the
protein subunits were aligned to validate the interface resi-
dues listed in subunit—subunit interaction by the two pro-
grams. The MSA was performed using ClustalW ([6, 16],
http://www.ebi.ac.uk/Tools/msa/clustalw2/).

Superimposition of the deduced heterotetrameric structure
on the template

The heterotetramer generated by the study was
superimposed on the template 1YP2, i.e., the crystal
structure of the potato tuber homotetramer available from
the Protein Data Bank. The superimposition and RSMD
calculation was performed by the UCSF Chimera ([27],
http://www.cgl.ucsf.edu/chimera/download.html) to deter-
mine the accuracy of the modeled complex.

Table 2 Interface residues in the SS of rice with relative positions in the structure of AGPase as listed by NACCESS

Residue Position Residue Position Residue Position Residue Position Residue Position Residue Position
CYS 1 TYR 85 PRO 289 TYR 306 VAL 317 TYR 360
GLY 38 GLU 92 PHE 293 LEU 307 THR 318 TYR 361
ALA 39 GLN 115 TYR 294 PRO 308 ASP 319 THR 363
ASN 40 LYS 143 ARG 296 PRO 309 SER 320 GLU 364
TYR 41 PHE 184 ALA 299 SER 310 VAL 321 LYS 367
SER 75 ILE 283 ILE 300 LYS 311 ILE 322 ILE 404
ARG 76 THR 284 TYR 301 VAL 312 GLU 324 ASP 417
ALA 77 LYS 285 THR 302 LEU 313 VAL 327

GLY 79 LYS 286 PRO 304 ASP 314 ARG 329

ASN 80 VAL 288 ARG 305 ALA 315 ARG 341
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Table 3 Interface residues in the LS with relative positions in the structure of AGPase of rice as listed by NACCESS

Residue Position Residue Position Residue Position Residue Position Residue Position Residue Position
GLY 34 THR 73 ALA 90 PRO 297 ARG 309 ILE 320
GLY 35 LEU 75 ALA 91 PHE 298 LEU 310 SER 321
CYS 36 GLY 76 GLN 93 PHE 299 GLU 311 ASP 322
TYR 37 GLY 77 LEU 282 THR 300 LYS 312 ASP 357
SER 63 ILE 79 THR 283 PRO 302 CYS 313 GLN 358
ALA 64 ASN 80 GLU 284 ARG 303 LYS 314 TYR 359
SER 65 THR 82 GLN 285 TYR 304 ILE 315 THR 361
ASN 67 SER 85 PRO 287 LEU 305 LYS 316 GLU 362
ARG 68 GLN 87 GLU 290 PRO 306 ASP 317

HIS 71 VAL 88 TYR 292 PRO 307 ALA 318

HIS 72 LEU 89 PRO 294 ALA 308 ILE 319

Results Model evaluation

Homology modeled structure of LS and SS

The target sequences of the LS and SS of rice AGPase
were retrieved from the NCBI protein database with
accession numbers ACJ71342.1 and ACY56071.1, hav-
ing 518 and 502 amino acids, respectively. 1YP2 (Chain
A) was identified as template for both subunits of
AGPase in rice using PSI-BLAST. It had 50 % homol-
ogy with the LS and 87 % with the SS of rice. The
model was built using the Swiss Model server. The
model for the smaller subunit of AGPase was built from
residues 63 to 502, and the large subunit from residues
81 to 518. The starting 62 and 80 residues were re-
moved (leader sequence) from SS and LS, respectively, as
they have no homology with the template sequence. The
structures generated were assessed using the Protein Structure
and Model Assessment Tools at the Swiss Model server, which
includes Z-score [3], QMEANG score [4] and Dfire_energy [46].
The predicted Z-scores were —0.214 and —1.28, QMEANG6
scores were 0.748 and 0.659 and Dfire energy was —631.78
and —585.02 kJ mol ' for SS and LS, respectively.

The graphs for SS (Fig. la) and LS (Fig. 1b) were
obtained for the atomic empirical mean force potential
Anolea [26], which assesses the packing quality of the
models, the Qmean a composite scoring function for
both the estimation of the global quality of the entire
model as well as the local per-residue analysis of dif-
ferent regions within a model, and GROMOS-a general-
purpose molecular dynamics computer simulation pack-
age applied to the analysis of conformations obtained by
experiment or by computer simulation. Negative energy
values (in green in Fig. 1) represent a favorable energy
environment whereas positive values (in red) depict
unfavorable energy environments for a given amino
acid.

@ Springer

Models were evaluated with SAVES using its PROCHECK,
ERRAT and VERIFY3D options. PROCHECK, which
checks the stereochemical quality of a protein structure
by analyzing residue-by-residue geometry and overall
structure geometry, showed 84.2 % core regions in the
LS and 84.9 % core regions in SS. The Ramachandran
plot for both subunits (Fig. 2a, b.) depicts the
PROCHECK results. ERRAT analyzes the statistics of
non-bonded interactions between different atom types; it
gave an overall quality factor of 77.70 and 83.565 for
LS and SS, respectively. VERIFY3D determines the
compatibility of an atomic model (3D) with its own
amino acid sequence (1D), and showed 98.85 % and
96.83 % of the LS and SS residues, respectively, to
have an average 3D-1D Score >0.2 (Table 1). A status
of PASS was obtained at the SAVES, giving the green
light to use these models for further studies.

The models generated for the LS and SS were visualized
and examined in the UCSF Chimera. The LS (Fig. 3a) had
19 3 -strands and 15 «-helices, whereas the SS (Fig. 3b) had
18 (3-strands and 15 «-helices.

Docking studies to obtain heterodimer/tetramer orientations

The two subunits were docked with the GRAMM-X
docking server. The server performs a rigid body docking
and returned an initial heterodimeric orientation (Fig. 4) on
docking the LS as a receptor and SS as ligand. Also, the
heterodimer was used both as receptor and ligand to obtain
an initial heterotetrameric orientation (Fig. 5).

The initial orientation of the heterotetramer from
GRAMM-X was refined using the RosettaDock server.
The server performs a local docking search. It requires
upload of a reasonable starting position, placing the protein
partners in near contact (but not overlapping) with the
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relevant patches of the proteins facing each other.
RosettaDock’s local perturbation includes ~ =3 A in the
direction between the two proteins, ~ 8 A in the directions
sliding the proteins relative to each other along their sur-
faces, ~ 8° of tilt of the proteins, and a complete 360° spin
around the axis between the centers of the two proteins. The
server performed 1,000 independent simulations. From this
range of random positions, the server returned the ten best-
scoring structures from the run in rank order by energy. The

@ Springer

best orientation PDB files with energy scores were
retrieved and the minimum energy score structure was
taken for further reference (Fig. 6). The bond geometry
idealization and removal of unfavorable non-bonded
contacts was performed by energy minimization using
the GROMOS96 force field in Swiss-Pdb Viewer. The
energy of the heterotetramer obtained from docking studies
was minimized to —69,853 kJ/mol ' using the GROMOS96
force field.
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Table 4 Predicted hydrogen bonds and hydrophobic interactions in
dimer—dimer interface studies in AGPase of rice

Chains Hydrogen bonds Hydrophobic contacts
AB 19 28
AD 4 15
BC 10 19
CD 27 38

MD simulations of possible heterodimers/tetramer
and analysis of interactions between SS and LS of potato
AGPase

An explicit solvent MD simulation for the representative
structure of AGPase heterodimer/heterotetramer from the
RosettaDock server was performed using NAMD software
employing the CHARMM force field. Two heterodimer
orientations are possible in the heterotetramer, one in
which the two subunits have a head-to-head interaction
(Dimer 2) as in chains A and D, and the second having
tail-to-tail subunit interactions (Dimer 1) as in chains A
and B of the heterotetramer as shown in Fig. 5. MD
simulations were performed on both heterodimers and on
the heterotetramer from the RosettaDock server results.
The energy profiles from the .log file of the simulation
were extracted and TOTAL energy was obtained. Dimer 1
(Fig. 7) was found to be more stable with less energy
(—437,986 kcal mol ') then Dimer 2 (Fig. 8;
—396,097 kcal mol™'). The heterotetramer (Fig. 9) was
also minimized to a minimum energy state of
—767,011 kcal/mol ™" by the end of the simulation run. These
minimized energy structures were used to study interactions in
LS and SS. The NACCESS listed the residues having >1 A?
decrease in the accessible surface area (ASA) value on com-
plex formation as interface residues, numbering a total of 57
residues in SS and 63 in LS (Tables 2, 3). The results showed
that the LS had 31 hydrophobic and 32 hydrophilic residues at
the interface, whereas SS had 30 hydrophobic and 27 hydro-
philic residues. Dimplot plotted the hydrogen bonds and hy-
drophobic contacts between the four chains of the
heterotetramer. The resulting postscript files were retrieved
and analyzed (Fig. 10a—d). Table 4 shows the summary of
predicted interactions.

The residues involved in interactions as plotted by
DIMPLOT were also listed by NACCESS. These resi-
dues were validated by multiple sequence alignment
(MSA) of sequences for the two subunits from potato
tuber, rice and maize using ClustalW. The MSA results
(Tables 5, 6) showed that almost all the residues of the
interacting motifs in the two subunits were conserved in
the three species.

Superimposition and RMSD calculation

The heterotetramer generated by the study was superimposed on
the template 1YP2; crystal structure of the potato tuber
homotetramer available at PDB. The superimposition (Fig. 11)
showed a root mean square deviation (RMSD) of 1.093 A.

Discussion

A homology modeling approach was applied to obtain the
structure of rice AGPase LS and SS using the structure of
potato SS AGPase as a template, since they have a sequence
identity over 50 %. The similarity between the template and
target, which was 50 % for LS and 87 % for SS, was found
to be optimum for homology modeling. If the target and the
template sequence share more than 50 % sequence identity,
predictions are of very good to high quality and have been
shown to be as accurate as low-resolution X-ray predictions
[22, 43]. The model for the smaller subunit of AGPase was
built from residues 63 to 502, and that of the large subunit
used residues 81 to 518; the starting residues were removed
as they have no homology with the template sequence.
Previous studies have indicated these sequences to be the
leader sequences [12]. Tuncel et al. [40] also modeled the
LS and SS of potato AGPase from 11th and 71st position,
respectively, thus also removing the leader sequence with no
homology to the template.

Protein—protein docking is the only computational ap-
proach that directly models physical interactions between
proteins [38, 41]. High computational complexity restricts
the flexible docking algorithms and is rarely applicable to

Fig. 11 Superimposed structures of the predicted heterotetramer (blue)
and 1YP2 (brown). The root mean square deviation (RMSD) of
1.093 A indicated that the structures are similar
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Table 5 Multiple sequence alignment (MSA) of sequences of SS of AGPase of potato, rice and maize using Clustal W

CLUSTAL 2.1 multiple sequence alignment

POTATO SMALL SUBUNIT
RICE SMALL SUBUNIT
MAIZE SMALL SUBUNIT

POTATO SMALL SUBUNIT
RICE SMALL SUBUNIT
MAIZE SMALL SUBUNIT

POTATO SMALL SUBUNIT
RICE SMALL SUBUNIT
MAIZE SMALL SUBUNIT

POTATO SMALL SUBUNIT
RICE SMALL SUBUNIT
MAIZE SMALL SUBUNIT

POTATO SMALL SUBUNIT
RICE SMALL SUBUNIT
MAIZE SMALL SUBUNIT

POTATO SMALL SUBUNIT
RICE SMALL SUBUNIT
MAIZE SMALL SUBUNIT

POTATO SMALL SUBUNIT
RICE SMALL SUBUNIT
MAIZE SMALL SUBUNIT

POTATO SMALL SUBUNIT
RICE SMALL SUBUNIT
MAIZE SMALL SUBUNIT

POTATO SMALL SUBUNIT
RICE SMALL SUBUNIT
MAIZE SMALL SUBUNIT

POTATO SMALL SUBUNIT
RICE SMALL SUBUNIT
MAIZE SMALL SUBUNIT

POTATO SMALL SUBUNIT
RICE SMALL SUBUNIT
MAIZE SMALL SUBUNIT

MAMMAMGAASWAPI PAPARAAAAFYPGRDLAAARRRRGAAAAARRPFVET
--------------------------- MDMALASKASPPPSNATTAEQLT

-MAVSDSQNSQTCLDPDASRSVLGIILGGGAGTRLYPLTKKRAKPAVPLG
PRAVSDSRSSQTCLDPDASTSVLGIILGGGAGTRLYPLTKKRAKPAVPLG
PKRDKAAANDSTYLNPQAHDSVLGIILGGGAGTRLYPLTKKRAKPAVPLG

L.k koK ok khkkkhkkhkkkhkkhhkkhkkhkhkkhkhkhhkkhkkhhkkhkdhkkx*

ANYRLIDIPVSNCLNSNISKIYVLTQFNSASLNRHLSRAYASNMGGYKNE
ANYRLIDIPVSNCLNSNVSKIYVLTQFNSASLNRHLSRAYGNNISGYKNE
ANYRLIDIPVSNCLNSNISKIYVLTQFNSASLNRHLSRAYGSNIGGYKNE

Fhkhkkhkhkkhkkdkhhhhdhkh  khhdhdxhhhkdhdddbrdrdxr K. *kkxd

GFVEVLAAQQSPENPDWFQGTADAVRQYLWLFEEHTVLEYLILAGDHLYR
GFVEVLAAQQSPENPNWFQGTADAVRQYLWLFEEHNVMEFLILAGDHLYR
GFVEVLAAQQSPDNPNWFQGTADAVRQYLWLFEEHNVMEFLILAGDHLYR

Fhkhkkhhkhkkhkhkxkh . kk kxdhhdhddhhhhhdrhhd *. % . kxdrdxhhxk

MDYEKFIQAHRETDADITVAALPMDEKRATAFGLMKIDEEGRIIEFAEKP
MDYQKFIQAHRETDADITVAALPMDEERATAFGLMKIDDEGRIIEFAEKP
MDYEKFIQAHRETNADITVAALPMDEKRATAFGLMKIDEEGRIIEFAEKP

RS EE S S S S S S S S NE S S S S S S S S S S RS EEEEEEEEEIESEEEEEEEES

QGEQLQAMKVDTTILGLDDKRAKEMPFIASMGIYVISKDVMLNLLRDKEFP
KGEKLKSMMVDTTILGLDTERAKELPYIASMGIYVFSKDVMLKLLRQNFP
KGEQLKAMMVDTTILGLDDVRAKEMPYIASMGIYVFSKDVMLQLLREQFP

thk ok ok kkkkkkkkk Fhhkk ok chkhhkhkhkhkhkk o hhkkhhkk,kkkh, . kxk

GANDFGSEVIPGATSLGMRVQAYLYDGYWEDIGTIEAFYNANLGITKKPV
AANDFGSEVIPGATEIGMRVQAYLYDGYWEDIGTIEAFYNANLGITKKPV
EANDFGSEVIPGATSIGKRVQAYLYDGYWEDIGTIAAFYNANLGITKKPM

Fhhkhkkkkkhhdhhk .k dhkdkhkhkhkdkdkdkhddhhhdkdx dhdhhhhkrkhhdhk .

PDFSFYDRSAPIYTQPRYLPPSKMLDADVTDSVIGEGCVIKNCKIHHSVV
PDFSFYDRSAAIYTQPRYLPPSKVLDADVTDSVIGEGCVIRHCTINHSVV
PDFSFYDRFAPIYTQPRHLPPSKVLDADVTDSVIGEGCVIKNCKINHSVV

LR R RS SR RS EE LR RS EEEEESEEEEEEEEEEEEEE NN SRS S

GLRSCISEGAIIEDSLLMGADYYETDADRKLLAAKGSVPIGIGKNCHIKR
GLRSCISDGAVIEDSLLMGADYYETETDKKALSETGGIPIGIGKNAHIRK
GLRSCISEGAIIEDSLLMGADYYETEADKKLLAEKGGIPIGIGKNSCIRR

PR R R R R R I L R EEEEEEEEEEE LR IEE I * kKKK KKK * . .

AIIDKNARIGDNVKIINKDNVQEAARETDGYFIKSGIVTVIKDALIPSGI
AIIDKNARIGENVKIINVDNIQEASRETDGYFIKSGIVTVIKDALIPSGT
ATIIDKNARIGDNVKVFQTDVPTVKNINLDFSLGYYIILDMPFCPLIFNIY

AAXXKXKXKX KA KKK .k kk. .. * . x . * . . * *

II 451
VI 502
F- 474

50
23

49
100
73

99
150
123

149
200
173

199
250
223

249
300
273

299
350
323

349
400
373

399
450
423

449
500
473

study. * conserved residues.

Blue: leader sequence; red residue: listed in literature; pink: as listed from our

practical protein docking at present. This problem can be
overcome by using a rigid body docking algorithm [45].
Thus, LS as receptor and SS as ligand were docked with the
GRAMM-X server, returning an initial orientation of the
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heterodimer as well as the heterotetramer, which were fur-
ther refined.

Simulations aid our understanding of biochemical pro-
cesses and give a dynamic dimension to structural data. MD
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Table 6 MSA of sequences of LS of AGPase of potato, rice and maize using Clustal W

CLUSTAL 2.1 multiple sequence alignment
POTATO W s s s m s s s o m o e oo e e — e — - —— - NKIKPGVAYSVI 12
RICE MQFMMPLDTNACAQPMRRAGEGAGTERLMERLNIGGMTQEKALRKRCFGDGVTGTARCVFE 60
MAIZE --MQFALALDTNSGPHQIRSCEGDGIDRLEKLSIGGRKQEKALRNRCFGGRVAATTQCIL 58
POTATO TTENDTQTVFVDMPRLERRRANPKDVAAVILGGGEGTKLFPLTSRTATPAVPVGGCYRLI 72
RICE TSDADRDTPHLRTQSSRKNYADASHVSAVILGGGTGVQLFPLTSTRATPAVPVGGCYRLI 120
MAIZE TSDACPETLHSQTQSSRKNYADANRVSAIILGGGTGSQLFPLTSTRATPAVPVGGCYRLI 118
* e I i Ko kokakkkokk ok cokkkkkk  kkkkkkkkkkkkkk
POTATO DIPMSNCINSAINKIFVLTQYNSAPLNRHIARTYFGNGVSFGDGFVEVLAATQTPGEAGK 132
RICE DIPMSNCEFNSGINKIFVMTQFNSASLNRHIHHTYLGGGINFTDGSVQVLAATQMPDEP-A 179
MAIZE DIPMSNCFNSGINKIFVMSQFNSTSLNRHIHRTYLEGGINFADGSVQVLAATQMPEEP-A 177
*******:**_******::*:**:_***** :**: _*:_* *hk k. kkkkkk ok K
POTATO KWFQGTADAVRKFIWVFEDAKN-KNIENIVVLSGDHLYRMDYMELVONHIDRNADITLSC 191
RICE GWFQGTADAIRKFMWILEDHYNQNNIEHVVILCGDQLYRMNYMELVQKHVDDNADITISC 239
MAIZE GWFQGTADSIRKFIWVLEDYYSHKSIDNIVILSGDQLYRMNYMELVQKHVEDDADITISC 237
dhkkkkkk . .hkkk. k.. %% . s ks ak ok kk o kkkk L kkkkk k. k.. shkkk . kk
POTATO APAEDSRASDFGLVKIDSRGRVVQFAEKPKGFDLKAMQVDTTLVGLSPQDAKKSPYIASM 251
RICE APIDGSRASGYGLVKFDDSGRVIQFLEKPEGADLESMKVDTSFLSYAIDDKQKYPYIASM 299
MAIZE APVDESRASKNGLVKIDHTGRVLQFFEKPKGADLNSMRVETNFLSYATIDDAQKYPYLASM 297
* * : * Kk k* ****:* ***:** ***:* **::*:*:*_::‘ : :* :* **:***
POTATO GVYVFKTDVLLKLLKWSYPTSNDFGSEIIPAAIDDYNVQAYIFKDYWEDIGTIKSFYNAS 311
RICE GIYVLKKDVLLDILKSKYAHLODFGSEILPRAVLEHNVKACVFTEYWEDIGTIKSFFDAN 359
MAIZE GIYVFKKDALLDLLKSKYTQLHDFGSEILPRAVLDHSVQACIFTGYWEDVGTIKSFFDAN 357
kokk ok Kk Kk kk K chkkkkkk ok K, s Kk ok ok kkkk L kkkkkk . ok
POTATO LALTQEFPEFQFYDPKTPFYTSPRFLPPTKIDNCKIKDAIISHGCFLRDCSVEHSIVGER 371
RICE LALTEQPPKFEFYDPKTPFFTSPRYLPPARLEKCKIKDAIISDGCSFSECTIEHSVIGIS 419
MAIZE LALTEQPSKFDFYDPKTPFFTAPRCLPPTQLDKCKMKYAFISDGCLLRECNIEHSVIGVC 417
****:: ~:*:********:*:** ***:::::**:* *:**‘** : :*‘:***::*
POTATO SRLDCGVELKDTFMMGADYYQTESEIASLLAEGKVPIGIGENTKIRKCIIDKNAKIGKNV 431
RICE SRVSIGCELKDTMMMGADQYETEEETSKLLFEGKVPIGIGENTKIRNCIIDMNARIGRNV 479
MAIZE SRVSSGCELKDSVMMGADTYETEEEASKLLLAGKVPVGIGRNTKIRNCIIDMNARIGKNV 477
**:~ * ****:‘***** *:**~* :~** ****:***.*****:**** **:**:**
POTATO SIINKDGVQEADRPEEGFYIRSGIIIILEKATIRDGTVI 470
RICE ITANTQGVQESDHPEEGYYIRSGIVVILKNATIKDGTVI 518
MAIZE VITNSKGIQEADHPEEGYYIRSGIVVILKNATINDGSVI 516
* k| kokk .k .kkkk o kkkkkk . kk . kkk | Kk kK
Blue: leader sequence; red residue: listed in literature; pink: as listed from our
study. * conserved residues.

simulation is used to bring biomolecular structures alive,
giving insights into natural dynamics on different timescales
of biomolecules in solution [15]. Thus MD simulations were
performed on both the heterodimers and the heterotetramer
from the RosettaDock server results using NAMD. Two
possible heterodimer orientations are possible in the
heterotetramer: one in which the two subunits have a
head-to-head interaction and a second having tail-to-tail
subunit interactions. MD studies revealed the tail-to-tail

interaction to be more stable compared to the head-to-head
interacting dimer. A similar result was also obtained by
Baris et al. [2] for AGPase dimers in potato using a similar
approach. Further, the energy-minimized heterotetramer was
also obtained from MD simulations with a minimized ener-
gy of =767,011 kcal mol .

Subunit—subunit interactions were predicted. NACCESS
listed the interface residues with the criteria that the residues
showing a decrease of > 1 A % in the ASA on complex
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formation are present at the interface of the subunits, as taken
into consideration by Tuncel et al. [40] for similar work on
potato AGPase. Dimplot, part of the Ligplot v.4.5.3 suite, was
used to plot interactions between the four chains of the
heterotetramer on a Linux machine. Dimplot studies the
dimer interface and plots the hydrophobic interactions and
hydrogen bonds. Chains A and B showed 19 hydrogen
bonds and 28 hydrophobic contacts, whereas chains A
and D had only 4 hydrogen bonds and 15 hydrophobic
contacts between them. Similarly, chains B and C had 10
hydrogen and 19 hydrophobic interactions. The maximum
interactions of 27 hydrogen bonds and 38 hydrophobic
contacts were observed between chains C and D. A similar
approach was used by Danishuddin et al. [9] to study
interactions in wheat AGPase. The results of NACCESS
and Dimplot were similar. Next the listed residues were
validated by MSA of the LS and SS sequences from potato
tuber, rice and maize. The results of MSA showed that a
lot of residues predicted at the interface were similar to
those predicted by Tuncel et al. [40] for the LS and Jin et
al. [20] for the SS, and almost all the residues of the
interacting motifs in the two subunits were conserved in
the three species. As the criteria for the accuracy of the
determined structures was proposed [29], for proteins with
close homologous templates, most predicted structures have
a RMSD of 1-2 A from the experimental structure, which
in some cases achieves the accuracy of medium-resolution
NMR or low-resolution X-ray structures. Consequently, the
final structure was superimposed on the template structure
(1YP2) and the RMSD was calculated to be 1.093 A,
illustrating the structures to be similar.

Conclusions

In the present study, we predicted the structure of the LS and
SS of rice AGPase using comparative modeling. Further, the
orientation of the dimer and the heterotetramer were deter-
mined using protein—protein docking studies, which were
refined using MD simulations. Interactions leading to as-
sembly of the AGPase heterotetramer in rice were predicted
using two approaches and validated by MSA. The structure
of the AGPase heterotetramer of rice deduced using various
modeling and docking tools along with MD simulations
illustrated that the model obtained in rice was similar to
the AGPase homotetramer crystal structure of potato
(template) as evident by the RMSD value of superimposi-
tion of the two. Subunit interaction studies by NACCESS
and Dimplot listed the residues at the interface, which were
found to be conserved in the AGPases of all three crops.
Identification of these critical amino acids between LS and
SS will pave the way to further engineering of the enzyme to
improve plant starch yield.

@ Springer
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