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Graphical abstract Abstract

[ SATALTTERAAIT Tagatose is a high value low calorie sweetener that is used as a sugar substitute in the food
? 5 and pharmaceutical industry. The production of tagatose requires the conversion of
galactitol-1-phosphate  to  tagatose-é6-phosphate by galactitol-1-phosphate  5-
dehydrogenase (PAGPDH). The objective of this work is to study the protein-ligand
interaction between PAGPDH and its ligands; galactitol-1-phosphate, Zn2+ and NAD+.
Understanding of this mechanism will provide an insight into the possible catalytic events
in these domains, thus providing information for potential protein engineering to improve
the tagatose production. A 3D model of PAGPDH was constructed fo identify the catalytic
. and coenzyme binding domains. In order to understand the interaction of PAGPDH with
S Lo mec its ligands, a docking analysis of PAGPDH-substrate, PAGPDH-Zn2* and PAGPDH-NAD*
complex was performed using CDOCKER in Discovery Studio 4.0 (DS 4.0). A series of
docking events were performed to find the most stable binding interaction for the enzyme
and its ligands. This study found that Cys 37, His 58, Glu 59, Glu 142 residues from PAGPDH
form an active site pocket similar to known GPDH. A catalytic Zn2* binding domain and a
cofactor NAD+ binding domain with strong hydrogen bonding contacts with the substrate
and the cofactor were idenfified. The binding pocketfs of the enzyme for galactitol-1-
phosphate, NAD* and Zn? has been defined. The stability of PAGPDH with its ligand was
verified by utilizing the molecular dynamic simulation of docked complex. The results from
this study will assist future mutagenesis study and enzyme modification work to improve the

tagatose production.

Keywords: Protein-ligand interaction, galactitol-1-phosphate 5-dehydrogenase, tagatose
production, molecular docking

Abstrak

Tagatose adalah pemanis rendah kalori yang bernilai tinggi dan digunakan sebagai
pengganti gula dalam makanan dan industri farmaseutikal. Pengeluaran tagatose
memerlukan  penukaran  galactitol-1-fosfat  kepada  fagatose-6-fosfat  dengan
mengunakan galactitol-1-fosfat 5-dehydrogenase (PAGPDH). Objektif projek ini adalah
untuk mengkaiji interaksi antara protein PAGPDH dan ligand; galactitol-1-fosfat, Zn2* dan
NAD+. Kefahaman mengenai mekanisme ini akan memberikan gambaran tindakan
mangkinan dalam domain ini, justeru dapat menyediakan maklumat untuk kejuruteraan
protein yang berpotensi dalam meningkatkan pengeluaran tagatose. 3D model PAGPDH
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telah dibina untuk mengenal pasti domain mangkinan dan koenzim. Unfuk memahami
inferaksi antara PAGPDH-substrat, PAGPDH-Zn2* dan PAGPDH-NAD* kompleks, analisis
telah dilaksanakan menggunakan CDOCKER dalam perisian Studio 4.0 (DS 4.0). Satu siri
mengedok telah dijalankan untuk mencari interaksi mengikat paling stabil untuk enzim

dan ligand-ligand tersebut. Kajian ini mendapati bahawa asid amino Cys 37, His 58, Glu
59 dan Glu 142 dari PAGPDH membentuk poket tapak aktif yang sama seperti GPDH yang
diketahui. Pengikat domain untuk pemangkin Zn2* dan kofaktor NAD* berserta ikatan
hidrogen yang kukuh dalam substrat dan kofaktor telah dikenal pasti. Poket mengikat
enzim untuk galactitol-1-fosfat, NAD* dan Zn2* telah dijelaskan. Kestabilan PAGPDH
dengan ligand felah disahkan dengan menggunakan simulasi dinamik struktur dok. Hasil
daripada kajian ini akan membantu mutagenesis kajian dan pengubahsuaian enzim
untuk meningkatkan pengeluaran tagatose pada masa hadapan.

Kata kunci: Interaksi protein-ligand, galactitol-1-fosfat 5-dehydrogenase, pengeluaran

tagatose, mengedok molekul

© 2016 Penerbit UTM Press. All rights reserved

1.0 INTRODUCTION

Today, an increasing number of researchers are
focusing on tagatose production as an alternative
sugar for healthy eating. Tagatose is a ketohexose
monosaccharide sugar, which is a C-4 epimer of
fructose [1]. Tagatose is rarely found in nature and
present in only small amount in cacao, dairy product
and fruits [2,3]. As there is no abundant source of
tagatose in nature, this sugar is currently become
subject of intensive investigation in many aspect.

Because of its unique properties, tagatose has
been shown to have numerous health benefits
including reduction of risk of type 2 diabetes,
prevention of dental carries and freatment of obesity
[4-6]. With 92% of the sweetness of sucrose but less
than half the calories [7], tagatose can be used as
anfi-hyperglycemic agent [8]. Compared to other
sweetener, fagatose shows the lowest glycemic index
(Gl) [?]. As hedlth functional food for anti-
hyperglycemic effect, Korea Food and Drug
Administration (KFDA) approved the safety and
function of tagatose for controlling the bood glucose
level [10]. The proposed use of tagatose is safe within
the term of the Federal Food, Drug and Cosmetic Act
and it was approved as a ‘generally recognized as
safe’ (GRAS) by Food and Drug Administration (FDA)
[11].

The production of tagatose requires the conversion
of galactitol-1-phosphate to tagatose-6-phosphate
by galactitol-1-phosphate  5-dehydrogenase  [12].
However, the catalytic mechanism of the oxidation of
galactitol-1-phosphate is not as well characterized.
Understanding this mechanism will provide an insight
info the possible catalytic events, thus providing
information for potential protein engineering fo
improve the tagatose production. Galactitol-1
Phosphate 5- Dehydrogenase from Peptoclostridium
difficle CD196 (PAGPDH) belongs to the medium
chain dehydrogenase family. It consist of two
domains; a catalytic domain and a nicofinamide
cofactor (NAD*) binding domain. The 3D structure and
the active site of PAGPDH remained to be identified

and the interaction of substrate binding has not been
studied in detail at atomic level. The present paper is
the first study of the sequences and structural
characterization of PAGPDH.

Here, we describe that the proton and hydride
fransfer occurs directly without any proton relay
mechanism, in contrast to previously described in liver
alcohol dehydrogenase[13] and galactitol
dehydrogenase [14]. The proposed catalytic
mechanism of GPDH for oxidation of L-galactitol-1-
phosphate (LG1P) to tagatose-é-phosphate (DTéP)
involves the His 58 acting as a general base,
abstracting the proton from the C5 hydroxyl of LG1P
and driving the fransfer of a hydride ion onto C4
nicotinamide ring of NAD*. The C5 hydroxyl group of
LG1P bound to zinc, thus making a pentacoordinated
zinc ion in complex with the substrate, similar to the
reported dehydrogenases.

In this study, we present computational studies on
the interaction of PAGPDH with its ligands at molecular
level. The 3D model of PAGPDH was generated based
on the template from BLAST by using MODELER
software, and was assessed with different tools for
structure validation. The active site, a zinc metal
binding domain and cofactor NAD* binding domain
were identified. A series docking of PAGPDH-substrate,
PAGPDH-Zn?* and PAGPDH-NAD*was performed using
CDOCKER in Discovery Studio 4.0 (DS4.0). The docked
complex was refined by molecular dynamic
simulation to confirm ifs stable behaviour enfire
simulation period. Homology modelling did not only
generate the desired protein but also helped in
substrate idenfification and molecular docking to
analyse the ligand binding interaction [15].

2.0 METHODOLOGY

2.1 Sequence Analysis

The target sequence was downloaded from GenBank
Database under accession no. WP_009820524.1. PSI-
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BLAST and BLAST PDB were used to analyse the amino
acid sequence of Galactitol-1-Phosphate  5-
dehydrogenase from  Peptoclostridium  difficle
(PAGPDH). To identify the conserved domains and the
possible families of the protein, SUPER-FAMILY HMM
server were Ufilised.

2.2 Model Construction and Evaluation

The three dimensional (3D) structure of NAD*-
dependent PAGPDH was developed based on the
crystal structure of GPDH (PDB ID:4UEO) as the
template. The sequence structure alignment was
optimised and used as the input fo build a 3D model
using MODELER from Accelrys Discovery Studio 4.0. The
MODELER generated models for each alignment. The
model with the lowest PDF and DOPE scope were
selected. The 3D model then was assessed by different
tools including PROCHECK [16], Verify-3D [17], ERRAT
[18], and ProsA-web [19].

2.3 Molecular Docking

The binding sites of PAGPDH were predicted with a
defined receptor molecule using the binding site
analysis tool in Accelrys Discovery Studio 4.0 (DS 4.0),
which identified several binding sites. These binding
sites were compared with the known GPDH. The
potential substrates for PAGPH were identified by
comparing the sequence and the structural fraits of
GPDH from previous publications [12,20]. The structural
model of galactitol 1-phosphate, Zn2* and NAD* were
extracted from the PUBCHEM server as SDF files. The
compounds were then prepared by using Prepare
Ligand protocol and were used for docking.

Molecular docking of all compounds was
performed by CDOCKER implemented in Discovery
Studio 4.0 which is a CHARMm based docking fool
using a rigid receptor [21]. To create an explicitly
solvated system, the solvation protocol was used. A
set of 10 different orientations was randomly
generated and placed into the receptor. A MD
simulation was performed once the randomized
ligand has been docked into the active protein site,
starting with a gradual heating phase of 2000 1-fs steps
from 300 fo 700 K, and followed by a cooling phase of
5000 1-fs steps back to 300 K. Catalytic Znz* and NAD*
were docked into the Zn?* binding domain and
coenzyme binding domain, respectively. A short
energy minimization containing 100 steps of a smart
minimizer was done for structure refinement, followed
by 50 steps of a conjugate gradient. The energy
minimized structure containing Zn?* and NAD* was
used as the receptor for substrate docking.

For substrate docking, random  substrate
conformations  were generated using high
temperature MD. Random rigid-body rotations were
used to create candidate poses followed by
simulated anneadling. The structure of the protein-
substrate  complex was subjected to energy
minimization using the CHARMm force field

implemented in DS4.0. The substrate poses were then
refined with a full-potential final minimization. The
energy docked conformation of the substrate was
retieved for post-docking analysis based on
CDOCKER as described previously [22]. The substrate
orientafion with the lowest inferaction energy was
chosen for the docking analysis. The hydrogen bonds
of the ligands were defined within a distance 5 A from
the receptor in the binding pocket. The molecular
docking or protein complexes were repeated twice to
avoid artifacts, however the result of protein binding
of these two replicates were same. Therefore, the
analysis of only 1 set of docking is described below.
The interaction of protein-ligand complexes were
displayed and analysed by using 3D and 2D
schematic diagrames.

2.4 Molecular Dynamic Simulation

Apo PAGPDH and PAGPDH complex were simulated
by using GROMACS 4.6.5 package and the
GROMOQOS96 force field for 20 ns in order fo examine
the molecular dynamic stability of the protein. The
starting model of apo PAGPDH was built from the
homology modelling of PAGPDHO0002.pdb described
above. While the initial structure of PAGPDH complex
was faken from the highest scored pose of docked
protein. The fopology and force field parameters for
the ligands were generated by using GlycoBioChem
PRODRG?2 server. The SPCE model was used for water
molecules (-water spce) and GROMOS 96 54a7 was
selected as force field for the simulation. A simple
cubic box with the dimension 1.0 nm3 was setup for
the system. After defining the box dimension, the box
was filled with water by using genbox, a program that
added the correct number of water molecules
needed fo solvate the box. Sodium and chloride
counter ions were added to preserve neutrality of the
system.

The protein was imposed in periodic boundary
condition (PBC) and electrostatic interactions were
improved by Particle Mesh Ewald (PME) summation
method which was used to treat coulomb potential
which is the best method for computing long-range
electrostatics. The system was energy minimized using
5000 steps from the steepest descent algorithm
followed by equilibration for 100 ps pf solute-position —
restrained MD. Each system was restrained MD in 2-fs
fime step using Linear Constraints (LINCS) algorithm for
fixing all bond lengths in the system. The system stability
and behavior of the proteins were analyzed with use
of the tools available in GROMACS 4.6.5 program. To
compare the stability and structure folding reliability of
apo PAGPDH and PAGPDH complex, the root mean
square deviation (RMSD), radius of protein gyration
(Rg). and total energy of the proteins were utilized by
using g_rms, g_gyrate and g_energy program of
GROMACS.
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3.0 RESULTS AND DISCUSSION
3.1 Sequence Analysis

Multiple sequence alignment (MSA) is a key role in
comparative structure and function analysis of
biological sequences which help the analysis of the
the fundamental biology of sequence-structure-
function relationships of protein sequence families
[19]. The results from the ClustalW online server showed
that Galactitol 1-phosphate 5-dehydrogenase from
Peptoclostridium  difficile  (PAGPDH) has 34.3%
sequence identity and 58.5% sequence similarity with
Galactitol 1- phosphate Dehydrogenase (GPDH) from
E.coli. The PSI- BLAST and SUPERFAMILY HMM library
result identified that catalytic domain of PAGPDH as
Medium Chain Dehydrogenase/Reductase (MDR).
MDR contains zinc-dependent alcohol
dehydrogenase (ADH-Zn) and related protein.

From the sequence alignment in Figure 1, PAGPDH
and the other dehydrogenase enzymes [20,29-31] are
strictly conserved for the catalytic zinc at active site
(green stars) and structural zinc (yellow stars). The
active site zinc is coordinated by a cysteine (position
37), histidine (position 58) and glutamine (position 59),
while the second structural ion is coordinated by four
cysteines (position 88, 91, 94 and 102). Notably,
PAGPDH shows conserved a glycine in the GHE motif.
Tiwari and co-workers (2012) [32] demonstrated that
conserved the glycine in GHE motif plays a role in
maintaining the metal binding affinity and the
electronic state of the catalytic zinc ion during
catalysis of the MDR superfamily enzymes. Other highly
conserved regions include the GXGXXG dinucleotide
binding mofif of the Rossmann fold (formed by Gly
166, Gly 168 and Gly 171).

3.2 Three Dimensional Model Development

The 3D features of the PAGPDH model were based on
the crystal structure of GPDH (PDB ID: 4UEQ). To build
the 3D model, the alignment between GPDH and
PAGPDH was submitted to the MODELER program
from Discovery Studio 4.0. MODELER is a program used
to compare protein structure models based on the
satisfaction of spatial restraint. The restraints are
designed from the alignment between the input and
the template sequence. Twenty models were
generated by MODELER. PdGPDH0002.pdb was
chosen as the best model structure for PAGPDH
because it has the lowest PDF score and DOPE with
1740 and -36319, respectively. The molecular PDF
(molpdf) is the sum of restraint violation while Discrete
Optimized Protein Energy (DOPE) score is an atomic
distance-dependent statistical potential used fo
assess the homology models in protfein structure
prediction [33].

The 3D model of PAGPDH is represented in Figure
2. The structural features of the model are similar to
other members in the MDR family which generally

have two fightly bound zinc atoms per subunit, a
catalytfic zinc at the active site and a structural zinc
ion. Cysteine (Cys 37), histidine (His 58) and glutamine
(Glu 59) are coordinated to the active site zinc and
four cysteine (Cys 88, Cys 91, Cys 94,Cys 102) are
coordinated to the second zinc , located in the lobe
loop region. The structure of PAGPDH contains fen a-
helices (H1-H10) and 17 B-strands (S1-S17). PAGPDH is
folded into two domains; a catalytic domain (residues
1-146 and 285-350) and a coenzyme binding domain
(residues 147-284) separated by a deep cleft. The
coenzyme domain contfains the a/B Rossman fold
dinucleotide binding protein [34] that consist a six
stfranded parallel B-sheeft, flanked by five a-helices.

Figure 3 shows a representation of the
superimposition between PdGPDH 3D model and
GPDH as the selected template. The superimposition
of these two proteins showed a good structure
alignment with RMSD of 0.25 A°and a 98% coverage
of the backbone atoms. PAGPDH and GPDH show a
high degree of structural similarity despite their low
sequence similarity.The residues in the catalytic and
structural region of PAGPDH that are highlighted in the
grey boxes had similar orientations and positions to the
residues in the template GPDH.

3.3 Structural Model Validation

Several model validation tools such as PROCHECK
[16], VERIFY 3D [17], ERRAT [18], and ProsA- web [19]
were used to assess the quality of the 3D model. From
the PROCHECK analysis, the backbone conformation
was evaluated based on the Psi/Phi Ramachandran
plot. The Ramachandran plot showed that the Psi/Phi
angle of 92.6% are in the most favoured region, 7% in
additional and generously allowed region and only
0.3% amino acid residue are in disallowed region.
Therefore, 99.60% residues are in allowed regions.

The result of VERIFY-3D showed 80% of the residues had
an average 3D-1D score above 0.2 and the rest of the
residues (20%) obtained the lower score. A VERIFY-3D
above 80% is considered as satisfactory quality of a
predicted model. The model assessment was also
performed by using ERRAT to calculate the overall
quality score for non-bonded atomic interaction by a
comparison of the statistics with highly refined
structures. According to Chaitanya and co-workers
[35]. the normally accepted range of ERRAT score for
a high quality model is greater the 50%. The ERRAT
score of PDGPDH model was 68.36% which is
acceptable in the normal range.
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Figure 1 Sequence alignment for PAGPDH with the closest structural homologues; galactitol-1-phosphate 5-dehydrogenase from
E.coli (PDB ID: 4UEQ), threonine dehydrogenase from P.horikoshii (PDB ID:2DFV), L-threonine dehydrogenase form T.kodakaraensis
(PDB ID:3GFB), threonine 3-dehydrogenase from thermophilus PBD ID: 2DQ4), zinc-binding dehydrogenase from S.melilofi (PDB
ID:4EJM), and sorbitol dehydrogenase from silverleaf whitefly (PDB ID:1E3J). The predicted secondary structure elements for PAGPDH
were shown above the sequence. The conserved positions are shown in red characters. Residues that coordinate the catalytic zinc
are in green stars and four cysteine residues that coordinate the structural zinc ion are within yellow stars. The cyan boxes denote
to the conserved glycine in GHE and GXGXXG motfif. The presentation of the sequence alignment is made using EsPript
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Lastly, ProSA-web was used to analyse the overall
quality score for the model . If this score is in the normal
range for native protein, the model most likely contain
no error. The z-score of the structure model PAGPDH
was calculated to be -7.98 which is considered to be
within the normal range of scores for native proteins of
a similar size. Table 1 shows the summary of the
evaluation result. Overall, the values of predicted
PAGPDH model obtained from the different validation
fools are considered reasonable.

CATALYTIC DOMAIN

LOBE LOOP REGION

Figure 2 3D-model of PAGPDH representing the secondary
structure elements including a-helices (H1-H10) and B-strands
(S1-S17). The structure PAGPDH comprises two domains, a
coenzyme binding domain and a catalytic domain

STRUCTURAL REGION

Figure 3 Superimposition of PAGPDH (yellow) and its template
GPDH (blue) in a cartoon representation. The grey boxes
donate to two domain region including the catalytic region
and structural region

Table 1 Summary of model validation using different tools

Model Evaluation scheme score Normal
evaluation range of
tools the score
PROCHECK The number of 99.60% >90%

residues in allowed
region based on
Psi/Phi
Ramachandran
plot

Model Evaluation scheme score Normal
evaluation range of
tools the score
VERIFY 3D The number of 80% >80%

residues having an
average 3D-1D
score above 0.2
ERRAT The overall quality 68.36% >50%
for nonbonded
atomic interaction
ProSA-web Model evaluation -7.98 NPS
by calculating an
overall quality
score (z-score)

NPS is native protein size check whether the Z-score of the input
structure is within the range of scores for native proteins of similar size.

3.4 Molecular Docking
3.4.1 Location and Binding of Zn2* lons

With a broad range of activities, the members of the
MDR superfamily are currently a subject of intensive
investigation [36,37]. Generally, MDR have 1two
tetrahedrally coordinated zinc ions per subunit; (1) a
catalytic zinc at the active site with three residues, one
histidine, and two cysteine residues and (2) a structural
zinc that interacts with four protein residues [38]. In the
polyol dehydrogenase family, the third catalytic
residue is varied which can either be the residue that
is adjacent to the His or another Glu that is 85 residues
away [36].

The structure of PAGPDH reveals a catalytic Zn?*
binding site coordinates by four protein residues (Cys
37, His 58, Glu 59, and Glu 142) with distances of 2.4A,
2.1A, 2.2A, and 2.3A , respectively, along with a water
molecule (Figure 4). The position of Glu 59 was
adjacent to the principle residue His 58, while another
Glu 142 was 84 residues away. The structural zinc ion
coordinated by Cys 88 (2.5A), Cys 91 (2.3A) Cys 94
(2.3A) Cys 102 (2.3A). This zinc ion stabilizes a long loop
extension from the sheet structure.

3.4.2 Coenzyme Binding Domain

Most of the MDR proteins are zinc-dependent proteins
which catalyze the oxidation of primary or secondary
alcohols to the corresponding aldehydes or ketones
using NAD(P)* as a cofactor [39]. NAD consists of two
nucleotides joined through their phosphate group;
one nucleotide contains an adenine base and the
other is nicofinamide [40]. In the present research, the
binding of NAD* to the coenzyme binding domain
was analysed. The adenosine half bound in a cleft at
the surface of the domain, and the nicotinamide half
bound deep in the protein at the active site cleft. The
adenine base is positioned in a hydrophobic cleft with
the Né amino group pointing out towards the surface
(Figure 5).

In this study, the NAD* requires a glycine rich, highly
conserved GXGXXG sequence motif. This mofif was
also present within the sequence of GPDH and
comprised the following amino acids GAGTIG. The Gly
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38, Gly 168, Thr 169, Met 170 and water molecules
were hydrogen bonded with oxygen of the
pyrophosphate. A similar hydrogen bond was
observed between a water molecule and nitrogen at
the adenine base. The presence of water molecules
implicated a significant component in dinucleotide
recognition [41]. The Ala 235 (2A) formed hydrogen
bond with C3 hydroxyl group of ribose (Figure 7b). The
Asn 286 (2.5A) and Leu 257 (1.9A) were hydrogen
bonded with nitrogen and oxygen at C1 of the
nicotinamide ring respectively. The C2 and C3
hydroxyl group of the other ribose which was
associafed with adenine moiety, were hydrogen
bonded to Asp 192 (1.9A) and Lys 195 (1.8A). The
presence of an aspartic acid (Asp) constfitute a
common feature of dehydrogenases with preference
of NAD* over NADP* [34]. The Asp would create
repulsion of the extra phosphate group of NADP due
to charge and space, thus explaining the coenzyme
dependency.

s s

Figure 4 The binding of zinc at a) catalytic region and b)
structural region. The catalytic zinc is coordinated by Cys
37 His 58, Glu 144 and a water molecule. The structural zinc is
coordinated by 4 cysteine in the lobe loop region

Figure 5 The binding of NAD* to the coenzyme binding
domain. NAD* is shown in the blue sfick representation, with
a fransparent molecular surface.The adenosine half bound
in a cleft at the surface of the domain, and the nicotinamide
half bound deep in the protein was at the active site cleft.
The presentation of the structure is made by using Chimera
software

3.4.3 Substrate Binding

The possible interaction between PdGPDH and
galactitol-1-phosphate (G1P) has been studied by
molecular docking of substrate G1P into the active site
of the complex PAGPDH, ZnZ* and NAD*. The binding
mode of Zn?* and the substrate in the catalytic site of
PAGPDH is illustrated in Figure éa. All of the hydroxyl
groups of the substrate were within the distance for
hydrogen bonding. The C2 hydroxyl group of G1P
formed hydrogen bonding with Arg 43 (2.9 A). The C3
OH group was also hydrogen bonded (2.3 A) with the
Asn 286 side chain. The C4 OH group interacted with
the Ser 39 side chain (1.8 A). The C5 and Cé OH group
of GI1P interacted via hydrogen bonding with His 58
(2.5 A) and Glu 142 (2.4 A), respectively. The 2D
diagrams of the inferaction in catalytic and
coenzyme domain were generated in Figure 7 (a) and
(b).

3.4.4 Direct Proton and Hydride Transfer Mechanism

The study suggests that the hydride fransfer
mechanism is different from previously studied
dehydrogenases [13,14]. Overall, the mechanism for
most of the alcohol dehydrogenase (ADHs) is ordered.
The coenzyme binds before substrate binding occurs.
The positive charge of the NAD* nicofinamide ring
contributed to the deprotonation of the substrate
alcohol and promoted binding to the active site Zn2*
ion. The Zn2* atom was coordinated by four proteins
side chain (Cys 37, His 58, Glu 59 and Glu 142) and a
water molecule at the active site of the apo enzyme.
This metal bound water molecule is displaced by the
hydroxyl group of the LG1P on substrate binding, to
leave the zinc ion coordinated to the substrate and
the same four protein ligands as the apo enzyme.
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a)

ARG 43

Hydride
transfer

HIS 58

b)

ASN 286

LEU 257

ASP 190 HOH

LYS 195

Figure 6 (a) The binding mode of Zn2* and substrate in catalytic site. (b) The interaction of PAGPDH with NAD+in the coenzyme
binding domain. The grey ball indicates the metal ion and the residues involved in the interaction are represented in wire form.
Galactitol-1-phosphate (G1P) is shown in the pink stick model while NAD+ is shown in the blue stick model. Hydrogen bonds are the
green dashed line and the distances shown are in A
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Figure 7 The interactions of PAGPDH with (a) Zn?* and substrate in catalytic site; (b) NAD* in the coenzyme binding domain. The
residues involved in various events are represented as follows. Hydrogen bond, charge or polar inferactions (magenta-colored
circles), van der Waals (green circles), metal atoms (grey circles), water molecules (aquamarine circles), hydrogen-bond
inferactions with non-amino acid residues (black dashed line), charge interactions (pink dashed line), amino acid main chains
(green dashed line), and amino acid side chains (blue dashed line). The distances shown are in A. The 2D schematic diagrams

were made by using Discovery Studio 4.0 (DS 4.0)
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His58

HO

His38

HN \/ OH

HO
DT6P

Figure 8 Proposed catalytic mechanism of GPDH for oxidation of L-galactitol-1-phosphate (LG1P) to tagatose-6-phosphate (DT6P).
In the conversion of LG1P to DTéP, it is proposed that His 58 acts as general base, abstracting the proton from the C5 hydroxyl of
LG1P and driving the transfer of a hydride ion onto C4 nicotinamide ring of NAD*. The mechanism diagram is made using ChemDraw

The C5 hydroxyl group of LG1P bound to zinc, thus
making a pentacoordinated zinc ion in complex with
the substrate.

This study found that the C5 hydroxyl of galactitol-
1-phosphate (G1P), which was oxidized by the
enzyme to a tagatose-é-phosphate (T6P) was
hydrogen bonded with catalytic His 58 (Figure 8). To
facilitate hydride fransfer, the substrate and
nicotinamide ring were placed close to each other.
The nicotinamide moiety is bound in the active site,
and is positioned to donate a hydride ions to the C5
atom of the substrate during the catalysis. The C5
carbon was 3.5 A from the nicotinamide C4 which was
a suitable distance for hydride fransfer. This suggests
that the proton and hydride transfer occurs directly
without any proton relay mechanism previously
described in liver alcohol dehydrogenase [13] and
galactitol dehydrogenase [14].

3.4 Molecular Dynamic Simulation

To determine stability of conformations among apo
PAGPDH and PAGPDh complex MD simulations, we
utilized root mean square deviation (RMSD), radius of
protein gyration, and total energy.The overall stability
of the protein throughout the molecular dynamics
simulations was monitored by the root-mean-square
deviation (RMSD) of backbone which measure of the
average distance between two conformations of a
protein. The RMSD values of apo PdGPDH and
PAGPDH complex in the entire MD simulation
frajectory were shown in Figure 9(a). The average
RMSD of apo PAGPDH was 0.37 nm whereas the
average RMSD of PAGPDH complex was 0.35 nm.
From this graph, it can be seen that the apo PAGPDH
RMSD became stable after initial deviation. Further, it
maintained stable conformation before slightly
fluctuate during the last 3 ns. For the complex of
PAGPDH, the protein was equilibrated with no obvious
RMSD fluctuations observed over the 20 ns simulation
period. The RMSD gradually increased in the first 7 ns

and then converged in the time frame from 7 to 20 ns.
The RMSD curves of PAGPDH complex show less
deviation compared to apo protein which indicate
the stable dynamic behaviour during the 20ns
simulation period.

The compactness of both proteins were described
by calculating the radius of gyration. The apo PAGPDH
and PAGPDh complex exhibited a similar pattern of Rg
value, which stabilize over the entire simulation time,
at average gyration distance (Rg) of approximately
2.09 nm (Figure 9b). This result indicates that both Apo
and PAGPDH complex kept the fold of their original
design, and the maintained their compactness during
20 ns simulation fime. Both simulations show constant
fotal energy during the MD run (Figure 9c¢).The total
energy calculated for apo PAGPDH is higher than
PAGPDH complex with average of -6.99216 x 105 kJ
mol' and -8.83403 x 105 kJ mol! respectively.
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Figure 9 (a)Proposed catalytic Root mean square deviation
(RMSD) (b) radius of gyration (Rg)and (c) total energy of apo
PAGPDH and PAGPDH complex during 20 ns MD simulation.
Apo PdGPDH is represented in black line, while PAGPDH
complex is depicted in red line

4.0 CONCLUSION

To date, this is the first known report on the structural
analysis and protein interaction of GI1P-PAGPDH

complex using molecular docking and molecular
dynamic simulation. The binding pocket of the
enzyme for G1P, NAD* and Zn?* has been defined. The
residues involved in the catalytic domain and
coenzyme binding domain could potentially
contribute to the protein dynamic that influences the
catalytic mechanism. The molecular dynamic
simulation of PAGPDH with its ligand verified stability of
the docked complex. An understanding of this
mechanism will provide an insight into the possible
catalytic events in these domains, thus providing the
information for future protein engineering. The
interaction between the enzyme and substrate
proposed in this study would also assist future
mutagenesis study and enzyme modification work to
improve tagatose production.
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