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Abstract: Glycerol-3-phosphate dehydrogenase (GPDH) isoenzymes play different roles in Triatoma infestans
flight metabolism and only differ in the C-terminal end. We studied with computational models their dynamics
and interactions. Homology-modeling dynamics showed models close to minimal energy with amino acid
distribution similar to crystallized structures. Radius of gyration decrease because the models presented well
fitted folded structures with solvation free energy of non-polar groups increased with temperature. Heat maps
suggested the need to form dimeric structures to preserve activity or that temperature could be an activity
modulator. Modeled dimeric structures were similar to crystallized references and didn’t involve the C-
terminals in their conformation. Docking studies of the C-terminals showed interaction between GPDH-1 and
actin co-localized with glycolytic enzymes. GPDH-2 peptide could bind to model membranes and be substrate
for lysine-acetyltransferases. Consequently, C-terminals could determine the sub-cellular localization and the
metabolic functions in lipid biosynthesis or ATP generation.
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I.  Introduction

Chagas disease is one of the most serious human parasitic disease of Latin America with 12 million
persons infected and 90 million living in endemic’s area [1]. The hematophagous insect Triatoma infestans (T.
infestans) (Hemiptera; Reduviidae), is one of the main vectors between latitudes 10°S and 46°S. This insect has
a nymphal period with five stages, each ending in a molt or ecdysis. Wings appear after the last molt, of the fifth
instar nymphs to adult. Flying is important for dispersion and re-infestation of houses after insecticide spraying
[2, 3]. The Glycerol-3-phosphate dehydrogenase (NAD®-2-oxidorreductase, EC 1.1.1.8), present in all
eukaryotic organisms, is homodimeric, soluble-cytosolic, and NAD-dependent enzyme that plays an important
role in the metabolism of insect flight muscles[4, 5]. Several molecular forms showed specific tissue
distributions during development [6]. In insects GPDH-1, is involved in the a-glycerophosphate cycle in flight
muscle, and GPDH-2 and GPDH-3 provide precursors for lipid biosynthesis in gonads, fat bodies, abdomen,
and thoracic muscles of larvae and nymphs [6, 7]. In T. infestans, GPDH total activity increases 30-fold in adult
flight muscles [7]. Stroppa et al characterized two GPDH transcripts in T. infestans corresponding to GPDH-1
(Genebank: EU139315.1) and GPDH-2 (Genebank: EU139316.1). Both cDNAs differ only at the 3’end, and
encode in the C-terminal of the deduced amino acid sequence for five or nine amino acids, respectively. This
study, also demonstrated that GPDH isoforms presented a pattern of temporal expression, sex and tissue-
specific, that changed in relation to temperature and the amount of intake [8].

In this work we report modeling and dynamics studies of the GPDH isozymes. Since flying is crucial
for the spreading of this insect vector of Chagas disease and that the GPDH isozymes are particularly important
in the flight muscle’s metabolism, these studies could be relevant to get a better understanding of how few
different amino acids in the C-terminal ends of their sequences are determinant to accomplish their different
metabolic functions and to indicate their sub-cellular localization.

I1: Methodology
The novo and template-based isozymes™ modeling were performed on Phyre2 Web Server
(http://sbg.bio.ic.ac.uk/phyre2) [9]. The models were analyzed and sorted by score values, and the pdb files were
visualized using USFC Chimera and VMD software. Homology models were optimized through molecular
dynamics simulations to understand their behavior in a physiological system. Initially, the structures were
studied at fixed particle number, volume and energy (NVE), and root mean square deviations (RMSD) form the
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initial structure, heat absorbing regions (heat maps) and Ramachandran plots were obtained with NAMD
software [10]. Physiological system was simulated adding water, counter ions added just to neutralize the
proteins, protonation state at pH 7.0 was set by PROPKA and temperature and pressure were maintained at 298
or 310 K and 1 bar. Once equilibrated, the models were heated to insect temperature and allowed to unrestricted
movement with fixed pressure (NPT). Two sets of simulation were run independently with NAMD and
GROMACS Simulation package with Gromos 96 forcefield and Berendsen thermostat [11, 12, 13]. Protein
structure was monitored with RMSD tool and RMSD visualization tool from VMD and with the Gromacs
complements for RMSD by amino acid, gyration radius (average radio from protein principal axis) and
hydrophobic surface accessible to polar solvent.

Docking studies were hosted by three servers: Hex Protein Docking Server (based on energy and
cluster size), the PatchDock server (with geometric shape complementarity based scoring) and Docking2 from
Rosie the Rosetta online server (for energy based local docking) [14, 15, 16]. The sequences of both GPDH
isoforms also were submitted to MCPep Server software to score the possible conformations and configurations
of both C-terminal peptides and their interaction with model membranes, and to ASEB Web Server for KAT
(Specific Acetylation Site Prediction) [17, 18].

I11. Results And Discussion

The homology model showed monomers composed by two domains: N-terminal NAD-binding domain
and C-terminal catalytic domain (Fig. 1a). The NAD-binding domain (residues 4-193) contains a canonical
structure of six parallel B-sheets, each flanked with o-helices and with an extra pair of B-sheets in antiparallel
locations, is a part of the Rossmann fold, a structure motif that binds dinucleotides (NAD). The first Bof unit
contains the conserved NAD-binding motif GxGxxG, conserved in all NAD-dependent GPDHs (Fig. 1 a, b)
[19]. The catalytic domain (residues 193-355/8) presents exclusively ten a-helices, three of them particularly
long (residues: 193-220; 225-243 and 299-313). The two domains are linked by two-residue loop. The
Ramachandran plot of GPDH-1 showed 92.957 % of the amino acids in the allowed region (175 were in a-helix,
6 in random helix and 61 in B-turn), and for GPDH-2 the 95.25 % of the amino acids fall in the allowed regions
(177 were in a-helix, 6 in random helix and 67 in B-turn). RMSD vs time averaged values in NVE were 1.2 A
for GPDH-1 and 0.55A for GPDH-2, while in NPT RMSD by amino acid were 1.6 A and 0.51 A respectively,
indicating that the homology models were close to minimal energy structure, and that GPDH-2 was more stable.

In NPT ensemble (run on GROMACS), the radius of gyration descended from 2.05 to 2.035 + 0.005
nm for GPDH-1 and from 2.07 to 2.035 nm for GPDH-2 during transition to more fitted folded structures in line
with hydrophobic solvent accessible surface area reduction from 102 to 94 + 2 nm? in GPDH-1 and from 107 to
97+ 2 nm’ in GPDH-2, despite a heating processes that could expose non-polar residues. Hiding non-polar
residues decreases free energy of hydration driven protein folding (AGy) avoiding water molecules forming
highly ordered structures (less entropy) to escape from non-polar phase [20]. The models obtained were optimal
because heating at physiological temperature lead to a better fit folded state hiding the non-polar groups. Heat
maps showed that N-terminal, the C-terminal ends (six or nine final amino acids) and NAD-binding domain
absorbed more heat (Fig. 1c). The fact that the NAD-binding domain is a heat sensitive region could indicate the
need of a dimeric structure to preserve activity and that temperature could be an important modulator [19, 21].
Dimers generated in three servers were: both proteins make contact along the mayor axis, with the N- and C-
terminal domains facing similar domains of the counterpart and the NAD-binding cavity facing outwards; both
monomers with the C-terminal domain of one facing to the N-terminus of the other (anti-parallel) and the NAD-
binding cavity facing outwards. Both structures were of equal biological importance since they were assigned -
588.176 and 589.441 rosetta energy units (reu) respectively. A third structure with -586.94 reu had both
monomers facing each other only by their C-terminal domains (Fig. 1d), in close similarity to GPDH from
Leishmania mexicana that was crystallized with twofold symmetry, T. infestans” GPDH C-terminal coils were
not involved in the dimeric interactions.

To test if C-terminal peptides might determine different sub-cellular localizations, C-terminal peptides
of T. infestans GPDH isozymes, Drosophila’s GPDH-1B (P13706-2, UniProtkKB) and aldolase (1FBA:
A|PDBID) sequences were docked in silico with PatchDock to Drosophila actin (1RDW:X|PDB 1D) modeled
within Swiss Model Workspace [22] (Fig 2). Among the best scores were two situations, a) the binding of T.
infestans C-terminal of GPDH-1, the C-terminal of GPDH-1B and aldolase from Drosophila to a wide cavity in
the actin monomer nearby to actins’ ATP-binding site (between the a-helix curl, from valine 201 to glutamic
205, and the B-strand that begins with leucine 65 threonine 66); and b) T. infestans” C-terminal of GPDH-2 that
was placed near to actin polymerizing region (serine 368 to phenylalanine 375). These results support the
hypothesis that GPDH-1 may be more efficient binding to actin and locally reoxidizing NADH, from glycolysis.
Wojtas et al demonstrated in D. melanogaster the co-localization of GPDH with glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and aldolase at the Z-discs and M-lines [23]. Transgenetic Drosophila with GPDH-1B
lacking C-terminal three amino acids (Q-N-L) in thoracic muscles, were unable to fly and GPDH, GAPDH and
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aldolase remained unbound to myofibrils while preserving the enzymatic activities [23, 24]. The docking study
with titin-myomesin complex (present at Z-discs and M-lines) showed unspecific binding for both T. infestans
isoforms but in GPDH-1 the C-terminal residues were free, while GPDH-2 had the C-terminal residues buried
into the docking site (Fig 3a) GPDH-2 C terminal lysine content made it candidate to bind membranes so both
C-terminal were analyzed in MCPep server that returns the AG of partition to model plasma membranes. The
score revealed that while the C-terminal of GPDH-1 remained perpendicular in water phase, GPDH-2 peptide
was partially immersed or in parallel to the membrane plane (Fig 3 b, ¢, d) suggesting its preference for lipid
vacuoles [7, 25] and a central role in lipid metabolism. In this line of evidence, exploratory Steered Molecular
Dynamics [26] results showed GPDH-2 alone retains the bound state. Both GPDH 1 and 2 from T.infestans
were placed at 4 A from a DOPC membrane in 0,15 M NaCl and pulled away from the membrane at 10 A/2.5 ns
applying force on amino acid 349. GPDH-1 was fully displaced while GPDH-2 conserved Lysine 357 in the
proximity of the membrane. These behaviors were reflected in the total energy profile for the last amino acids,
353-355 with increasing total energy for GPDH-1 and Lysine 357 remaining almost constant for GPDH-2,
through the whole trajectory (Fig 4 a and b).

The presence of three lysine residues in the C-terminal coil of GPDH-2 opened the possibility of
differential regulation by acetylation. Lysine 353 of GPDH-2 scored as the best acetylation site (CBP/p300 >
GCN5/PCAF; KAT) in ASEB Web Server). Recent studies have revealed that acetylation modulates nuclear
proteins but also cytoplasmic proteins, including GPDH and many metabolic enzymes.

IV. Figures And Tables

C-ter/GPDH2 * (C-ter-GPDHI
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Figure 1. Features of Triatoma infestans” GPDH-1 and GPDH-2 isoforms models: a) GPDH-1 model
showing best glycerol-3-phosphate and NAD-binding configurations, GxGxxG consensus peptide and
conserved B sheet domain. b) View of GPDH-1 and GPDH-2 showing their high similarity and exposing the
different configuration of their C-terminal ends, c¢) Heat-maps of GPDH-1 and GPDH-2, hot regions are
indicated in orange. The position of certain amino acids is indicated; d) Best scored structures for the dimers.

Figure 2. Docking of the C-terminal peptides from different proteins the interaction with Beta-actin. a)
GPDH-1 peptide from T. infestans, b) GPDH-2 peptide from T. infestans ¢) GPDH-1B C-terminal peptide
experimentally found to be necessary for the interaction with flying muscle fiber in Drosophila, d) Aldolase
peptide from D. melanogaster that was experimentally shown to bind actin through a pocket of low score. The
best and lowest score positions are depicted for each peptide and the arrow points to the best scored position.
ATP (*) is depicted in the center of actin monomer.
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Figure 3. Docking Models: a) GPDH-2 interaction with titin-miomesin complex is unspecific but in
mid-score configurations the C-terminal peptide is fully buried. b) Distance profile by amino acid for the
GPDH-2 peptide near a modeled membrane ¢) & d) two of the best scored structures showing that GPDH-2
peptide is partially immersed in the modeled membrane.
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Figure 4: Energy profile during SMD of C-terminal final amino acids of a) GPDH-1 aa 353-355, and GPDH-2
aa 357. Both protein models were in silico placed in a 0.15 M NaCl solution with amino acids 349 to the last
ones of the C-terminal peptides at 4 A from DOPC modeled membrane. After equilibration a force was applied
to amino acid 349 of each model to pull them away from the membrane. GPDH-1 amino acids 353-355
increased total energy because membrane interaction was lost while amino acid 357 of GPDH-2 conserved an

almost constant energy through all the time the force was applied since interaction with the model membrane
was also conserved.
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V. Conclusion
These results are in accord with previous experimental results and provide support for the hypothesis

that the difference of C-terminal coils among both isoforms is not merely a residual splicing mechanism. Thus
GPDH-1 preferentially binding to actin, co-localizing with glycolytic enzymes might contribute with ATP
generation to support flight activity, and GPDH-2 with a stable binding to membranes like those of vacuoles or
lipid droplets, could take part in lipid biosynthesis and be regulated by acetylation.
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