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In shrimp aquaculture, white spot syndrome virus (WSSV) infections severely impact production. 
Previous research highlighted the crucial role of the Penaeus monodon Rab7 (PmRab7) protein in 
WSSV entry, specifically its interaction with the viral envelope protein VP28. PmRab7 exists in two 
conformations: GDP-bound (inactive) and GTP-bound (active). This study, using ELISA and isothermal 
titration calorimetry (ITC), reveals that the PmRab7-VP28 interaction occurs irrespective of the 
nucleotide binding state of PmRab7. Comparing the binding affinity between VP28 and different 
PmRab7 conformations, including wild-type (WT, 22.5 nM), a fast nucleotide exchange (L129F, 128 
nM), a GDP-bound form (T22N, 334 nM), and a favorably GTP-bound form (Q67L, 1990 nM), PmRab7-
WT exhibits the strongest binding affinity, especially at a lower temperature (25 °C). The binding of 
PmRab7-WT and VP28 in the presence of excess nucleotide (WT with excess GDP, 924 nM, and WT 
with excess GTP, 826 nM) shows a 2-fold higher binding affinity than in the absence (WT, 1920 nM) 
indicating that the addition of excess nucleotide for PmRab7-WT enhanced the affinity for VP28. 
Together, these findings support the potential of PmRab7-WT as a promising therapeutic candidate for 
WSSV control in shrimp. Furthermore, from an industrial point of view, the ITC platform developed to 
study the VP28-PmRab7 interactions provides a high-throughput method for screening additives for 
shrimp feed that can inhibit this interaction.

Globally, shrimp production has increased in recent years as shrimp has become one of the most commonly 
traded seafood commodities with Penaeus vannamei and P. monodon as the leading species1. The industrial 
output is significantly affected by pathogen outbreaks. Major diseases in shrimp farming include White Spot 
Disease (WSD) from White Spot Syndrome Virus (WSSV), Acute Hepatopancreatic Necrosis Disease (AHPND 
or EMS) from a specific strain of the bacterium Vibrio parahaemolyticus, Hepatopancreatic Microsporidiosis 
(HPM) from the microsporidian Enterocytozoon hepatopenaei (EHP) and White Feces Syndromes (WFS) of 
which causative agents may include, but not limited to, the bacteria in the genus Vibrio sp., and the bacterium 
Propionigenium in combination with EHP2–4.

WSSV causes a systemic infection that leads to a severe mortality rate of up to 80–100% within 5 to 10 days 
post infection5. It is a circular double-stranded DNA virus with a genome size of approximately 300 kb6. The 
virion consists of three layers: the innermost rod-shaped nucleocapsid, a central tegument, and the outermost 
envelope7. Four major envelope proteins, VP28, VP26, VP24, and VP19, have been identified with VP26 and 
VP28 as the most abundant8–10.

VP28 plays a major role in viral attachment and trafficking into shrimp cells11. In vivo and in vitro WSSV 
neutralization with a polyclonal antibody against VP28 confirmed that the protein is key to a systemic 
infection11,12. Most importantly, VP28 binds to a myriad of shrimp proteins including C-type lectins, heat-shock 
cognate protein 70 (Hsc70), and Rab7 to attach and enter host cells10,13–16. In addition to WSSV, Rab7 in shrimp 
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has been implicated in the entry of other viruses including Yellow Head Virus (YHV), Taura Syndrome Virus 
(TSV), and Laem-Singh Virus (LSNV)17–20.

Rab7 in P. monodon (PmRab7) was identified as a WSSV-VP28 binding protein during viral entry15. It has 
been predicted that the switch II region on the surface of PmRab7 may play an important role in VP28 binding21. 
The pivotal role of Rab7 in WSSV has been extensively documented. Silencing of Rab7 gene expression in 
both P. monodon and P. vannamei using a specific double-stranded RNA (dsRNA) targeting Rab7 markedly 
decreased the mRNA expression of a WSSV marker to less than 5%18 and also reduced the mortality rate to 
around 50%22. An injection of a mixture of PmRab7 recombinant proteins or an antibody against PmRab7 
with WSSV in P. monodon reduced the shrimp mortality rate by around 80% compared to the injection with 
WSSV alone15,23. Furthermore, feeding shrimp with feed supplemented with recombinant PmRab7 expressed in 
Pichia Pastoris as intracellular proteins or surface exposed proteins lowered the mortality rate by approximately 
50%24,25. These experiments underscore that PmRab7 can be developed into an effective anti-WSSV agent. The 
use of the recombinant protein represents a promising strategy for reducing WSSV infection in shrimp on an 
industrial scale due to the low cost of production25. To manipulate the anti-WSSV activity of PmRab7, a further 
understanding of the PmRab7-VP28 interaction needs to be established.

Rab7 belongs to the Rab family of the Ras superfamily of small G proteins (GTPases). Small GTPases are 
recognized as essential regulators of protein trafficking among late endosomes and lysosomes26. Like other 
small GTPases, Rab7 alternates between a GDP-bound or inactive conformation and a GTP-bound or active 
conformation27. While mutations in many small GTPases lead to a variety of diseases28–30, they provide valuable 
tools for deciphering the mechanism of how these regulators associate with their partners. In a mutant classified 
as a dominant negative, the enzyme remains in an inactive GDP-bound state31–33. In Rab7, the T22N mutation 
loses the hydroxyl group of T22 which coordinates the divalent Mg2+ ion in the nucleotide binding site and 
accounts for the inability to exchange for a fresh molecule of GTP31,34,35. In contrast, the Q67L mutation in the 
switch II region of Rab7 results in a deficiency in GTP hydrolysis and a constitutively active phenotype which 
is characterized by an accumulation of the GTP bound conformation32,34–37. Another interesting mutation 
is an L129F missense mutation associated with Charcot-Marie-Tooth disease in humans35,38. While the Phe 
substitution still allows both GTP and GDP binding, it renders the nucleotide binding pocket shallower and 
is attributed to a quickened nucleotide exchange rate35,38. In terms of the interaction with binding partner, 
the L129F mutation retains its ability to interact with Rab-interacting lysosomal protein (RILP) which is 
characteristic of the GTP-bound state of Rab738. In the case of shrimp, the functional study of the L129F mutant 
has not been provided.

In humans, binding partners of these small GTPases that were investigated exhibit differing preferences for 
the nucleotide states of the small GTPases. Most partners exclusively bind to the GTP bound form such as the 
interaction between GAP and Ras p21, the interaction between the coiled-coil protein (CCDC186/CCCP-1) 
and Rab2a, the interaction between the metazoan-specific autophagy gene (EPG5) and Rab7, the interaction 
between RILP and Rab7, and the interaction between Rubicon and Rab739–44. On the other hand, a few number 
of partners are selectively associated with the GDP-bound conformation, namely the interaction between 
protrudin and Rab11 and the interaction between coronin 3 and Rab27a45,46. Last but not least, some effectors 
interact with small GTPases without discriminating between the GTP- and GDP-bound states; for instance, the 
interaction of α/β-tubulin heterodimer with the small GTPase domain of leucine-rich repeat kinase 2 (LRRK2), 
the interaction of π 4-kinase (PI4KB) with Rab11, the interaction of a phosphatidylinositol 30-kinase and its 
adaptor protein complex (hVPS34/p150) with Rab7, and the interaction of an N-terminal ankyrin repeat domain 
of oxysterol-binding protein-related protein 1 (ARDN of ORP1L) with Rab742,47–50. However, it is unclear which 
nucleotide binding state of PmRab7 that VP28 prefers.

In this study, the nucleotide binding states of PmRab7-WT and their mutants were characterized by 
fluorescence spectroscopy. Subsequently, the interactions between VP28 and the different PmRab7 forms were 
investigated using an enzyme-linked immunosorbent assay (ELISA) and isothermal titration calorimetry (ITC). 
Our results revealed that VP28 did not display any preference for any particular nucleotide binding state and 
the dissociation constant (KD) of PmRab7-WT to VP28 is stronger than that of other mutants. Moreover, the 
presence of either GTP or GDP further strengthens the PmRab7-WT and VP28 interaction. Understanding 
which particular nucleotide-bound form of PmRab7 is preferentially bound by VP28 will enable the design of 
recombinant PmRab7 proteins that can effectively inhibit WSSV infection by competing with the endogenous 
PmRab7 in shrimp. This information can guide the development of targeted therapies, such as engineered 
PmRab7 variants or small molecules that stabilize the preferred conformation, to disrupt the VP28-PmRab7 
interaction in shrimp and prevent viral entry into host cells. Accordingly, this investigation recommends that 
PmRab7-WT should serve as the best candidate for further development of the WSSV control strategy.

Result
Q67L, T22N, and L129F PmRab7 mutants were candidates for studying the effect of the 
nucleotide binding state of PmRab7 on the PmRab7-VP28 interaction
To observe the preference of VP28 on the nucleotide binding state PmRab7, three types of PmRab7 mutants were 
constructed by aligning the primary sequence of PmRab7 against that of Rab7 homologs and other members of 
the Ras protein superfamily (Fig. 1). The alignment showed that the percent identity of PmRab7 to human and 
rat Rab7 were 85.37% and 86.34%, respectively with 100% conservation at residues involved in GTP binding 
and catalysis. Thus, the mutations of PmRab7 were constructed based on previously published studies32,33,38,42. 
The constitutively active GTP-bound conformation was constructed as Q67L, while the dominant negative 
GDP-bound conformation was generated as T22N. The other candidate for the study was the fast-nucleotide-
exchange L129F mutant. The WT and all mutants were purified and shown on SDS-PAGE with an expected size 
of approximately 23 kDa (Fig. 2). The purified PmRab7 proteins migrated as two major bands which were both 
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identified as PmRab7 by a mass spectrometry analysis. The smaller band probably was a truncated PmRab7 that 
occurred from a TEV digestion (Supplementary Table S1).

The nucleotide binding states of PmRab7-WT were characterized by IFS
Prior to identifying the effect of nucleotide binding to PmRab7 on the PmRab7-VP28 interaction, an assay that 
can track the nucleotide binding state of PmRab7 must be established. An intrinsic tryptophan fluorescence 
spectroscopy (IFS) is a standard non-radioactive tool for studying conformational changes that occur upon 
nucleotide binding to small GTPases51–54. The conformational changes associated with the binding of a guanine 
nucleotide to PmRab7 shift the environments around three conserved Trp residues (W62, W102, W142) and 
alter the fluorescence emission spectra of the protein52,55 (Fig. 1).

To examine how the fluorescence emission spectra of PmRab7 are modulated by the binding of guanine 
nucleotides, the spectra of PmRab7-WT bound to either GDP or a non-hydrolyzable GTP analog, GppNHp, 
were compared to that of the nucleotide-free counterpart. The emission spectrum of the nucleotide-free enzyme 

Fig. 1.  PmRab7 mutants in this study were designed based on a multiple sequence alignment of 
PmRab7 against its homologs. Multiple sequence alignment of PmRab7 (DQ231062, Genbank), Rat_Rab7a 
(NP_076440.1, Genbank), human Rab7 (P51149, Uniprot), human Rab11a (P62491, Uniprot), human Rab11b 
(Q15907, Uniprot), human KRas; (P01116, Uniprot), human HRas (P01112, Uniprot), and human RhoA 
(P61586, Uniprot) was constructed using ClustalW program. The G1 to G5 domains of small GTPase proteins 
are boxes. A GTP/Mg2+ binding site is shown in grey. The switch II region is shown in blue. The star (*), single 
(.) and double (:) dots represent identical, conserved, and semi-conserved residues in the respective regions, 
respectively. Arrows indicate each mutated residue in T22N, Q67L, and L129F mutants. The positions of 
tryptophan residues are highlighted on a dark background.
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was used to normalize the spectra of the protein in the presence of other guanine nucleotides or analogs (Fig. 3a). 
In the nucleotide-free condition, the maximum emission wavelength (λmax) of the Trp residues was 342 nm; the 
fluorescence intensity of this condition was set to 100%. The λmax in the presence of GDP occurred at 342 nm 
with 115% fluorescence. In contrast, the λmax of the GppNHp-bound conformation, which mimics the GTP-
bound conformation, exhibited a blue shift to 338 nm with 91% fluorescence. These observations are consistent 
with previous reports that documented the migration of the λmax of the GTP bound conformation to a shorter 
wavelength compared to that of the GDP bound form, along with an increase in emission intensity at λmax in the 
GDP-bound conformation but a reduction in emission intensity at λmax in GTP-bound state52–54.

The nucleotide-binding properties of PmRab7 mutants were validated using IFS
An investigation into the emission spectra of the PmRab7 mutants in the presence of various nucleotides was 
used to validate the nucleotide-binding nature of the mutants. To verify that the T22N mutant represented a 
GDP-bound conformation, we hypothesized that the mutant should display an increase in fluorescence intensity 
at λmax in the presence of GDP relative to that of the nucleotide-free form as in WT. The results indeed showed 
that, compared to PmRab7-WT (Table 1), the fluorescence emission at the λmax for the T22N mutant increased 
by 17% in the presence of GDP. (Fig. 3a and b). The increase in the fluorescence intensity of T22N in the presence 
of GDP implied that T22N adopted a similar conformation to the GDP-bound WT (Fig. 3b). Unexpectedly, a 
20% rise in emission was observed in the GppNHp-bound form compared to the nucleotide-free counterpart. A 
previous study reported that T22N can bind to GTP, albeit with a lower affinity than GDP35,56. We hypothesized 
that the gain in the emission came from the binding of GTP to the GDP-bound conformation of T22N. 
Additionally, high concentrations of the GTP analog may overcome the weaker binding affinity of the T22N 
mutant, leading to detectable binding in our assays. Overall, these data underscored that PmRab7-T22N in this 
study adopted the GDP-bound conformation in the presence of guanine nucleotides.

As the Q67L mutant was designed based on the constitutively active GTP-bound conformation, it was 
hypothesized that the enzyme should exhibit a lower fluorescence intensity in the presence of GppNHp relative 
to the nucleotide-free as observed in WT, while in the presence of GDP, the fluorescence intensity should be 
slightly increased or comparable to the nucleotide-free condition (Fig. 3c). As previously discussed, a blue shift 
in λmax is characteristic of the GTP-bound conformation. Compared to other forms of PmRab7 in this study, the 
λmax of Q67L showed the largest blue shift of 6 nm. Compared to the nucleotide-free form of Q67L, the relative 
emission at λmax increased by 4% in the GDP-bound form, whereas a 12% decrease was observed when bound to 
GppNHp. Together, the result indicated that the PmRab7-Q67L protein produced in this study preferably binds 
to only GppNHp as previously reported.

Fig. 2.  Purified VP28 and PmRab7 on 12.5% SDS-PAGE electrophoresis. Lane M, protein marker; lane 1 
purified VP28; lane 2 purified PmRab7-WT; lane 3 purified PmRab7-T22N; lane 4 purified PmRab7-Q67L; 
lane 5 purified PmRab7-L129F; lane 6 purified GST-PmRab7-WT; lane 7 previously verified fraction of 
PmRab7-WT (after the GST cleavage by the TEV protease).
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The L129F mutant has been reported to bind to both GDP and GTP despite an increase in nucleotide exchange 
rate38. Therefore, we hypothesized that the fluorescence spectra of this mutant would be similar to WT which 
is capable of binding to both nucleotides. Compared to the fluorescence profile of other forms of PmRab7, the 
spectra of L129F exhibited the smallest blue shift of 1 nm when GDP is replaced by GppNHp (Table 1; Fig. 3d). 
As expected, when Rab7 is bound to GDP, the relative fluorescence intensity at λmax experienced a 14% increase 
relative to the nucleotide-free enzyme in the GDP-bound form as in the WT protein. Unlike in the spectrum 
of WT where a drop in emission was seen upon GppNHp association, there was a 2% increase in the GppNHp 
spectrum of L129F when compared to that of the nucleotide-free form. Since the steric hindrance, Leu-to-Phe 
switch at residue 129 made the bottom of the nucleotide binding pocket shallower38, it was speculated that 

Nucleotide-free GDP GppNHp

λmax, nm
% Fluorescence
at λmax λmax, nm % Fluorescence at λmax λmax, nm % Fluorescence at λmax

WT 342 ± 3 100 342 ± 0 115 338 ± 1 91

T22N 339 ± 3 100 340 ± 2 117 337 ± 2 122

Q67L 340 ± 1 100 343 ± 2 104 337 ± 1 88

L129F 340 ± 1 100 341 ± 2 113 340 ± 2 102

Table 1.  The means of maximum emission wavelength (λmax) of PmRab7 and the percentage of fluorescence 
emission intensity. Note: The percentage of fluorescence emission intensity at the λmax of each mutant was 
normalized against that of the nucleotide-free form.

 

Fig. 3.  Fluorescence emission spectra of PmRab7 mutants were compared to the fluorescence profiles of 
PmRab7-WT to validate their dominant nucleotide binding state. Emission spectra of 1.5 µM PmRab7 WT 
(a), T22N (b), Q67L (c), and L129F (d) in the nucleotide-free (nf) state (dash) and after the addition of 25 µM 
GDP (grey) or GppNHp (black) at 37 ºC for 2 h.
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while the mutant retains the capacity to bind both GDP and GTP, the binding to GTP might be compromised38. 
Accordingly, the high dissociation rate with GTP may account for the similar pattern between the GppNHp-
bound and nucleotide-free spectra of L129F.

VP28 binds to both GDP- and GTP-bound forms of PmRab7
To determine whether VP28 prefers any particular nucleotide binding states of PmRab7, we performed ELISA by 
coating the 4 different recombinant PmRab7 onto a microplate and incubating them with purified VP28 (Fig. 4). 
The optical densities at 450 nm (OD450) of the PmRab7-VP28 interaction were subtracted with a non-specific 
binding between BSA-VP28. The purified VP28 protein exhibited equivalent binding efficiency for all PmRab7 
conformations, suggesting that the VP28 protein binds both the GDP- and GTP-bound forms of PmRab7. Using 
ELISA with purified WSSV particles as a natural binding partner of PmRab7, similar results were observed 
(Fig. 5). Based on ELISA, VP28 could interact with either the GDP- or GTP-bound form of PmRab7.

The binding affinity of VP28 for PmRab7-WT is weakened by an increase in temperature
To gain a quantitative insight into the PmRab7-VP28 interaction, we hypothesized that an isothermal titration 
calorimetry (ITC) is a suitable technique for investigation. To test this hypothesis, we took advantage of the water 
temperature effect on WSSV infectivity in shrimp57–60. It has been reported that permissive temperatures between 
16 ºC and 31 ºC allow WSSV replication in susceptible hosts59 with 25 ºC being the most favorable temperature57. 
In contrast, higher water temperatures (32–33 ºC) abate WSSV replication in shrimp and significantly curtail 
shrimp mortality from WSSV infection60. Accordingly, we hypothesized that lowering temperature strengthens 
the affinity between PmRab7 and VP28. Therefore, the thermodynamic parameters of PmRab7-WT and VP28 
were investigated at the permissible temperature, 25 ºC, and the inhibitory temperature, 33 ºC.

At 25 ºC, the binding between PmRab7-WT and VP28 exhibited a dissociation constant (KD) of 22.5 nM 
(Table 2; Fig. 6a) which is derived from an enthalpy change (ΔH) of -22.1 kcal mol-1 and a free energy change 
(ΔG) of -10.4  kcal mol-1, consistent with the interaction being spontaneous. An entropy change (-TΔS) of 
11.7  kcal mol-1 indicated that the association is accompanied by favorable hydrophobic interactions during 
conformational changes. As the temperature increased, the dissociation constant (KD) dropped by 16-fold from 
22.5 nM at 25 ºC to 352 nM at 33 ºC, while the free energy of the interaction (ΔG) increased to -9.4 kcal mol-1 
(Table 2; Figs. 7 and 6a).

Our result suggests that the weakened interaction between PmRab7, one of the WSSV receptors in shrimp, 
and VP28 constitutes one of the underlying reasons why WSSV becomes less virulent at higher temperatures. 

Fig. 4.  VP28 interacts with both GTP- and GDP-bound forms of PmRab7. The binding efficiency of 
different PmRab7 mutants was not significantly different from that of PmRab7-WT.
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Furthermore, the result indicates that the ITC can be used to study the relative binding affinity between VP28 
and different PmRab7 constructs.

VP28 binds with the highest affinity with PmRab7-WT
When compared to the dissociation constants of other PmRab7 conformations with VP28, the affinity of VP28 
found PmRab7-WT was the strongest. As shown in Table 2; Fig. 6, the affinity of VP28 for PmRab7-L129F, 
PmRab7-T22N, and PmRab7-Q67L showed a 6-, 15- and 88-fold decrease in comparison to that of PmRab7-
WT. Based on our findings, it is concluded that the best partner for VP28 binding is PmRab7-WT.

The nucleotide binding of PmRab7 enhances the PmRab7-VP28 affinity
As the WT enzyme exhibits the strongest binding affinity, we further hypothesized whether VP28 would prefer 
a particular nucleotide binding state of the wild-type enzyme. Accordingly, the ITC experiments between 
PmRab7-WT and VP28 in the presence of excess nucleotides were performed (Table 3; Fig. 8).

PmRab7 conformation
KD
(nM)

N
VP28:Rab7

ΔH
(kcal/mol)

ΔG
(kcal/mol)

-TΔS
(kcal/mol) T (ºC)

WT 352 ± 269 0.682 ± 4.0e-2 -7.23 ± 0.841 -9.04 -1.81 33

WT 22.5 ± 16.9 0.543 ± 8.7e-3 -22.1 ± 0.767 -10.4 11.7 25

L129F 128 ± 40.5 0.519 ± 9.4e-3 -25.7 ± 0.922 -9.40 16.3 25

T22N 334 ± 214 0.625 ± 3.1e-2 -20.0 ± 1.74 -8.84 11.2 25

Q67L 1990 ± 369 0.582 ± 1.6e-2 -33.0 ± 1.84 -7.78 25.2 25

Table 2.  Thermodynamic parameters of VP28 binding to PmRab7-WT or mutants in the presence of co-
purified nucleotides. Note: The dissociation constant (KD), enthalpy change (ΔH), and stoichiometry (N) are 
directly measured parameters, which are determined from the binding fit isotherm. An error is a fitting error. 
Gibbs free energy change, ΔG; entropy change (expressed as -TΔS).

 

Fig. 5.  The purified WSSV particles interacted with both GTP- and GDP-bound forms of PmRab7. 
The binding efficiency of PmRab7 conformations except L129F was not significantly different from that of 
PmRab7-WT.
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To measure the binding thermodynamics, excess nucleotide, either GDP or GTP, was added to the binding 
reaction to shift the population of the PmRab7-WT to the desired nucleotide binding state. In this experiment, 
a Tris-HCl-based buffer was used instead of a PBS-based buffer that was used in Table 3 because nucleotide 
binding reactions were commonly studied in this buffer48,61. The results showed that in the absence of excess 

Fig. 6.  The titration of VP28 to PmRab7-WT using isothermal titration calorimetry (ITC) showed the 
strongest interaction when compared to T22N, Q67L, and L129F mutants. ITC titration curve and its 
corresponding fitting curve of 200 µM of VP28 to 20 µM of PmRab7-WT (a), T22N (b), Q67L (c), and L129F 
(d) in 1X PBS with 5% glycerol at 25 ºC.
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nucleotide (Fig. 8a; the KD of 1920 nM), the binding affinity of VP28 and PmRab7-WT in the presence of co-
purified nucleotides was slightly weaker by a 2-fold in comparison to that of in the presence of excess GDP and 
GTP (Fig. 8b and c; the KD of 924 nM and 826 nM, respectively). However, the nature of the excess nucleotide has 
no significant effect on the affinity. Either nucleotides presented in excess boosts the protein-protein interaction.

Discussion
The nucleotide binding states of PmRab7-WT and mutants could be characterized by the 
change in the fluorescence emission spectra
The fluorescence emission spectra of PmRab7-WT in the presence of guanine nucleotides are consistent with 
previous studies on human Rab5 and Rab751–53. Compared to the nucleotide-free state, the binding of GDP leads 
to an increase in fluorescence emission. On the contrary, the uptake of GTP or its analog, such as GppNHp, 
lowers the emission52,53.

The fluctuation in the fluorescence emission and the shift of the emission maximum is due to the change in 
the environment of Trp residues51. When Trp residues are in a more hydrophilic environment, such as solvent 
exposure, their fluorescence is more strongly quenched, hence lower intensity. Based on the crystallographic 
structures of Rab7-WT bound to GDP (PDB ID: 1VG1) and GppNHp (PDB ID: 1VG8), the solvent-accessible 

PmRab7 conformation
KD
(nM)

N
VP28:Rab7

ΔH
(kcal/mol)

ΔG
(kcal/mol)

-TΔS
(kcal/mol) T (ºC)

WT (no excess) 1920 ± 420 0.703 ± 2.0e-2 -20.2 ± 1.35 -7.80 12.4 25

WT + excess GDP 924 ± 234 0.795 ± 2.0e-2 -15.4 ± 0.841 -8.23 7.17 25

WT + excess GTP 826 ± 198 0.738 ± 1.8e-2 -17.0 ± 0.851 -8.30 8.66 25

Table 3.  Thermodynamic parameters of VP28 binding to PmRab7-WT in the presence of excess nucleotides. 
Note: The dissociation constant (KD), enthalpy change (ΔH), and stoichiometry (N) are directly measured 
parameters, which are determined from the binding fit isotherm. An error is a fitting error. Gibbs free energy 
change, ΔG; entropy change (expressed as -TΔS).

 

Fig. 7.  The thermodynamic parameters at 33 ºC compared to 25 ºC showed that the binding of PmRab7-
WT and VP28 favorably occurs at low temperatures. (a) ITC titration curve (Above) and its corresponding 
fitting curve (Below) of 200 µM of VP28 to 20 µM of PmRab7-WT in 1X PBS with 5% glycerol at 33 ºC. (b) 
Comparison of the free energy change (ΔG), enthalpy change (ΔH), and entropy change (expressed as -TΔS) in 
the titration of VP28 to PmRab7-WT with two different temperatures at 25 ºC and 33 ºC.
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surface area (SASA) of Trp residues in the GDP-bound complex is greater than that of the GppNHp-bound 
structure, thereby accounting for the decrease in fluorescence intensity of GppNHp-bound state.

The thermodynamics of PmRab7-VP28 interaction is consistent with the high virulence of 
WSSV at low temperatures
When increasing the temperature to 33 ºC, the dissociation constant rose by 16-fold and the interaction became 
less entropically favorable as indicated by the more negative ΔS. (Table 2; Fig. 7). We proposed that the high 
temperature (33 ºC) mitigates WSSV virulence by diminishing the affinity between VP28 and PmRab7, and 
thereby partially hindering the viral entry. This correlates with previous reports that found a higher WSSV copy 
number at a lower temperature (16–31 ºC)57,59,60,62,63. However, the debilitating virulence is also attributable to 
the expression of other viral inhibitory factors such as aldehyde dehydrogenase (ALDH) and heat shock protein 
70 (Hsp70) at higher temperature64. Thus, our finding indicated that the negative correlation between the VP28-
PmRab7 affinity and water temperature may be one of the reasons why lower water temperature favors WSSV 
infection57–60.

PmRab7-WT is the best form of PmRab7 as an anti-WSSV agent
The ELISA and ITC results consistently showed that VP28 indiscriminately interacted with both GDP- and GTP-
bound forms of PmRab7, albeit with differing affinity. Our analysis revealed that the PmRab7 conformations 
that adopted both GTP- and GDP-bound states (WT and L129F) interacted by VP28 with a higher affinity than 
those that were locked in either GDP-bound only (T22N) or GTP-bound only (Q67L) conformation. From an 
evolutionary standpoint, the lack of preference for any particular nucleotide binding PmRab7 states for VP28 
binding may be beneficial for WSSV during viral entry as it increases the population of PmRab7 with which the 
virions can interact, thereby accelerating viral trafficking11,12.

When PmRab7 proteins were mutated to exclusively contain either GDP or GTP-bound conformation, their 
affinity drastically decreased by 15 and 88-found for the GDP-bound T22N mutant and the GTP-bound Q67L 
mutant, respectively. We hypothesize that the markedly weakened interaction suggested that the conformation 
flexibility that enables PmRab7 to switch between the two nucleotide binding states positively influences the 
VP28-PmRab7 interaction. The support for this hypothesis comes from a prior study, which found that the 
competitive inhibitor CID106770, targeting nucleotide binding pocket located in PmRab7, resulted in a reduction 
in the internalization of WSSV virions65. It was proposed in that investigation that the binding of competitive 
inhibitor results in the conformational rigidity that made PmRab7 incompatible with VP28 interaction.

Additionally, the 88-fold decrease in binding affinity of Q67L is supported by the molecular dynamics of the 
PmRab7-VP28 complex21. It was predicted that E68 and R69 on the surface of PmRab7 may play a crucial role in 
the PmRab7-VP28 interaction21. The vicinity of these two residues to the Q67L suggests that mutating Q67 may 
alter the interface for VP28-PmRab7 interaction, thus weakening the binding with VP28.

Fig. 8.  The titration of VP28 to PmRab7-WT in the presence of 0.5 mM nucleotide using ITC showed the 
addition of excess nucleotide (GDP or GTP) enhances the binding affinity. Isothermal titration calorimetry 
(ITC) titration curve and its corresponding fitting curve of 200 µM of VP28 to 20 µM of PmRab7-WT (a), 
PmRab7-WT + GDP (b), PmRab7-WT + GTP (c) in 50 mM Tris-HCl pH 8.0, 100 mM NaCl and 5% glycerol 
with 0.5 mM nucleotide at 25 ºC.
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Nucleotide binding enhances the VP28-PmRab7 interaction
Knowing that the WT conformation is the best candidate, we asked whether any particular nucleotide binding 
states of the WT displayed a stronger affinity. Hence, excess nucleotides were added as shown in Table 3. The 
affinity of the interaction is strengthened by the presence of both excess nucleotides. This phenomenon is also 
observed in other pairs of Rab-binding partner interactions42,47–50. Consistent with our finding, a previous study 
showed that blocking the Rab7 nucleotide binding pocket by a small molecule inhibitor decreases the WSSV 
internalization65.

The observation that the presence of a small molecule, such as nucleotides, can modulate the affinity between 
the two proteins opens up an opportunity for shrimp-feed producing company to develop cost-effective small 
molecules that target the VP28-PmRab7 as a novel strategy to alleviate the economic loss by WSSV outbreak.

Applying the current ITC platform for high-throughput screening for inhibitors of the VP28-
PmRab7 interaction
Previous research has demonstrated that recombinant PmRab7 and VP28 proteins can be orally administered to 
protect shrimp from WSSV infection25,67, under the hypothesis that these recombinant proteins compete with 
endogenous proteins for binding sites15. In our study, we found that the presence of excess guanine nucleotides 
significantly strengthens the interaction between recombinant PmRab7 and VP28 proteins. This suggests that 
adding guanine nucleotide analogs to shrimp feed, along with either recombinant PmRab7 or VP28, could 
enhance this competitive binding, thereby reducing WSSV infection.

However, the practical use of guanine nucleotides in shrimp farming is currently limited due to their high 
cost. Designing cost-effective nucleotide analogs could offer a viable solution. Agro-pharmaceutical companies, 
which often have extensive libraries of candidate compounds, have traditionally relied on labor-intensive and 
time-consuming bioassays in aquaculture to test the efficacy of these additives against WSSV25,67. Integrating 
ITC into the screening process would offer a more economical and high-throughput alternative, as ITC is widely 
used in the pharmaceutical industry for drug design and screening.

While KD values obtained through ITC may not directly reflect absolute binding affinities due to variations in 
pH and salt concentrations that affect the thermodynamic parameters of biochemical interactions66, the relative 
KD values derived from this method are sufficient for identifying potential small molecule inhibitors. This ITC-
based approach could streamline the development of effective anti-WSSV agents for shrimp feed additives, 
benefiting not only shrimp farming but also paving the way for combating other viral diseases in aquaculture.

Conclusion
In conclusion, our biochemical investigation into the interaction between VP28 and PmRab7-WT, alongside its 
mutants, has provided valuable insights into the influence of PmRab7’s nucleotide binding state on its interaction 
with VP28. Our findings indicate that VP28 interacts with both GDP- and GTP-bound forms of PmRab7, with 
the strongest affinity observed for the wild-type. We also emphasize that the low temperature and addition 
of excess nucleotide enhance the binding of VP28. Moreover, we developed the ITC platform for screening 
potential anti-WSSV feed additives on an industrial scale.

Materials and methods
Materials
The expression vector pET28a was from Novagen Merck Millipore (Watford, UK). Restriction endonucleases 
(NcoI, NdeI, XbaI, and NotI) were from New England Biolabs (NEB) (Hitchin, UK). Chemically competent 
bacterial E. coli C41(DE3) cells were purchased from Merck Millipore (Darmstadt, Germany). LB media and LB 
agar were obtained from Merck Millipore (Darmstadt, Germany) and Kanamycin from Sigma-Aldrich (USA). 
Isopropyl β-D-1-thiogalactopyranoside (IPTG) was from Sigma-Aldrich (USA), PMSF, DNase I, and Lysozyme 
from hen egg from Sigma-Aldrich (USA).

Plasmid preparation
A recombinant pET28a-VP28-His6 plasmid was cloned by inserting the VP28 sequence15 between NcoI and 
XhoI of the pET28a plasmid. A recombinant pET28a-GST-PmRab7-WT was cloned by fusing the glutathione-
S-transference sequence with PmRab715 and inserting it between NdeI and NotI of the pET28a plasmid. The 
PmRab7 mutants were constructed by a QuikChange mutagenesis using primers shown in Table  4. A TEV 
protease recognition site was inserted between GST and PmRab7 in the aforementioned plasmids for the 
QuikChange mutagenesis. All plasmid constructs were verified by DNA sequencing analysis.

Primer name Sequences Purposes

R7_T22N_FWD ​G​G​T​G​T​A​G​G​C​A​A​A​A​A​C​T​C​C​C​T​T​A​T​G​A​A​C​C​A​G Sense primer for the T22N mutation

R7_T22N_REV ​C​T​G​G​T​T​C​A​T​A​A​G​G​G​A​G​T​T​T​T​T​G​C​C​T​A​C​A​C​C Antisense primer for the T22N mutation

R7_Q67L_FWD ​G​G​G​A​T​A​C​A​G​C​T​G​G​T​C​T​C​G​A​G​A​G​A​T​T​C​C​A​G​T Sense primer for the Q67L mutation

R7_Q67L_REV ​A​C​T​G​G​A​A​T​C​T​C​T​C​G​A​G​A​C​C​A​G​C​T​G​T​A​T​C​C​C Antisense primer for the Q67L mutation

R7_L129F_FWD ​C​C​T​G​G​G​T​A​A​C​A​A​G​A​T​T​G​A​T​T​T​T​G​A​G​A​A​T​A​G​G​G​C​G​G Sense primer for the L129F mutation

R7_L129F_REV ​C​C​G​C​C​C​T​A​T​T​C​T​C​A​A​A​A​T​C​A​A​T​C​T​T​G​T​T​A​C​C​C​A​G​G Antisense primer for the L129F mutation

Table 4.  Mutagenic primers for QuikChange in PmRab7.
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Protein expression and purification of VP28
To express VP28-His6 proteins, the recombinant plasmid was transformed into the C41(DE3) Escherichia 
coli strain to overexpress. A glycerol stock containing the recombinant VP28 plasmid in the E. coli strain was 
inoculated in 10 ml of Luria-Bertani (LB) medium with 100 µg/ml kanamycin. The culture was grown overnight 
at 250 rpm and 37 ºC. The overnight culture was diluted to OD600 of 0.1 in LB media supplemented with 100 µg/
ml kanamycin. The resulting culture was constantly shaken at 250 rpm and 37 ºC until the OD600 reached 0.6–
0.8. Then, the protein expression was induced by adding 0.1 mM of IPTG at 30 ºC for 6 h. After the induction, 
the cells were harvested by centrifugation at 8000 ×g and 4 ºC for 5 min.

The pellet was resuspended with a lysis buffer (50 mM NaH2PO4 pH 8.0, 300 mM NaCl, 1% Triton X-100, 
5% glycerol, 10 mM imidazole, 5 mM 2-βME, 1 mg/ml lysozyme, and 0.1 mM PMSF) and lysed by sonication 
with 15 min of 5 s pulse-on, 9 s pulse-off at a 40% amplitude at 4 ºC for 15 min (VCX 130 SONICS Vibra-Cell 
Ultrasonic Liquid Processor, Sonics). The lysate was centrifuged at 8000 ×g, 4 ºC for 15 min. The supernatant was 
subsequently loaded onto a polypropylene column (Qiagen, Germany) containing Ni sepharose (GE Healthcare, 
US). The soluble protein and beads were mixed by rocking at 4 ºC for 1 h. After that, the Ni-NTA column was 
washed with 10 column volumes (CV) of a wash buffer (50 mM NaH2PO4 pH 8.0, 500 mM NaCl, 1% Triton 
X-100, 5% glycerol, 10 mM imidazole, and 5 mM 2-βME). The VP28 protein was eluted with 10 CVs of an 
elution buffer (50 mM NaH2PO4 pH 8.0, 500 mM NaCl, 1% Triton X-100, 5% glycerol, 250 mM imidazole). The 
fractions containing the target protein were analyzed by SDS-PAGE followed by dialysis against 1X PBS pH 7.4 
with 5% glycerol. The concentration of purified VP28 was measured by Bradford assay.

Protein expression and purification of PmRab7
The recombinant plasmids were transformed into the C41(DE3) Escherichia coli strain to overexpress the 
GST-PmRab7 proteins. A glycerol stock containing the recombinant PmRab7 plasmid in the E. coli strain was 
inoculated in 10 ml of Luria-Bertani (LB) medium with 100 µg/ml kanamycin. The culture was grown overnight 
at 250 rpm and 37 ºC. The overnight culture was diluted to OD600 of 0.1 in LB media supplemented with 100 µg/
ml kanamycin. The resulting culture was constantly shaken at 250 rpm and 37 ºC until the OD600 reached 0.6–
0.8. Then, the protein expression was induced by adding 0.1 mM of IPTG at 37 ºC for 4 h. After the induction, 
the cells were harvested by centrifugation at 8000 ×g, 4 ºC for 5 min.

The pellet was resuspended with a lysis buffer (1X PBS pH 7.4, 1 mM DTT, 5% glycerol, 1 mM EDTA, 
1 mg/ml lysozyme, and 0.1 mM PMSF) and lysed by sonication as in the VP28 purification protocol. The lysate 
was centrifuged at 8000 ×g and 4 ºC for 15 min. The supernatant was subsequently loaded to a polypropylene 
column (Qiagen) containing Glutathione sepharose 4B resins (GE Healthcare). The soluble protein and beads 
were mixed by rocking at 4 ºC for 1 h. After that, the GST column was washed with 10 CVs of a wash buffer (1X 
PBS pH 7.4, 1 mM DTT, 5% glycerol, and 1 mM EDTA). The GST tag on the target protein was removed by an 
on-column cleavage using TEV proteases (0.2 mg of TEV per 2 g of wet cell weight) in 1 CV of the wash buffer 
at 4 ºC for 18 h. Fractions of flow-through (FT) and 2 CVs of wash buffer after digestion were collected. The 
fractions containing the target protein were analyzed by SDS-PAGE.

The protein was diluted 20-fold in a diluting buffer (50 mM Tris-HCl pH 8.0, 5% Glycerol, 2mM DTT, 100 
mM NaCl) and further purified by anion exchange chromatography using a 5 ml HiTrap Q HP column (GE 
Healthcare). The protein purification was performed in a fast-protein liquid chromatography (FPLC) machine 
(ÄKTA start, GE Healthcare) at 4 ºC. The affinity column was washed with 5 CVs of a start buffer (50 mM Tris-
HCl pH 8.0, 5% glycerol, and 2 mM DTT). Then, the protein was eluted with 6 CVs of an elution buffer (50 mM 
Tris-HCl pH 8.0, 5% glycerol, 2 mM DTT, and 200 mM NaCl). The fractions containing the target protein were 
pooled, concentrated, and dialyzed against 1X PBS pH 7.4 with 5% glycerol at 4 ºC for 8 h. The purified protein 
was analyzed by SDS-PAGE. The concentration of purified PmRab7 variants were measured by Bradford assay.

Intrinsic tryptophan fluorescence spectroscopy (IFS)
Intrinsic tryptophan fluorescence emission spectra were recorded using a spectrofluorophotometer (RF-5301PC, 
Shimadzu). In each measurement, 0.5 µM of PmRab7 was mixed with either 25 µM of GDP or GppNHp in a 
nucleotide binding buffer (40 mM HEPES pH 7.5, 10 mM MgCl2, and 2 mM DTT). The reactions were incubated 
for 2 h at 37 ºC before fluorescence emission measurements52,53. The excitation wavelength was set to 290 nm 
according to Pan et al., 1995 and Simon et al., 199652,53. The emission spectra were collected at 25 ºC between 
305 and 450 nm. The collected data were normalized by the emission spectra of the nucleotide binding buffer in 
the absence and presence of guanine nucleotide. The nucleotide-free form was used to normalize the guanine 
nucleotide binding conditions.

Nucleotide-free Rab7 preparation
A nucleotide-free PmRab7 was used as a normalization in an intrinsic tryptophan fluorescence spectroscopy 
technique. To prepare nucleotide-free PmRab7, co-purified guanine nucleotides were extracted from the 
purified PmRab7 proteins according to the modified method from Res et al., 1990; Simon et al., 199652,68. First, 
tightly bound GDP was removed by chelating excess Mg2+ with 10 mM EDTA for 30 min at room temperature to 
accelerate the rate of nucleotide dissociation. Then, excess EDTA was removed using a PD-10 G-25 spin column 
to avoid inhibition of subsequent enzymatic reactions. After that, a 10-fold excess of GppCH2p was added to 
the reaction in the presence of 200 mM (NH4)2SO4 and incubated for 1 h at 22 ºC to promote GDP release from 
the protein. Antarctic Phosphatase (5U/mg) (NEB) was added to the reaction and incubated for 24 h at 22 ºC 
to hydrolyze GTP to GDP. Then, phosphodiesterase (5U/mg) was added and continued the incubation for 24 h 
to completely degrade the remaining GDP to guanosine. Finally, the reactions were shock-frozen and kept at 
-80 ºC. Before use, the free nucleotides were removed by centrifugation. The reactions were monitored using a 
fluorescence spectrophotometer (RF-5301PC, Shimadzu).
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Enzyme-linked immunosorbent assay (ELISA)
For the ELISA experiment between recombinant VP28 and PmRab7, ninety-six well flat-bottom polystyrene 
ELISA plates were coated and incubated overnight at 4 ºC with 200 µl/well of 50 µg of purified PmRab7-WT 
or PmRab7 mutants or bovine serum albumin (BSA). All proteins were diluted with a coating buffer (0.05 M 
carbonate-bicarbonate buffer pH 9.6). Then, the coated plates were washed 4 times with 200 µl/well of a wash 
buffer (0.05% Tween-20 in 1X PBS pH 7.4). After that, the coated plates were blocked with 200 µl/well of a 
blocking buffer (10% fetal bovine serum (Gibco) in 1X PBS) for 2 h at room temperature to minimize non-specific 
binding. The plates were washed 3 times with the wash buffer followed by the addition of 200 µl/well of 100 µg 
VP28-His6 diluted with 1x PBS. After incubating the plates for 1 h at room temperature, the plates were washed 
5 times with the wash buffer. The PmRab7-VP28 interaction was detected by adding 100 µl/well of rabbit anti-
VP28 antibody diluted 1:1000 with 3% skim milk in 1X PBS and incubated for 1.5 h at room temperature. After 
6 washes with the wash buffer, the plates were added with 100 µl/well of goat anti-rabbit (GAR)-HRP conjugate 
diluted 1:2000 with 3% skim milk in 1X PBS as a secondary antibody and incubated for 1 h at room temperature. 
The plates were washed 6 times as a final washing step, then each well was incubated with 50 µl of TMB solution 
(Merck) at room temperature on a gentle rocking. After 45 min, the color development was stopped by adding 
50 µl/well of 2 M H2SO4. Absorbance was read at 450 nm using a microplate reader (Molecular Devices).

For the ELISA experiment between WSSV and PmRab7, the amounts of WSSV and PmRab7 were adapted 
from the previous study15. Ninety-six well flat-bottom polystyrene ELISA plates were coated and incubated 
overnight at 4 ºC with 200 µl/well of 0.5 × 104 copies of purified WSSV. Then, the coated plates were washed and 
blocked as in the ELISA experiment between recombinant VP28 and PmRab7. The plates were washed 3 times 
with the wash buffer followed by the addition of 200 µl/well of 10 µg PmRab7 conformations or BSA diluted 
with 1X PBS. After incubating the plates for 1 h at room temperature, the plates were washed 5 times with the 
wash buffer. The PmRab7-WSSV interaction was detected by adding 100 µl/well of rabbit anti-PmRab7 antibody 
diluted 1:1000 with 3% skim milk in 1X PBS and incubated for 1 h at room temperature. After 6 washes with 
the wash buffer, the plates were added with 100 µl/well of goat anti-rabbit (GAR)-HRP conjugate diluted 1:2000 
with 3% skim milk in 1X PBS as a secondary antibody and incubated for 1 h at room temperature. The plates 
were washed 6 times as a final washing step, then each well was incubated with 50 µl of TMB substrate (Merck) at 
room temperature on a gentle rocking. After 10 min, the color development was stopped by adding 50 µl/well of 
2 M H2SO4. Absorbance was read at 450 nm using a microplate reader (SpectraMax iD3 multi-mode microplate 
reader, molecular devices).

Isothermal titration calorimetry (ITC)
ITC experiments were performed in a buffer of 1X PBS pH 7.4 with 5% glycerol to verify which of the PmRab7 
conformations binds VP28. PmRab7-WT and mutants were diluted at a concentration of 20 µM and then were 
titrated against a solution of 200 µM VP28-His6 using a MicroCal PEAQ-ITC calorimeter (Malvern Panalytical). 
The experiment parameters were set as follows: 19 times of injections, 0.2 µl of first injection volume, and 2 µl of 
sequential injection volume, with a spacing time of 120 s, at a reference temperature of 25 and 33 ºC. The heat 
from the initial injection was excluded from the data before analysis. Titration data were fitted with the one-site 
binding model using MicroCal PEAQ-ITC analysis software.

To validate the binding of PmRab7-WT and VP28 in the presence of excess nucleotides including GDP 
(Sigma-Aldrich) and GTP (Abcam), the buffers of purified PmRab7-WT and VP28 proteins were exchanged 
through a PD-10 column by eluting the column with 50 mM Tris-HCl pH 8.0, 100 mM NaCl and 5% glycerol 
prior to adding 0.5 mM the respective nucleotide before performing ITC experiments with the same parameters 
as above.

Data availability
All data generated or analyzed during this study are included in this published article and its Supplementary 
Information file.
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