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Abstract

Vibrio cholerae experiences a highly hostile environment at human intestine which triggers

the induction of various heat shock genes. The hchA gene product of V. cholerae O395,

referred to a hypothetical intracellular protease/amidase VcHsp31, is one such stress-induc-

ible homodimeric protein. Our current study demonstrates that VcHsp31 is endowed with

molecular chaperone, amidopeptidase and robust methylglyoxalase activities. Through site

directed mutagenesis coupled with biochemical assays on VcHsp31, we have confirmed the

role of residues in the vicinity of the active site towards amidopeptidase and methylglyoxa-

lase activities. VcHsp31 suppresses the aggregation of insulin in vitro in a dose dependent

manner. Through crystal structures of VcHsp31 and its mutants, grown at various tempera-

tures, we demonstrate that VcHsp31 acquires two (Type-I and Type-II) dimeric forms. Type-

I dimer is similar to EcHsp31 where two VcHsp31 monomers associate in eclipsed manner

through several intersubunit hydrogen bonds involving their P-domains. Type-II dimer is a

novel dimeric organization, where some of the intersubunit hydrogen bonds are abrogated

and each monomer swings out in the opposite directions centering at their P-domains, like

twisting of wet cloth. Normal mode analysis (NMA) of Type-I dimer shows similar movement

of the individual monomers. Upon swinging, a dimeric surface of ~400Å2, mostly hydropho-

bic in nature, is uncovered which might bind partially unfolded protein substrates. We pro-

pose that, in solution, VcHsp31 remains as an equilibrium mixture of both the dimers. With

increase in temperature, transformation to Type-II form having more exposed hydrophobic

surface, occurs progressively accounting for the temperature dependent increase of chap-

erone activity of VcHsp31.
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Introduction

Different environmental stresses such as elevated temperature and other hostile insults to the

living cells accumulate the formation of misfolded proteins and protein-aggregates which may

lead to malfunction of the cellular machinery [1]. For the survival of cells, these misfolded pro-

teins need to be either refolded properly into their functionally active form or degraded into

their constituent amino acids. Molecular chaperones are a class of folding modulators engaged

in quality control of misfolded client proteins and thereby control the cellular conformational

ensemble of the proteome [2,3]. Although constitutively expressed under balanced growth

conditions, many chaperones are upregulated upon heat shock or other stresses that increase

cellular protein misfolding and are, therefore, classified as heat shock proteins (Hsps) [4].

Functionally Hsps are ‘molecular chaperones’ and ‘proteases’ playing central role in cellular

homeostasis [2]. They are involved in folding of the hydrophobic stretches of the misfolded cli-

ent proteins, that normally remain buried but become exposed to the solvent under stressful

conditions, through multiple cycles of binding and release. On the other hand, those proteins

that are beyond repair are hydrolyzed by the heat shock proteases [5,6]. A typical chaperone

target is a short unstructured stretch of hydrophobic amino acids flanked by basic residues

and lacking acidic residues [7].

Escherichia coli Hsp31 (namely EcHsp31) (product of hchA or yedU gene) [6], yeast Hsp31

(YDR533c) [8] and Human DJ-1 [9], belonging to the ThiJ/DJ-1/PfpI superfamily, possess

both molecular chaperone and amindopeptidase activities. Members of ThiJ/DJ-1/PfpI

superfamily can be subcategorized into three classes based on their structural and functional

properties [10]. Due to their multiple cellular functions such as, chaperone-like activity,

methylglyoxalase activity and cytoprotection, proteins belonging to this family have emerged

as immense biomedical importance [9–12].

Vibrio cholerae, the pathogenic organism responsible for diarrhoea, switches from an

aquatic environment to a highly hostile milieu on entering the human intestine where it trig-

gers the induction of various heat shock genes to facilitate the breakdown or renaturation of

misfolded proteins[13]. The hchA gene product of V. cholerae O395, VcHsp31, which belongs

to DJ-1/PfpI superfamily, is referred as a hypothetical intracellular protease/amidase [14].

However, neither any functional study nor the molecular basis of these functions is reported

so far for VcHsp31.

As of now, our knowledge about the Class-I Hsp31 (hchA or yedU) is restricted only to

the structures of EcHsp31 [6,15] and its functional assays. EcHsp31 exists as dimer where

each monomer is composed of two α-β domains, designated as A and P domains, connected

by a ‘flexible linker’. Dimerization through their P-domains, create a bowl shaped structure.

Large hydrophobic patches at the ‘bowl’ may bind partially unfolded protein substrates

[6]. The ‘flexible linker’ region and its nearby loops, which were not seen in the crystal

form grown at higher temperature, was proposed to function as a gate that modulates

high-affinity substrate binding [16]. EcHsp31 also forms a high molecular weight (HMW)

assembly ~50–60˚C, with enhanced chaperone activity compared to its dimeric version.

However, no atomistic model to precisely describe this mechanism was available [17]. The

chaperone activity of EcHsp31 is also shown to be dependent on the integrity of N- and C-

termini [18]. The catalytic triad ‘Cys-His-Asp’ of EcHsp31 is accessible only through a nar-

row opening, thereby exhibiting a weak peptidase activity [15,19,20]. In vitro protease assay

has confirmed poor proteolytic activity towards bovine serum albumin (BSA) with a rela-

tively broad range amidopeptidase activity [16]. EcHsp31 deficient strains accumulate 8–12

mer long peptide fragments which are cleaved into shorter peptides after incubation with

EcHsp31 [20].
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Methylglyoxal (MG; H3C—CO—CHO), a reactive carbonyl species, is produced in many

organisms as a consequence of central metabolism [21]. MG mediated cytotoxicity and ROS

level at elevated concentrations can damage proteins, nucleic acids, and lipids [22,23]. Hsp31

repairs proteins by deglycating cysteine, arginine and lysine and prevents the formation of

intermediate Schiff bases and advanced glycation endproducts [24]. It has been demonstrated

that EcHsp31, along with other members of DJ-1 family, exhibit glutathione independent

methyl glyoxalase activity and suppresses MG-mediated toxicity and ROS levels [25]. Glyoxa-

lase activities of Hsp31 is also critical for oxidative stress resistance in Saccharomyces cerevisiae
[26]. However, no protein has been identified in V. cholerae yet that shows such methylglyoxa-

lase activity.

Here we report high resolution crystal structures of VcHsp31 and its mutants, grown at

three different temperatures ranging from 18˚C-25˚C, to understand the molecular basis of

temperature mediated structural and functional modulations. Our study demonstrates that

VcHsp31 exhibits weak protease/amidase activity, chaperone activity and robust glutathione-

independent methylglyoxalase activity. Crystal structures of VcHsp31 show clear and unam-

biguous electron density of the ‘linker region’, irrespective of at what temperature the crystals

were grown. Quaternary structure analyses, for the first time, indicates the presence of two dis-

tinct types of dimers—one is like EcHsp31 dimer (Type-I dimer) with intersubunit hydrogen

bonds involving their P-domains, while in the other (Type-II dimmer) some of the intersubu-

nit hydrogen bonds are broken and the monomers swing out in the opposite directions center-

ing on their P-domains. Crystals of VcHsp31 grown at 18˚C are exclusively made of Type-I

dimers whereas crystals grown at 20˚C or 25˚C have both Type-I and Type-II dimers. Swing-

ing of the monomers uncovers huge buried surface (~400Å2), mostly hydrophobic in nature,

which might be utilized to bind partially unfolded protein substrates. We propose that, with

gradual elevation of temperature, Type-I to Type-II transformation occurs progressively with

associated increase of previously hindered hydrophobic surface and this observation reveals a

mechanism of temperature dependent increase of chaperone activity. The protease/amidopep-

tidase activity of VcHsp31, albeit low, increases with temperature and a double mutant F30L/

F211L exhibits two fold greater peptidase activity than the wild type because of increased

accessibility of the catalytic cysteine. Through further mutational studies on VcHsp31 we have

deciphered the role of highly conserved residues around the active site in terms of amidopepti-

dase and methylglyoxalase activities. Our observations further suggest that Glu79 of Hsp31,

which is located adjacent to the catalytic Cys and conserved in all three classes, plays a dual

role: while it serves as a crucial catalytic residue for methylglyoxalase activity, its strategic loca-

tion helps to control the proteolysis by attenuating the peptidase activity.

Materials and methods

Cloning, expression and purification of VcHsp31 and its mutant

Cloning, expression, purification and crystallization of VcHsp31 have been published earlier

[14]. In brief, VcHsp31 was cloned in pET28a+ vector, overexpressed in E.coli BL21 (DE3) cells

as N-terminus 6×His tagged fusion protein and purified by Ni2+-NTA affinity chromatogra-

phy. The 6×His tag was cleaved with thrombin by overnight incubation at 4˚C and the proteins

were further purified by gel filtration chromatography using a Sephacryl S-100 (GE-Health-

care) column (78×1.4cm) pre-equilibrated with thrombin cleavage buffer (20 mM Tris-HCl

pH 8.0, 150 mM NaCl and 5 mM CaCl2) containing 0.02% sodium azide at 20˚C. Finally,

VcHsp31 was concentrated upto 10 mg/ml in 20 mM Tris-HCl (pH 8.0), 150 mM NaCl and

2.5 mM CaCl2. To generate different VcHsp31-Ala and Leu mutants, two step PCR methods

Novel dimeric form and Glutathione-independent Glyoxalase activity of VcHsp31

PLOS ONE | DOI:10.1371/journal.pone.0172629 February 24, 2017 3 / 23



were applied to introduce specific mutations into VcHsp31-pET28a+ plasmid and confirmed

by sequencing.

Crystallization and data collection of VcHsp31

Crystals of VcHsp31 and its mutants were grown by hanging drop vapor diffusion method at

different temperatures, from 18˚C-25˚C, in presence of 5% PEG 6000 in 0.1 M Na-citrate (pH

5.0) and 8% 2-methyl-1,3-propanediol (MPD) against a reservoir solution of 15% PEG 6000,

0.1 M Tris—HCl (pH 8.5) and 5% MPD. VcHsp31 crystals grown at 20˚C diffract to a resolu-

tion of 1.9 Å whereas crystals grown at 25˚C diffract to a resolution of 2.5Å. Crystals of E79A-

VcHsp31 (at 18˚C) and C188A-VcHsp31 (at 20˚C) mutants were also grown in a condition

similar to that of wild type VcHsp31 and diffract to a resolution of 2.3 Å and 1.85 Å, respec-

tively. Attempts to crystallize VcHsp31 at a temperature higher than 25˚C either produced no

crystals or crystals with no suitable X-ray diffraction.

For data collection, crystals were taken out from the crystallization drops using nylon loop,

briefly soaked in cryoprotectant solution and flash-cooled in a stream of nitrogen (Oxford

Cryosystems) at 100K. The diffraction data sets were collected using a MAR Research image-

plate detector of diameter 345 mm and Cu Kα radiation generated by a Bruker—Nonius

FR591 rotating-anode generator equipped with Osmic Max Flux confocal optics and

operated at 50kV and 70mA. Data were processed and scaled using AUTOMAR (http://www.

marresearch.com/automar/run.html). Data-collection and processing statistics are given in

Table 1.

Structure determination and refinement

The structures were solved by molecular replacement using Phaser [27] and refined in Phenix
[28]. At first, we solved the structure of VcHsp31 with the high resolution data collected at

20˚C (VcHsp3120C). Based upon sequence alignment between VcHsp31 and EcHsp31, a model

was generated from the coordinates of the EcHsp31 (1N57.pdb) [6], by the program Chainsaw
from the CCP4 package [29]. This model was used to generate the initial solution by molecular

replacement using Phaser [27]. The solution was found to contain six molecules in the asym-

metric unit which correspond to a Matthew’s coefficient VM of 1.97 Å3 Da−1 with a solvent

content of 37.4%. Cycles of model building in coot [30] and refinement by Phenix resulted in

final Rwork and Rfree values to 18.8% and 22.4%, respectively. This refined structure was subse-

quently used to solve the VcHsp3125C and the mutant structures E79A-VcHsp31and C188A-

VcHsp31. In each case, 5% of the reflections were kept aside for cross validation prior to

refinements.

Structural analysis

Average B-factors for each residue was calculated using B-avg of CCP4. PISA web server was

used to analyze the oligomeric states [31]. Sequence comparison of the protein with other

homologs was done using ClustalW [32] and Multalin software [33]. All the structural illustra-

tions were prepared using pymol (www.pymol.org).

Normal mode analysis

The low frequency normal modes were used to model the conformational flexibility of the

monomers using the web-server elNémo [34]. The A:B dimer (Type-I) of the VcHsp31

crystal structure was used as the initial model. A series of low frequency normal modes were

calculated and perturbations were applied to the lowest vibrational mode (mode 7) with
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amplitude varying from -100 to +100 in steps of 20. A total of 11 models were generated by the

program.

Tryptophan quenching study

2 μg of VcHsp31 was added in 20 mM Tris, 150 mM NaCl, pH-8.0 making the final volume

1200 μl and incubated at the temperature range from 18˚C to 30˚C in Varian-Cary fluores-

cence spectrophotometer with the temperature control unit or peltier. The protein sample was

excited at 295 nm and emission spectra were collected from 320 nm to 450 nm.

Protease and peptidase assay

Proteolytic activity of VcHsp31 was conducted at two different temperatures (20˚C and 37˚C)

and in three different pHs (6.5, 7.2, and 8.0) using BSA (Sigma Aldrich) as substrate. The assay

Table 1. Data collection and refinement statistics of VcHsp31 and its different mutants.

VcHsp3120˚C VcHsp3125˚C E79A-VcHsp31 (18˚C) C188A- VcHsp31(20˚C)

Crystal cell parameters

Space group P21 P21 P21 P21

Cell dimensions (Å, ˚) a = 73.5,b = 79.1,c = 133.1;

α = γ = 90.0, β = 95.2

a = 73.3,b = 80.0,c = 133.1;

α = γ = 90.0, β = 95.4

a = 104.4,b = 79.6,c = 106.4; α
= γ = 90.0, β = 107.9

a = 103.7,b = 79.3c = 107.6; α =

γ = 90.0, β = 108.7

Data collection statistics

Molecule(s)/ASU 6 6 6 6

Mathews coefficient,

Vm (Å3 Da-1)

1.97 2.04 2.12 2.11

No. of observed

reflections

206188 94575 132035 320035

No. of unique

reflections

118593 49277 68904 130789

Resolution range (Å) 30.0–1.87 30.0–2.5 30.0–2.3 30.0–1.84

Completeness (%) 92.0 (92.3) a 92.3 (87.6) a 92.2 (95.0) a 91.1 (95.0) a

Average redundancies 1.79 1.94 2.1 2.5

Mosaicity 0.36 0.43 0.44 0.38

Rmerge† (%) 8.6 (34.2) a 5.7 (25.6) a 5.7 (43.2) a 5.2 (46.3) a

Average I/σ 8.9 (21.1) a 8.9 (3.3) a 6.7 (1.5) a 7.3 (1.6) a

Refinement statistics

No. of reflections used 118593 49277 68904 130789

Rfree (%) c 19.6 25.7 24.6 23.8

Rcryst (%)b 15.8 17.8 17.9 18.9

r.m.s.d bond (Å) 0.01 0.008 0.008 0.006

r.m.s.d bond (˚) 1.35 1.2 1.2 1.07

Ramachandran plot (%)

Most favored(%) 90.1 95.1 93.9 96.2

Allowed(%) 8.5 4.8 5.6 3.6

Disallowed(%) 0.4 0.1 0.5 0.1

a Numbers in parentheses are values for the highest-resolution bin.
†Rmerge = ∑hkl∑i׀Ihkl-hIhkli׀/∑hkl∑i(Ihkl), where Ihkl is the intensity of an individual reflection and hIhkli is the average intensity over symmetry equivalents
b Rcryst = ∑hkl׀Fobs-Fcalcd׀/∑hklFobs, where Fobs and Fcalcd are the observed and calculated structure factor amplitudes, respectively.
c Rfree is the equivalent of R-factor, calculated for a randomly chosen set of the reflections (5%) that were omitted throughout the refinement process.
d As defined by PROCHECK.

doi:10.1371/journal.pone.0172629.t001
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buffer at pH 8.0 contained 150 mM NaCl, 2.5 mM CaCl2, 10 mM dithiothreitol and 20 mM

Tris. For the assay at pH 6.5 and pH 7.2, MES and phosphate buffer was used to a final concen-

tration of 20 mM, respectively, while all other components were kept unaltered. The ratio of

VcHsp31 and BSA was kept to 5:1 to account for the weak proteolytic activity of VcHsp31. The

proteolytic reactions were monitored for defined periods (15, 24, 40 hrs) and after that the

reactions were stopped by the addition of 1% SDS in final mixture. The proteolyses products

were analyzed by SDS-PAGE.

Peptidase activity of VcHsp31 was determined by monitoring the production of Amino

Methyl Coumarin (AMC) from the fluorogenic peptide Ala-AMC (Sigma Aldrich). 2 μg of

VcHsp31 was incubated for 12 hrs with 300 μM substrate in 20 mM Tris (pH 8.0), 1 mM

dithiothreitol and 3% Dimethyl sulfoxide in a total volume of 100 μl. AMC fluorescence (Exλ
380 nm and Emλ 488 nm) was measured after the reaction was stopped by the addition of 1%

SDS in final mixture. Each rate was measured in triplicate and mean values are plotted in origi-

npro 8 with standard deviations (calculated in Microsoft excel) shown as error bars. Tempera-

ture dependency of the peptidase activity was assayed at seven different temperatures: 20˚C,

25˚C, 30˚C, 35˚C, 37˚C, 39˚C and 42˚C. Effects of metal ions on the peptidase activity of

VcHsp31 were assayed in the presence of five different divalent cations: Mg2+, Ca2+, Zn2+,

Hg2+, and Pb2+ keeping the concentration of these metal ions fixed (5 mM).

Methylglyoxalase activity assay

Glyoxalase activity was assayed in vitro by using a previously described colorimetric method

that determines the enzymatic depletion of the substrate methylglyoxal [21]. 10 ng of purified

VcHsp31 was added in the reaction buffer (100 mM sodium phosphate, pH 7.5 containing 1

mM of DDT and 1 mM EDTA) with increasing concentration of methylglyoxal (0.1 mM to

2.5 mM) to make a final volume of 100 μl and incubated at 37˚C for predetermined length of

time. The reaction was stopped by adding 0.1% 2,4-dinitrophenylhydrazine (DNPH) solution

(in 2N HCl) followed by the addition of 210 μl of ddH2O. The whole mixture was incubated

for 15 minute at room temperature and finally 10% NaOH solution was added. The residual

methylglyoxal was determined by reaction with DNPH to generate the characteristic purple

color by the chromophore methylglyoxal-bis-2,4-dinitrophenylhydrazone after alkali treat-

ment followed by measurement of absorbance at 550 nm in a spectrophotometer [35,36]. The

measured velocities of the reaction were used to plot the Michaelis-Menten equation and to

obtain the Km of the reaction. Alanine scanning mutations of catalytic triad residues Cys188

and His189 but not Asp216 (as the protein precipitates) along with some other important resi-

dues around the catalytic site (Glu79, His158, Tyr224, His76) were tested to determine their

role in glyoxalase activity and compared it with the wild type. The measured absorbance values

at 550 nm were converted to concentration of methylglyoxal using interpolation onto the best-

fit line for a methylglyoxal-DNPH calibration curve.

Chaperone activity aggregation suppression assays

In this assays insulin was taken in a buffer containing 20 mM Tris, 150 mM NaCl at pH-7.0

and the aggregation reaction was induced by the addition of Dithiothreitol (final conc. 25

mM) in a 1500 μl cuvette at room temperature. Turbidity resulting from the aggregation of

insulin was monitored at 360 nm by right angle scattering method in a Varian-Cary fluores-

cence spectrophotometer [37]. Increasing concentration of VcHsp31 (substrate: enzyme ratio

was 15:1, 3:1, 1:1, 1:6) were used to check the dose dependency of chaperone activity. Data

were plotted using Microsoft EXCEL and originpro 8.
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Results

Structure of VcHsp31 and its comparison with other Hsp31 orthologs

The asymmetric unit of VcHsp3120C, VcHsp3125C, E79A-VcHsp31 and C188A-VcHsp31 crys-

tals contains six Hsp31 molecules (chain A to F) and all the six chains have continuous electron

density except for the four N-terminal residues and the C-terminus Lys residue. Graphical

inspection of the packing and its analysis by the program PISA [31] indicate that six mono-

mers assemble into three dimers. The structures of VcHsp3120C, VcHsp3125C, E79A-VcHsp31

and C188A-VcHsp31 refined well with Rwork/Rfree values of 15.8/19.6%, 17.8/25.7%, 17.9/

24.6% and 18.9/22.3% respectively, and excellent stereochemistry as indicated from their

Ramachandran plots (Table 1) [38]. The monomers superpose well with r.m.s.d values ranging

between 0.15 to 0.25 Å for 280 Cα atoms, implying all of VcHsp31 chains acquire identical

overall structures.

VcHsp31 monomers have a structural organization of two α-β domains, identified as A and

P domains (Fig 1a and 1b). The larger ‘A-domain’ has a α/β hydrolase fold consisting of 201

amino acids with a central β-sheet (consisting of six parallel strands β7, β6, β3, β8, β9 and β13

together with solitary antiparallel strand β12) flanked by helices α2, α3, α4, and α11 on one

side and helices α5, α6, α7, α8, and α10 at the other (Fig 1a and 1b). The shorter P-domain (68

residues), which acts as a lid on the top of A-domain, is composed of three segments: P1 seg-

ment (Met1-Ala32), P2 segment (Asp59-Asn75) and P3 segment (Pro212-Thr230) (Fig 1a and

1b). The secondary structure of P-domain is composed of an antiparallel β-sheet (β1"-β2#-

β5#- β4") flanked by two helices, α1 and α10. The catalytic triad residues Cys188 and His189

are contributed by the A-domain while Asp216 is contributed by the P-domain (Fig 1a). The

‘linker region’ (Fig 1a and 1b) tethers the P and A domains through a number of electrostatic

interactions.

Both VcHsp31 and EcHsp31 belong to the Class-I family of Hsp31 due to the presence of a

complete P-domain, involved in dimer formation and the presence of an extended ‘linker

region’ (Figs 1a and 2a). Monomers of VcHsp31 share similar structure with EcHsp31 (Fig 2a)

as they superpose with an r.m.s.d of 0.43Å for 236 atoms. Class-II orthologs (such as YDR533c

from Sachharomyces cerevisiae and APC35852 from Geobacillus stearothermophilus) have an

incomplete P-domain and no ‘linker region’[8]. Due to the incomplete P-domain the catalytic

Cys is more accessible in case of the Class-II orthologs (Fig 2b). A Glu residue, instead of an

Asp, completes the catalytic triad (Figs 1b and 2b). Class-III orthologs PH1704, a protease

from Pyrococcus horikoshii [39], I3RG07, an intracellular protease from Pyrococcus sp. ST04
and and PfpI [40], an intracellular protease from the hyperthermophilic Sulfolobus solfataricus
are devoid of P-domain and the ‘linker region’ (Fig 2c). A Glu residue from the adjacent proto-

mer completes the catalytic triad. Although the overall fold of their A-domains match well, the

helical region corresponding to α3-α4 of VcHsp31 adopt a β-strand conformation in Class-III

orthologs (Fig 2c).

Dimeric structure of VcHsp31

Structures of VcHsp3120C, VcHsp3125C, VcHsp31-E79A and VcHsp31-C188A contain six

monomers per asymmetric unit and analysis of the buried surface area between monomers

indicates that they assemble into three homo-dimers where the monomers are related by a

twofold axis (Fig 3c). Dimerization of VcHsp31 burry about 2050Å2 surface area (Table 2)

which involves interactions between P-A´ domains (‘´’ indicates the domain from the other

monomer) and P-P´ domains. Fig 3a–3c shows the dimer in three different orientations along

with their surface potential. It is evident from Fig 3a and 3b that the majority of the surface of
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Fig 1. Cartoon representation and sequence alignment of VcHsp31 with other orthologs showing domain organisation and catalytic residues.

(a) Cartoon representation of the overall structure of VcHsp31 monomer where ‘A’ domain (green), ‘P’ domain (violet) and the ‘linker’ region (yellow) are

indicated. The catalytic triad region comprising Cys188-His189-Asp216 (small red box) is zoomed for clarity; (b) Structure based sequence alignment of

the three classes of Hsps taking two representative members from each class. Top of the alignment depicts their secondary structures and every twentieth

residue of VcHsp31 is marked by a (|). At the bottom of the alignments, P domain segments and ‘linker region’ are indicated by colored bars. Catalytic

residues are marked in red dots while residues conserved in all six proteins are in black dots.

doi:10.1371/journal.pone.0172629.g001
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VcHsp31 is uncharged in nature except for the region at the waist of the dimer. At the waist

region, dimerization of VcHsp31 creates a deep canyon (Fig 3b) with a 8–14 Å gap between

monomers. The canyon is highly negative in charge and extends towards the other face of the

molecule connecting two other negatively charged grooves that harbors the two active sites.

Fig 2. Superpositions of VcHsp31 with three different Hsp31 orthologs. (a) EcHsp31 (Class-I) [PDB ID 1PV2, sequence identity 58.885% (calculated

in ClustalO), rmsd 0.428] [15] (b) YDR533Cp from Sachharomyces cerevisiae (Class-II) [PDB ID 4QYX, sequence identity 18.033%, rmsd 2.932] [41] and

(c) PH1704 from Pyrococcus horikoshii (Class-III) [PDB ID 1G2I, sequence identity 10.69%, rmsd 1.533] [40] Hsps to show their domain organization.

VcHsp31 is shown in same color as in Fig 1a).

doi:10.1371/journal.pone.0172629.g002

Fig 3. Cartoon representation of VcHsp31 dimer in different orientations and their electrostatic surface (a-b) looking down the twofold

symmetry and (c) perpendicular the twofold. Electron density contoured at 1σ, overlaid on the linker region (in sticks), is shown in blue mesh (Top).

Electrostatic potential surface of VcHsp31 dimer shown with an orientation same as in cartoon representation. Canyon (yellow dots), bowl and the location

of the catalytic triad (green arrow) are indicated (bottom). Color code used is same as Fig 1a, a lighter shade is used for the other monomer.

doi:10.1371/journal.pone.0172629.g003
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Negative charge of the canyon is formed by the clustering of acidic residues Asp16, Asp17,

Asp59, Glu60, Asp66, Asp95, Asp137, Glu140, Glu166, and Glu169 from each monomer. A

large shallow hydrophobic surface is evident from Fig 3c which is about 20 Å in diameter and

contributed mainly by the residues from the P-domain.

Dimeric structure of VcHsp31 is evident in solution (S1 Fig) and is stabilized through sev-

eral salt bridges and hydrophobic interactions at their interfaces. These interactions are

depicted in Fig 4a and 4b and tabulated in Table 3. At the interface, conserved salt bridges

E60. . .K105’, E16. . .R61’ and D17. . .R113’ along with several strong hydrogen bonds

(Table 3) and hydrophobic packing of F70 with P103’ stabilize the dimeric structure. Because

of two-fold symmetry, these interactions are occurring twice providing a net free energy of

interaction of -5 kcal/mole, as calculated by PDBePISA webserver. Overall, the residues and

the interactions at the dimeric interface are similar in VcHsp31 and EcHsp31, implying that

this kind of dimerization is conserved in Class-I Hsp31 homologs and probably essential for

their function.

Two distinct dimers in the same asymmetric unit of VcHsp31

Crystal structures of VcHsp31 or its mutants contain three dimers in the same asymmetric

unit and analysis of their structures shows that except VcHsp31-E79A (grown at 18˚C) all of

them contain two types of dimers. Presence of two dimeric species was not evident when six

monomers were superposed (r.m.s.d. values 0.15 Å to 0.25 Å for 278 Cα atoms), indicating

they all of them possess very similar overall fold. The scenario is, however, different when

superposition was done between the dimers. For VcHsp3120C, A-B dimer superposes on E-F

dimer with an r.m.s.d of 1.80 Å (for 561 Cα atoms) whereas the corresponding value is only

0.22 Å with the C-D dimer (Table 4). This implies that A-B and C-D dimers (named as Type-I

dimer) are considerably different from E-F dimer, which is Type-II dimer, with respect to the

relative orientations of the constituting monomers (Fig 5a). Two types of dimer with similar

features have also been observed for VcHsp3125C and C188A-VcHsp31. Comparison of the

interactions at the dimeric interfaces of Type-I dimer with Type-II shows that several interac-

tions at the dimeric surface are lost or weakened in the latter (Table 3). As a result, monomers

swing out in the opposite directions of about 8˚ around their respective P-domains as pivot

point, like twisting of wet cloth, forming a novel dimeric organization (Fig 5a). The extent of

swing is more evident when chain-A of A-B dimer is superposed on chain-E of E-F dimer and

the relative orientations of B and F are compared. Fig 5b shows such a superposition from the

top of the canyon, where some of the helices are found to be displaced by more than 6 Å. Look-

ing along the bowl (Fig 5c), where chain A is shown as transparent surface, region α4/β7/α5 of

chain B is seen to pack with chain A and gets buried during dimer formation. However, in E-F

dimer corresponding part of chain F is no longer in a position to pack with chain E and these

regions remain partially exposed to the solvent. Thus, swinging of the monomers provide a

mechanism to expose huge buried surface (~400Å2) at the dimeric interface, mostly hydropho-

bic in nature, which might be utilized to bind partially unfolded protein substrates (Table 2).

There are two tryptophan residues (Trp108, Trp109) from each monomer residing near the

Table 2. Interface area (Å2) and dimer types for different VcHsp31 crystals.

Dimers VcHsp3120˚C VcHsp3125˚C E79A-VcHsp31(18˚C) C188A-Hsp31(20˚C)

A-B 2025 (Type-I) 2058 (Type-I) 2104 (Type-I) 2100 (Type-I)

C-D 2063 (Type-I) 2082 (Type-I) 2042 (Type-I) 2084 (Type-I)

E-F 1704 (Type-II) 1663 (Type-II) 2034 (Type-I) 1724 (Type-II)

doi:10.1371/journal.pone.0172629.t002

Novel dimeric form and Glutathione-independent Glyoxalase activity of VcHsp31

PLOS ONE | DOI:10.1371/journal.pone.0172629 February 24, 2017 10 / 23



bowl which are partially exposed in E-F dimer at higher temperature. As small rise in tempera-

ture (18˚C to 25˚C) is not enough to cause detectable conformational change, it should not

affect Trp quenching as well. With this assumption we collected the Trp quenching data of

VcHsp31 from 18˚C to 30˚C which shows a red shift and gradual decrease of intensity, typi-

cally seen when Trp is getting exposed, indicating that the kind of swinging motion seen in the

crystal structure is also occurring in solution (Fig 5d).

Type-I and Type-II dimers also differ in their thermal parameters. Overall B-factor of the

monomers of VcHsp31 (at 20˚C and 25˚C) and a graphical representation of the B-average of

their different chains are shown in Table 5 and Fig 6a and 6b. Since the six monomers belong

Fig 4. Interactions at the dimeric interface in Type-I and Type-II dimers. (a) Interactions at the A-B and

C-D dimeric interface of VcHsp31. Two monomers are shown in yellow and brown and strong electrostatic

interactions are shown in dashed line. (b) Electron density contoured at 1σ at the E-F dimeric interface showing

that the salt bridge between K105 and E60 is abolished here (red label).

doi:10.1371/journal.pone.0172629.g004
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to the same asymmetric unit, their B factors were compared without any normalization. More-

over, as all the crystals of VcHsp31 were grown using same precipitants and were flash frozen

in a similar way, normalization were not done between them either. In case of VcHsp3120C

structure, F and E chain has high average B-values whereas the B-values for A, B, C and D

chains are low and comparable, (Fig 6a, Table 5). Interestingly, B-values for α4/β7/α5 and β4/

β5 loop in Type-II dimer (E-F chain) are higher (Fig 6a) as these regions loose contacts with its

partner due to swinging motion. For VcHsp3125C structure, average B-values of A, B chains

and E, F chains are quite comparable to that of VcHsp3120C while C, D chains have intermedi-

ate average B-values Fig 6b. We presume that increase of temperature (from 20 to 25) some

Type-I (C-D) dimer have just started transforming towards type-II dimer. Further increase of

temperature would completely transform these dimers (C-D) and at that temperature there

would be 66% of type-II dimer.

The catalytic triad and its environment

The catalytic triad ‘Cys188-His189-Asp216’ of VcHsp31 is located at the junction of the P and

the A domains where A-domain harbors Cys188 and His189 while P-domain harbors Asp216

(Fig 1a). The catalytic Cys188 is encompassed within a nucleophile elbow-like motif [42] and

is located at the tip of a tight turn between β9-α9 (Fig 1a and 1b). The ϕ/ψ (~60˚/~70˚) values

of this residue fall in the unfavourable region of the Ramachandran plot indicating that this

residue bears an unusually strained condition. The same conformational feature of the cata-

lytic Cys has been observed in the structures of DJ-1, EcHsp31, and PH1704. The constellation

of the catalytic triad, as seen in VcHsp31 is similar to that of EcHsp31, PH1704 and papain-

type cysteine proteases where the sulfhydryl group of Cys188 interacts with the ND1 of His189

and the Asp216 interacts with the NE2 of His189 (~2.7 Å). In addition, Glu79 which is analo-

gous to Glu15 of PH1704, is also seen to make hydrogen bond with the sulfhydryl group of

Table 3. Interactions at the interface of A-B and E-F dimer.

Residues Residues Distance (Å)

AB EF

Ala 15 O Arg 61 NE1 2.9/3 3.6/3.6

Arg 61 NH1 2.9/2.9 3.5/3.55

Arg 61 NH2 2.9/2.8 3.3/3.2

Glu 16 OE1 Trp 108 NE1 2.9 /3 2.9/2.95

Glu 16 OE2 Arg 61 NH1 2.9/2.9 2.7/2.8

Glu 16 OE2 Arg 61 NH2 2.9/2.8 3.0/2.9

Asp 17 OD1 Arg 113 NH2 3/3 2.9/3.0

Asp 17 OD2 Arg 113 NH1 2.8/2.8 3.3

Asp 59 OD1 Asn 102 ND2 3.2/3.3 3.5/3.7

Asp 59 OD1 Asn 102 ND2 3.5/3.2

Glu 60 OE1 Lys 105 NZ 2.8/2.6

Glu 60 OE2 Lys 105 NZ 3.5 /3.5

doi:10.1371/journal.pone.0172629.t003

Table 4. RMSD values obtained by dimer-dimer superposition.

Dimer VcHsp3120˚C VcHsp3125˚C

A-B vs E-F 1.74 1.89

C-D vs E-F 1.72 1.79

A-B vs C-D 0.21 0.31

doi:10.1371/journal.pone.0172629.t004
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Cys188. Strong electrostatic interactions are also observed between Glu107 OE1 with His76

ND1 (~3.3 Å) and His158 NE2 with Asp216 OD1 (~3.0 Å) near the active site. The imidazole

ring of His158 and the main chain NH of His158 and Gly157 together fulfill the role of an ‘oxy-

anion hole’ that could stabilize the transition state for efficient hydrolysis. The catalytic triad

Cys188-His189-Asp216 and the residues His76, Glu79, Glu107, Gly157, His158 and Tyr224

are highly conserved in Class-I Hsp31s. In case of Class-II Hsp31 homologues active site aspar-

tate is substituted by a glutamate and residues corresponding to His76, Tyr224 and Met225

are replaced by aromatic and small hydrophobic residues (Fig 1b). In Class-III Hsp31 homo-

logues, except for the catalytic triad residues, all other residues are different. Interestingly,

residue that corresponds to Glu79 of Class-I Hsp31s, is found to be conserved in all Hsp31s

Fig 5. Type-I and Type-II dimer of VcHsp31. (a) Overall superposition of the dimers (viewing perpendicular to the bowl). Direction of swinging motion

required to form Type-II dimer from Type-I dimer is shown by the flat arrow and the position of pivot point is shown in red triangle; (b) Disposition of ‘chain

B’ and ‘chain F’ (viewing from top of the canyon) when ‘chain A’ and ‘chain E’ are superposed. Large displacements of helices are evident here; (c) Same

superposition scheme as in Fig 5b but chain A is shown as surface (viewing same as Fig 5a) which shows poor packing of α4 for Type-II dimer with chain E

(shown in surface) (d) A portion of buried dimeric surface in Type-I dimer which is being exposed (e) in Type-II dimers; (f) Tryptophan quenching of

VcHsp31at low temperatures (18˚-25˚C).

doi:10.1371/journal.pone.0172629.g005

Table 5. Average B-factors of different chains of VcHsp31.

Chains B-average VcHsp3120˚C B-average VcHsp3125˚C

Chain A 17.8 17.8

Chain B 17.1 17.3

Chain C 19.0 21.2

Chain D 18.4 20.1

Chain E 24.2 24.1

Chain F 26.4 26.6

doi:10.1371/journal.pone.0172629.t005
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Fig 6. B-factor plot of different dimers. (a) Temperature factor plot of Type-I dimers of VcHsp3120C, B averages of chain

A (red) and chain E (green) are plotted as representative (b) B averages of Type-II dimers of VcHsp3125C are plotted with

chains A (red), C (blue), E (green) as representative. Regions α4/β7/α5 and β4/β5 loop, that loose contact at the dimeric

surface upon swinging motion in type-II dimer are shown by asterisk.

doi:10.1371/journal.pone.0172629.g006
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(Fig 1b). Being devoid of P-domain, Class-III Hsp31 homologues completes the catalytic triad

through a Glu74´ residue which is contributed by its dimeric partner.

Accessibility of the catalytic triad

For EcHsp31, the catalytic Cys residue is accessed through a two cavity pocket (Fig 7a). The

boundary of the ‘cavity 1’, through which the catalytic Cys is accessed, is defined by two layers

of residues. The layer immediate to Cys is formed by Pro263, Phe209 and His155 and the layer

on top of it that face the surface is formed by Tyr29, Ala213, Thr217, Ile244 and Phe264 (Fig

7a). The catalytic Cys is accessed through these layers with a narrow channel of only 6Å radius

opening (Fig 7a). If we compare this region of VcHsp31 with the EcHsp31 we see several

changes either in terms of amino acids substitution or altered side chain conformations (Fig

7b). Although the residues in the first layer are conserved and have similar spatial disposition

in VcHsp31, the layer on top of it has a number of substitutions/structural alterations (Figs 7b

and 1b) which effectively opens up the mouth of the cavity in VcHsp31 (Figs 7c and 1b). In

this case, the larger size of Met215 (compared to Ala213 in EcHsp31) pushes the side chain of

Fig 7. Access of catalytic triad through two cavity pocket. (a) Residues involved in forming the two cavity pocket in EcHsp31. Cavity 1 and Cavity 2

are indicated by arrow; (b) Two cavity pocket in VcHsp31 in the same orientation to that of EcHsp31; (c) Superposition of residues forming the two cavity

pocket in EcHsp31 and VcHsp31. Residues of VcHsp31 that differ in sequence or having structural alterations with EcHsp31 are only labeled; (d)

Temperature dependence of amidopeptidase activity of VcHsp31 determined using Ala-AMC as substrate.

doi:10.1371/journal.pone.0172629.g007
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Ile244 and the later takes a conformation different from that of EcHsp31 (Fig 7b and 7a). As a

result, the larger size of Met215 is compensated by the altered conformation of Ile244 side

chain as far as that part of ‘cavity 1’ is concerned (Fig 7c). However, residues like Phe30 and

Leu266 of VcHsp31, whose side chains are smaller in sizes than Tyr29 and Phe264 of EcHsp31

respectively, opens up the ‘cavity 1’ (Fig 7b and 7c) of VcHsp31 a little (~0.3 Å longitudinally)

but more importantly ‘cavity 1’ gets connected with the ‘cavity 2’. In EcHsp31 ‘cavity 2’ is shal-

low and is connected to ‘cavity 1’ through a narrow passageway between Pro263 and His74

which is only ~5Å wide. In VcHsp31, shorter side chains Ala32, Val78, Leu266 of VcHsp31

compared to Ser31, Ile76 and Phe264 of EcHsp31 and altered conformation of Asp36 (Asp35

in EcHsp31) make ‘cavity 2’ bigger (approx. 11.5 Å diameter in VcHsp31 compared to 8.2 Å
diameter in EcHsp31 in vertical direction) and connected to the ‘cavity 1’ through a broader

passageway (Fig 7a and 7b).

Protease and amidopeptidase activity of VcHsp31 at different

temperatures

Unlike other Cys proteases present in mammalian lysosomes, the protease activity of VcHsp31

is very low at 20˚C and in acidic pH (~6.5). However, about 50% of BSA is cleaved, at pH 8.0

and 40 hrs of incubation at 20˚C while at 37˚C almost 100% cleavage was observed (almost

two times faster) within ~24 hrs of incubation (S2 Fig). The amidopeptidase activity of

VcHsp31 has also been studied using Ala-AMC as substrate where a gradual increment of

AMC concentration is found upto 12 hrs of incubation at 37˚C (S2 Fig). Amidopeptidase

activity of VcHsp31, measured at seven different temperatures (Fig 7d), indicate a maximum

amidopeptidase activity at 37˚C. Temperature mediated opening up of the catalytic pocket

possibly renders Cys188 more accessible to the substrates accounting for its increased pepti-

dase activity. To further establish it two Phe residues Phe30 and Phe211, residing at the

mouth/opening of the cavity, were mutated to Leu and the amidopeptidase activity of the

resulting double mutant was measured. Amino acids corresponding to these Phe residues

were previously proposed to play a key role to conquer the inaccessibility of putative catalytic

triad in case of EcHsp31 [15]. Phe30 and Phe211 were mutated to Leu to partially retain the

hydrophobic packing contribution of these side chains, if any, towards the overall structure.

The double mutant exhibits nearly double amidopeptidase activity than the wild type (Fig 8b).

Kinetic characterization revealed the Michaelis constant (Km), catalytic constant kcat and speci-

ficity constant (kcat/Km) of the amidopeptidase activity of VcHsp31 are 112.5 μM, 0.0765 min-1

and 0.681 mM-1min-1. There are number of residues around the vicinity of active site those are

highly conserved in Class-I Hsp31 homologs (Fig 8a). Alanine mutant of these residues indi-

cate that mutant C188A showed severe reduction in amidopeptidase activity followed by the

H189A, further confirming the role of these two catalytic residues to Hsp31 family (Fig 8a and

8b). The reduced amidopeptidase activity of H158A could be attributed as the partial loss of

the ‘oxyanion-hole’ which is required to stabilize the transition state during proteolysis. Reduc-

tion of amidopeptidase activity of Y224A is even more than that of H158A. Three residues,

Tyr224, Phe71 and Met225 are highly conserved in the Class-I Hsp31 and His158 which is part

of the ‘oxyanion hole’ packs snugly around these residues. We believe that mutation of any of

these residues would increase the conformational freedom of His158 side chain and disturb

the ‘oxyanion hole’ sub-structure. Tyr224 might also serve as a sub-site to bind the substrate

and therefore its mutation is reducing the amidopeptidase activity. E79A, on the other hand

has emerged as a gain-of-function mutant with enhanced amidopeptidase activity (Fig 8b).

Divalent cations like Mg2+ and Ca2+ have nominal effect on the amidopeptidase activity of
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VcHsp31 while its activity is almost abolished (>90%) in the presence of Zn2+, Pb2+ and Hg2+

(S3 Fig).

VcHsp31 has methyl glyoxalase activity

The Michaelis constant (Km), Vmax, catalytic constant (Kcat) and specificity constant (Kcat/Km)

of the glutathione independent methylglyoxalase activity calculated of the wild type protein is

11.932 μM min-1, 0.25084 mM, 39.77 min-1 and 0.15854 M-1 min-1, respectively (Fig 8c).

Glyoxalase activity is also measured for different mutants and compared with the wild type.

Two among three catalytic triad mutants: C188A, H189A and residues present in the vicinity

of the active site such as H158A, Y224A, H76A and E79A were tested for this purpose and the

resulting data is shown in Fig 8d. Only H158A has retained about half of the wild type activity

(~53%) while all the other mutants have almost immeasurable activity.

VcHsp31 has chaperone activity

The hcha gene product of V. cholerae O395 belongs to DJ-1/PfpI superfamily and annotated as

a hypothetical intracellular protease/amidase. However, direct functional studies demonstrat-

ing chaperone activity have not been conducted on this protein to support its designation

within the Hsp family. The influence of VcHsp31 on the aggregation of substrate proteins was

Fig 8. Influence of highly conserved residues around catalytic site on peptidase and methylglyoxalase

activity. (a) Amino acid residues around the catalytic C188 of VcHsp31 which are mutated for functional studies.

Among them residues in ball-and-stick are those for which functional studies have been done. Residues in stick

were mutated but the resulting protein has poor solubility and eventually not included for functional studies.

Residues Met225 and Phe71 are shown in dot-surface. (b) Peptidase activity of different mutants measured using

Ala-AMC as substrate at 37˚C. (c) Methylglyoxalase activity of VcHsp31 plotted against substrate concentration.

(d) Methylglyoxalase activity of different VcHsp31 mutants.

doi:10.1371/journal.pone.0172629.g008
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measured using the model substrates insulin, which was widely used as substrate to demon-

strate the ability to suppress aggregation in case of DJ-1 and recently in case of EcHsp31. DTT

induced reduction of disulphide bond leads to unfolding and aggregation of insulin. The

aggregation reaction can be monitored by simple right angle light scattering. Fig 9 shows the

insulin aggregation kinetics due to light scattering at 360 nm. Aggregation starts after 7–8

minutes of DTT addition and keeps increasing before it reaches a saturation level by 20–25

minutes. Interestingly this aggregation can be suppressed by VcHsp31 in a concentration

dependent manner. VcHsp31 suppress insulin aggregation, induced by reducing agent, effi-

ciently and in a dose dependent manner establishing its role in chaperone activity.

Discussion

Heat shock proteins (Hsps) are molecular chaperones which upon exposure to environmental

stresses like elevated temperature play an obligatory role to maintain the properly folded pro-

tein pool in the cells. It has been reported that exposure of E. coli cells to 50˚C causes induction

of 77 genes and most of them are transcribed into Hsps [43]. Our knowledge about Class-I

Hsp31 relies on the structural [6,44] and functional [16,19] characterization of homodimeric

EcHsp31 [6]. Each monomer of EcHsp31consists of, A-domain and P-domain, connected by a

flexible linker [6]. Dimerization through P-domains creates a hydrophobic bowl shaped struc-

ture capable to capture early unfolded intermediates [6]. Movement of the linker region at

high temperature was proposed to uncover the hydrophobic surface accounting for its higher

chaperone activity [16].

Crystal structure of VcHsp31, reported here, shows unambiguous electron density for the

flexible linker, irrespective of at what temperature the crystals were grown (Fig 3c). This is

interesting because the linker loop and its neighbouring loops are not involved in crystal

Fig 9. VcHsp31 inhibits in vitro protein aggregation. DTT induced aggregation of insulin and suppression

by VcHsp31 at 35˚C. Insulin (stock concentration 3 mg/ml in 20 mM Tris buffer, pH-8.0, containing 150 mM

NaCl dissolved in presence of 20 mM NaOH) was reduced with 25 mM DTT in a final volume of 1.2 ml and

aggregation of insulin in the absence of VcHsp31(black trace) and presence of VcHsp31 with insulin in the

substrate:enzyme ratio of 15:1 (red trace), 3:1 (blue trace), 1:1 (green trace) and 1:6 (violet trace) was

monitored by measuring the right angle light scattering at 360 nm. The graph is a representative plot (plotted

in originpro 8) of three individual experiments.

doi:10.1371/journal.pone.0172629.g009
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packing, indicating that the loop is not as flexible as EcHsp31. The intriguing question is how

VcHsp31 exhibit chaperone activity at elevated temperature? Occurrence of two distinct

types of dimers, Type-I and Type-II, provide a reason behind this. At elevated temperature,

the percentage of Type-II dimer increases with associated opening of hydrophobic patches

(Fig 5e) which was otherwise buried in Type-I dimer (Fig 5d). This can be attributed to a

temperature mediated dissociation of dimeric interface to accommodate the unfolded poly-

peptide chains at high thermal shock. Interestingly, the hydrophobic surface which is

exposed upon swinging is close to the hydrophobic ‘bowl region’ and therefore expands the

existing hydrophobic patch at the bowl. At lower temperature (e.g., 18˚C), as observed in

case of E79A-VcHsp31, all dimers are in Type-I form which possess minimal chaperone

activities. With different stresses such as high pH and temperature, Type-I dimers are trans-

formed into Type-II dimers to account the cellular requisites. With various structural transi-

tions such as loosing of critical ionic interactions at the dimeric interface and exposing of

various hydrophobic residues, activated Type-II dimers are predominate in hostile situation.

This can be correlated well with the fact that pathogenic V. cholerae colonize in human small

intestine where the environment is in higher pH and temperature from its non-colonizing

state. At this new environment, many proteins get misfolded or inactivated rapidly and

VcHsp31 can act as a saviour for V. cholerae. At stressed conditions, unfolded polypeptide

chains either can wedge at the surface of VcHsp31 to get released when condition is favour-

able or are degraded into individual amino acids. The highly negative waist region of the

dimers may predominantly bind polypeptides comprising of mostly positively charged resi-

dues which is in accordance with the fact that a typical chaperone target is made of hydro-

phobic amino acids flanked by basic residues [7]. One may argue that the different dimers

seen here may be due to packing artefact. The unit cell of VcHsp3120C and VcHsp3125C is

same but different from C188A-VcHsp31, yet all of them contain two types of dimers. On

the other hand, mutants E79A-VcHsp31 and C188A-VcHsp31 have the same cell but the for-

mer exclusively contains Type-I dimer while the later contains both Type-I and Type-II

forms. These two facts rule out the possibility of packing artefact. Moreover, since the muta-

tions were located deep in the catalytic pocket and not on the surface, possibility of packing

difference due to the mutations can also be ruled out.

Despite the presence of ‘Cys-His-Asp’ catalytic triad and an oxyanion hole (made of His158

and Gly156, Gly157) close to the SG of Cys188, VcHsp31 (or its homologs) cannot be qualified

as a good proteolytic enzyme even at optimum pH (8.0) and temperature (37˚C). Temperature

dependent unlocking of buried active site along with several structural transformations is pre-

requisite for its optimal functioning. Shielding of Cys188 attributes to its lower functional state

and therefore, partial removal of the shielding through F30L/F211L mutations nearly doubles

the peptidase activity (Fig 8b). The size and shape of the cavities, through which the catalytic

Cys is accessed, is also different between VcHsp31 and EcHsp31 which may imply their differ-

ent substrate specificities. Severe reduction of activity in case of C188A, followed by H189A,

further confirms their roles as catalytic residues in Hsp31 family (Fig 8a and 8b). Reduced

activity of H158A could be attributed to the partial loss of the ‘oxyanion-hole’ despite the fact

that Tyr224, Phe71 and Met225 stabilize the ‘oxyanion hole’ sub-structure. E79A, on the other

hand, has emerged as a gain-of-function mutant with enhanced amidopeptidase activity (Fig

8b). Apart from the catalytic triad, this glutamate residue is highly conserved in all three ortho-

logs of Hsp31 including DJ-1 family [45]. At our working pH (> 5.0) Glu79 is negatively

charged and it may interact with sulfhydryl hydrogen of Cys188, outcompeting the interac-

tions between Cys188 and His189. As a result, a considerable population of Cys188 side-chain

conformation is engaged to interact with Glu79 rather than interacting with His189, rendering

Cys188 less neucleophile than it would have been in the absence of Glu79. Therefore, the
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presence of this conserved glutamate might be attributed to the attenuation of the amidopepti-

dase function in the Hsp31 orthologs.

Furthermore, glutathione independent methylglyoxalase activity of VcHsp31 and its

mutants has little effect on the cavity size. At any circumstance, glyoxalates are highly toxic

electrophiles for cellular system which covalently modify proteins, nucleic acids and so on

[46]. Removal of glyoxalates from metabolic pool is prerequisite for maintaining the cellular

homeostasis. Glutathione independent glyoxalase activity has been recently reported for

EcHsp31 [25]. Cys188, His189, His76 and Glu79 are the four most important residues for

glyoxalase activity of VcHsp31. Mutations of any of these residues to alanine yielded almost 10

folds lower glyoxalase activity compared to the wild type (Fig 8d). Similar to reduced glutathi-

one, the thiol group of Cys188 can act as an electrophile, where hemithioacetal is formed

before the rate limiting enzyme catalyzing step. As cytosolic space of Gram-negative bacterium

like V. cholerae is in highly reduced state, glyoxalase activity could dominate in VcHsp31 than

the other functional properties to control the protein modification. Additionally, while Tyr224

acts as a substrate recognition subsite, His76 and His158 further stabilize the oxyanion hole,

since mutations of these residues to alanine yielded significantly reduced glyoxalase activity of

VcHsp31 (Fig 8d).

With all these repertoire of activities, VcHsp31 has emerged as an important chaperone-

protease with novel inter-dimeric motion to control protein homeostasis in stressed condition

along with glyoxalase activity to monitor the protein modification level. Poor accessibility of

the catalytic triad, together with the strategic location of Glu79, significantly weakens the ami-

dopeptidase activity of VcHsp31 which in turn facilitates to control the cellular level of proteol-

ysis. In contrast, location of Glu79 is beneficial for proton transfer during methyl glyoxalase

activity. Recent findings [24], along with our current report indicating the glyoxalase activity

for VcHsp31, could contribute to a pivotal role in controlling the protein ensembles and carbo-

hydrate modification. As similar residues are involved both in amidopeptidase and glyoxalase

activities, VcHsp31 can switch from one functional state to the other depending on the cellular

constraint. Moreover, from the crystal structures of VcHsp31 we described two distinct types

of dimers, resulting through temperature induced swinging motion of the monomers, which

differ by a sizeable amount of hydrophobic patch near the bowl. This newly unburied patch

could function in coherence to the existing hydrophobic patch at the bowl and provide another

potential mechanism to bind unfolded substrate at high temperature. Finally, VcHsp31, a sec-

ond representative of Class-I Hsp31s have come into sight by exhibiting unique swinging

motion for chaperone activity and ensembles of functional properties.

Supporting information

S1 Fig. Existence of dimeric VcHsp31 in solution. (a) FPLC analysis and elution profile of

VcHsp31 ran in a Superdex-200 increase column (GE Healthcare). The elution volume of the

column corresponds to a dimeric VcHsp31 species. (b) Standard curve [Ve/V0 (elution vol-

ume/void volume) vs. log of protein molecular weight (MW in kDa)] is drawn based on the

elution volumes of protein mixtures of known molecular weight (Albumin 66.5 kDa; Ovalbu-

min 45 kDa; Chymotrypsin 25 kDa and Ribonuclease A 13.7 kDa). VcHsp31 is shown in red

symbol.

(DOCX)

S2 Fig. Protease and peptidase activity of VcHsp31. (a) 15% SDS-PAGE showing the prote-

ase activity of VcHsp31 on BSA at pH 6.5, 7.2 and 8.0 at 20˚C. The reactions were monitored

for 40 hours. Around 40% cleavage of BSA has been observed after 40 hrs of incubation at

20˚C (pH 8.0) (Top). Better protease activity has been found at 37˚C as complete cleavage of

Novel dimeric form and Glutathione-independent Glyoxalase activity of VcHsp31

PLOS ONE | DOI:10.1371/journal.pone.0172629 February 24, 2017 20 / 23

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172629.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172629.s002


BSA has been observed within 24 hrs (Bottom); (b) Amidopeptidase activity at 37˚C with time;

(c) Peptidase activity of VcHsp31 with Ala-AMC was assayed at 37˚C at pH-8.0 upto 7 hours.

From the substrate saturation curve the michaelis constant, catalytic constant, specificity con-

stant of wild type VcHsp31 was measured as 112.5 μM, 0.0765 min-1 and 0.681 mM-1min-1

respectively. Each rate was measured in triplicate, and mean values are plotted in originpro8

with standard deviations (calculated in Microsoft excel) shown as error bars.

(DOCX)

S3 Fig. Role of metal ions in Vchsp31 structure and function. (a) Effects of different metal

ions on the peptidase activity of VcHsp31. (b) 2-His-1-Caboxylate motif of EcHsp31 (yellow)

that binds a Zn2+. In VcHsp31 (green) this motif is replaced by Tyr125-Asp88-Ser93 which is

unable to bind Zn2+.

(DOCX)
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