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Abstract
In piezophilic microorganisms, enzymes are optimized to perform under high hydrostatic pressure. The two major reported 
mechanisms responsible for such adaptation in bacterial species are changes in amino acids in the protein structure, favoring 
their activity and stability under high-pressure conditions, and the possible accumulation of micromolecular co-solutes in the 
cytoplasm. Recently, the accumulation of glutamate in the cytoplasm of piezophilic Desulfovibrio species has been reported 
under high-pressure growth conditions. In this study, analysis of the effect of glutamate on the enzymatic activity of the 
thioredoxin reductase/thioredoxin enzymatic complex of either a piezosensitive or a piezophilic microorganism confirms its 
role as a protective co-solute. Analysis of the thioredoxin structures suggests an adaptation both to the presence of glutamate 
and to high hydrostatic pressure in the enzyme from the piezophilic strain. Indeed, the presence of large surface pockets 
could counterbalance the overall compression that occurs at high hydrostatic pressure to maintain enzymatic activity. A lower 
isoelectric point and a greater dipolar moment than that of thioredoxin from the piezosensitive strain would allow the protein 
from the piezophilic strain to compensate for the presence of the charged amino acid glutamate to interact with its partner.
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Introduction

High hydrostatic pressure impacts all cellular components of 
microorganisms and modifies the activity of numerous key 
processes, such as enzymatic activities, eventually leading 
to the cell death of piezosensitive organisms (Abe 2007). 

As a general rule, secondary and tertiary structures of pro-
teins remain stable at hydrostatic pressures below 500 MPa 
(Robinson and Sligar 1995). Within the physiologically rel-
evant pressure range, the most important pressure effect is 
on the solvation of the core protein, which is enhanced with 
increasing hydrostatic pressure, leading to protein inactiva-
tion (Robinson and Sligar 1994, 1995). Hydrostatic pres-
sure may also induce protein–protein complex dissociation 
by weakening electrostatic and hydrophobic contacts which 
stabilize the complex (Gross and Jaenicke 1994). However, 
enzymes of high-pressure-adapted bacteria have been found 
to be more functional under high-pressure conditions than 
at atmospheric pressure (Le Bihan et al. 2013). Only a few 
enzymatic activities of piezophilic microorganisms have 
been studied. Regarding the 3-isopropylmalate dehydroge-
nase of Shewanella bentica, pressure adaptation has been 
attributed to a single amino acid substitution affecting the 
activity of the enzyme by modifying water molecule pen-
etration into the active site, thus decreasing the hydration 
structure of the enzyme at high hydrostatic pressure (Hama-
jima et al. 2016). Dynamic simulations of the dihydrofolate 
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reductase of Moritella profunda have indicated that atomic 
fluctuations of the loops, which are important for enzyme 
function, were increased with pressure by weakening hydro-
gen bonds (Huang et al. 2019). These intrinsic molecular 
adaptations have led to proteins that are more resistant to 
high hydrostatic pressure than their shallow-water counter-
parts (Yancey and Siebenaller 2015).

Another important finding in piezophilic organisms is 
the cellular accumulation of micromolecular osmolyte-type 
co-solutes, called “piezolytes” (Martin et al. 2002), that 
counteract the pressure effect, corresponding to extrinsic 
adaptation (Yancey and Siebenaller 2015). For example, 
trimethylamine N-oxide (TMAO), a well-known osmolyte 
suspected to interact indirectly with the protein through 
the surrounding water (Fedotova et  al. 2017), has been 
reported in marine eukaryotes (Yancey and Siebenaller 
2015). β-Hydroxybutyrate has been shown to accumulate 
at 20–30 MPa in P. profundum (Martin et al. 2002), and 
similarly, the intracellular concentration of ectoine has been 
shown to increase with pressure in Alcanivorax borkumensis 
(Scoma et al. 2016).

The role of piezolytes is to aid in maintaining protein 
function as well as macromolecule interactions within the 
cell at high hydrostatic pressure. The mechanism of action of 
these molecules is still largely unknown, but one can imag-
ine that they act on protein solvation by helping to resist 
pressure-driven water penetration in the protein/complex 
core (Sarma and Paul 2013). It has been proposed that stabi-
lization of proteins by ectoine is linked to its high hydration 
and exclusion from the water-protein interface. According 
to the Le Chatelier principle, this should tend toward a mini-
mization of the area of the water-protein interface obtained 
when the protein is in its native state and thus stabilizes the 
native structure through the “preferential exclusion model” 
(Arakawa and Timasheff 1985; Eiberweiser et al. 2015). 
Among the co-solutes of interest, glutamate has been shown 
to intracellularly accumulate in piezophilic Desulfovibrio 
species, D. piezophilus and D. hydrothermalis, under high 
hydrostatic pressure up to 100 mM and 200 mM at 26 MPa 
for D. piezophilus and D. hydrothermalis, respectively 

(Amrani et al. 2014, 2016). On the other hand, neither the 
biosynthesis pathways of ectoine nor that of TMAO are pre-
sent in the genomes of these strains. Glutamate has also 
notably been shown to be important for osmoregulation and 
survival during osmotic stress in several bacterial species 
(Saum and Müller 2007; Kang and Hwang 2018).

To better understand the effects of glutamate in the cell, 
we analyzed the structure of the model enzyme thioredoxin 
and the effect of glutamate on its activity at high hydrostatic 
pressure. Thioredoxins are small thiol:disulfide oxidore-
ductases (~ 12 kDa) ubiquitous in all domains of life that 
play a central role in the control of the thiol/disulfide redox 
balance of the cytoplasm as part of the NADPH-dependent 
thioredoxin reductase (TR)/thioredoxin (Trx) system. They 
have a highly conserved fold consisting of a central β-sheet 
surrounded by four α-helices and an active site with two 
cysteine residues that specify the biological activity of the 
protein (Martin 1995). Our study specifies the effect of glu-
tamate on the enzymatic activity of TR/Trx complexes from 
the piezophile Desulfovibrio piezophilus C1TLV30 and the 
piezosensitive Desulfovibrio vulgaris Hildenborough sul-
fate reducers (Pieulle et al. 2011). This study shows that the 
structure of the TR/Trx system from piezophilic species is 
adapted to the presence of glutamate. Factors of this adapta-
tion are discussed in light of the NMR structure of the D. 
vulgaris thioredoxin solved for this study and the structural 
modeling of the D. piezophilus thioredoxin.

Materials and methods

Cloning of D. piezophilus C1TLV30T TR/Trx system: 
BN4v2_10319 (trx1) and BN4v2_10320 (trB) coding 
sequences were amplified by PCR using the Taq-& LOAD™ 
Mastermix 5xC (MP Biomedicals Europe), with D. piezo-
philus C1TLV30 genomic DNA (GenBank Accession N: 
FO203427) as the template, using primer pairs trx1-10319-
fwHis and trx1-10319-rev, and trB-10320-fwHis and trB-
10320-rev, respectively. Forward and reverse oligonucleotide 
primer sequences are listed in Table 1. A cloning procedure 

Table 1   Oligonucleotide 
primers DNA sequence used 
for specific amplification and 
cloning of the D. piezophilus 
C1TLV30 TR1/Trx1system 
coding sequences

The restriction enzyme recognition site is underlined in the sequence, and the six triplets encoding His-
tagged domain for convenient purification are shown in boldface

Name Sequence 5ʹ–3 ʹ Restriction enzyme

trx1-10319-fwHis GGGAA​TTC​ATG​CAC​CAC​CAC​CAC​CAC​CAC​GCA​
CAT​CAG​ATT​ACG​GAC​

EcoRI

trx1-10319-rev TTGGA​TCC​CTA​CAG​CGC​CTT​CTT​GGT​ BamHI
trB-10320-fwHis TTGAA​TTC​ATG​CAC​CAC​CAC​CAC​CAC​CAC​AAA​

TCA​TAT​GAC​GCT​GTA​
EcoRI

trB-10320-rev TTGGA​TCC​CTA​AAT​ACC​GAA​CTG​TTG​G BamHI
p119 +  GTT​CTG​GCA​AAT​ATT​CTG​AAATG​
P119 − GCT​TCT​GCG​TTC​TGA​TTT​AAT​
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was designed to introduce one N-terminal His-tag as already 
published (Pieulle et al. 2011). The resulting amplicon was 
purified using the Wizard SV Gel and PCR clean-up system 
from Promega and digested with the appropriate restriction 
enzymes purchased from New England Biolabs (Table 1). 
The trx1 and trB amplicons were cloned into pJF119EH and 
the vector was screened by PCR using primers p119 + and 
p119−, as previously described (Pieulle et al. 2011), to gen-
erate plasmids p319 and p320, respectively.

Protein production and purification: E. coli TG1 was used 
for heterologous expression of both TR- and Trx-encoding 
genes as previously described (Pieulle et al. 2011). Recombi-
nant E. coli TG1 strains were grown in either Luria–Bertani 
(LB), 2YT, or M9-glucose medium (Sambrook et al. 1989) 
with ampicillin (100 μg/mL). For D. piezophilus C1TLV30 
Trx1 (DpTrx1) production, E. coli TG1 (p139) was grown 
overnight in LB medium at 37 °C; this culture was used 
to inoculate 1 L of 2YT medium (1% vol/vol). The culture 
was incubated at 37 °C until the optical density at 600 nm 
(OD600nm) reached 0.6. DpTrx1 production was then induced 
by adding a final concentration of 0.5 mM isopropyl β-D-
1-thiogalactopyranoside (IPTG). Cells were further grown 
for 4 h and harvested by centrifugation (20 min at 7000 ×g, 
4 °C), and the pellet was stored at −80 °C. For D. piezophi-
lus C1TLV30 TR (DpTR1) production, E. coli TG1 (p320) 
was grown overnight in LB medium at 37 °C; this culture 
was further used to inoculate 1 L of M9-glucose medium 
(1% vol/vol). Cells were grown at 37 °C until the OD600nm 
reached 0.8. TR production was then induced by adding a 
final concentration of 1 mM IPTG, and the cells were fur-
ther grown for 16 h and then harvested by centrifugation 
(20 min at 7000 ×g, 4 °C). The pellet was stored at −80 °C. 
His-tagged DpTrx1 and DpTR1 were purified as previously 
described for DvTrx1 and DpTR1 (Pieulle et al. 2011). 
Production and purification of recombinant Trx1 (DvTrx1) 
and TR1 (DvTR1) from D. vulgaris Hildenborough was 
performed as previously described (Pieulle et al. 2011). 
The purity of the proteins was checked by SDS-PAGE on a 
12.5% polyacrylamide gel using the Instant Blue (Coomassie 
Blue) staining procedure (Expedon, UK). Trx1 concentra-
tions were measured using the Pierce BCA Protein Assay 
Kit (Thermo Scientific), and TR1 concentrations were cal-
culated using the ε451nm value of 11,300 M−1.cm−1.

Steady-state kinetics analysis for optimization of the 
experiments at 0.1 MPa: The reaction mixture was com-
posed of 0.1 M potassium phosphate buffer, pH 7.5, 2 mM 
EDTA, 1 mM DTNB, and 1 mM NADPH complemented 
with different volumes of sodium glutamate solution to 
reach a final concentration of 0, 10, 50, 100 or 500 mM 
glutamate for a final reaction volume of 200 µL. A final 
concentration of 10 µM Trx1 and 0.1 µM TR1 reductase 
from either D. piezophilus or D. vulgaris was added to ini-
tiate the reaction. As controls, water replaced the enzyme 

and/or glutamate. Kinetic experiments were recorded by 
measuring the optical density at 412 nm (OD412nm) with 
a Shimadzu UV-1601 spectrophotometer under constant 
stirring. The DTNB reduction spectroscopic signal was 
converted into µM concentration using the Beer–Lambert 
law (εDTNB

412nm = 14,150 M−1.cm−1). Each experiment was 
performed in triplicate.

Enzymatic activity assays at 0.1 and 25 MPa: Reactions 
(200 μL final volume) were performed in 2 mL borosili-
cate glass syringes (Socorex Dosys, Swiss). For the experi-
ments at 25 MPa, syringes were inserted into 250 mL-
volume high-pressure bottles (HPBs), and the hydrostatic 
pressure was controlled using a manual manometer. A 
reaction mixture of 0.1 M potassium phosphate buffer, 
pH 7.5, 2 mM EDTA, 1 mM DTNB, and 1 mM NADPH 
was prepared with or without 100 mM glutamate. Each 
reaction mixture was separated into four 200 µL samples. 
For each pressure condition (0.1 and 25 MPa), one sample 
was prepared by adding 10 μM Trx1 and 0.1 μM TR1, 
and a control was prepared by replacing the enzymes with 
H2O. All buffers, enzyme stocks and reactive were kept 
on ice. Incubations were performed at 0.1 or 25 MPa at 
25 °C for 45 min. Then, the HPBs were quickly depres-
surized, and the OD412nm of each reaction mixture was 
measured. OD412nm of blank reactions were subtracted 
from the reaction sample OD412nm, and the Beer–Lambert 
law was applied to calculate the molar quantity of DTNB 
hydrolyzed in 45 min (εDTNB

412nm = 14,150  M−1.cm−1). 
Each experiment was performed in triplicate.

DvTrx1 structure calculation: The NMR sample con-
tained 1 mM DvTrx1 (10% D2O, 90% H2O) in 50 mM phos-
phate buffer and 100 mM NaCl, pH 5.5. The spectra were 
analyzed with CARA (Keller 2004) based on the resonance 
assignment previously deposited at the BMRB under Acces-
sion Code 17299. For structure calculations, 84 restraints 
were used for backbone hydrogen bonds, 170 backbone ϕ 
and ψ dihedral restraints derived from TALOS (Cornilescu 
et al. 1999) and 2071 nOe (nuclear Overhauser effect). The 
20 lowest energy structures were water refined using the 
Amber 4.1 force field. The structural coordinates have been 
deposited in the Protein Data Bank under Accession Number 
6ZOM.

DpTrx1 structural model: A homology model of oxi-
dized DpTrx1 was generated with the Swiss-Model server 
(Waterhouse et al. 2018) based on the template structure of 
the oxidized thioredoxin DvTrx1 (pdb 6ZOM). The inter-
nal cavities and the ribbon models were generated with 
PyMOL (PyMOL Molecular Graphics System, Version 2.0 
Schrödinger, LLC). Volume cavities were measured with 
the CastP server, with a radius probe of 0.9 Å (Tian et al. 
2018) and with Void protein (Cuff and Martin 2004). Elec-
trostatic potentials were calculated with the APBS module 
of PyMOL.
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Data analysis: Statistical analyses were performed with 
XLSTAT (Addinsoft) using the Student’s t test. Values were 
considered different at α = 0.01 significance level.

Results and discussion

Sequence properties of the D. piezophilus thioredoxin 
system: D. piezophilus Trx1, encoded by the trx1 gene 
(BN4v2_10319), contained the classical WCGPC active 
site motif; in addition, the two residues Asp-24 and Lys-55, 
found in Trx1 of the piezosensitive D. vulgaris Hildenbor-
ough strain, that have been suggested to deprotonate Cys-32 
and to contribute to proton uptake accompanying the reduc-
tion of Trx1 (Pieulle et al. 2011), were conserved in DpTrx1 
(Fig. 1a). Amino acid sequence alignment of DpTrx1 and 
DvTrx1 showed 84 identical residues (78.50%), 10 strongly 

similar residues (9.35%), 5 weakly similar residues (4.67%) 
and 8 different residues (7.48%) (Fig. 1a). The thioredoxin 
reductase of D. piezophilus C1TLV30, encoded by the 
trB gene (BN4v2_10320), exhibited the signature motifs 
vxxxHRRDxxRa and GGGxxAxE required for NADPH 
binding and the GR/KG and FF motifs for the thioredoxin 
binding site and the CxxC active site (Fig.  1b). These 
sequence elements show that the thioredoxin reductase of D. 
piezophilus C1TLV30 belongs to the TR1 group, as defined 
by Valette and coworkers (Valette et al. 2017). Overall, these 
findings show that the D. piezophilus C1TLV30 genome 
encodes one classical TR/Trx system homologous to the D. 
vulgaris Hildenborough TR1/Trx1 system.

Comparative enzymatic activities of the thioredoxin sys-
tems: DTNB reduction by the TR1/Trx1 complexes from D. 
piezophilus C1TLV30 and D. vulgaris Hildenborough was 
studied at both atmospheric pressure (0.1 MPa) and high 

Fig. 1   Sequence alignment of 
(a) the thioredoxin from D. 
piezophilus C1TLV30 (DpTrx1) 
and D. vulgaris Hildenborough 
(DvTrx1) (active site motif and 
residues important in the cata-
lytic reaction are highlighted in 
gray) and (b) the thioredoxin 
reductase from D. piezophilus 
C1TLV30 (DpTR1) and D. vul-
garis Hildenborough (DvTR1) 
(conserved motifs for thiore-
doxin binding (Trx1 bind.), 
active site (Active site), pyroph-
osphate group of NAD(P)H 
binding (PP binding) and phos-
phate group of NADPH binding 
(2’P binding) are highlighted 
in gray). The alignments were 
generated using the ClustalW 
program from the IBPC server 
(npsa-prabi.ibcp.fr). Identical 
(*), strongly similar (:) and 
weakly similar (.) residues are 
indicated

a
10        20        30        40        50        60

DpTrx1  MAHQITDGTFDQEVLQSEIPVLIDFWAPWCGPCRAMGPVIDELSEEYADQVKIVKMNVDE
DvTrx1  MAAQITDATFEASVLKSAIPVLIDFWAPWCGPCRAMGPVIDELAAEYEGKVLIVKMNVDD

** ****.**: .**:* *************************: ** .:* *******:

70        80        90       100
DpTrx1  NSATPGKYGIRAIPTLILFKDGEVVDQSTGAVSKSSIKEMITKKAL-
DvTrx1  NPATPSKYGIRAIPTLILFKNGEVVEQVTGAVSKSSIKDMIAQKALG

*.***.**************:****:* **********:**::***              

b 10        20        30        40        50        60
DpTR1   MKSYDAVVIGGGPAGMTAALYLLRAGVKTAMIEKLAPGGQVLMTAEIENYPGFPEGLQGW
DvTR1   MQQFDAIVIGGGPAGMTAALYLARSGVSVAMVERLSPGGQVLMTSEIENYPGFPKGIQGW

*:.:**:*************** *:**..**:*:*:********:*********:*:***

70        80        90       100       110       120
DpTR1   ELADKFAAHIENDELDRINDEVRSIELGTSLHTIHVGEQVVQTKMIILATGSRYRKLGIP
DvTR1   ELADLFAAHLEGYAITRFNDEVREIVPAPADNRVRVGDDWISGRTLILCSGARYKRLGLP

**** ****:*.  : *:*****.*  ..: : ::**:: :. : :**.:*:**::**:*

Trx1  Active Trx1      PP binding          2’P binding
bind.  site  bind. 

130 140       150       160       170       180
DpTR1   GEERLLGKGVSYCALCDGNFFRGQDVAVIGGGNSALEEALYLARLVNKVYLIHRRDAFRG
DvTR1   DEERLTGKGVSYCALCDGNFFRGQVVGVVGGGNSALEESLYLSKLVKKLHLIHRRDDFRA

.**** ****************** *.*:*********:***::**:*::****** **.

190       200       210       220       230       240
DpTR1   LLCYQDKCLNHEKIEVVRNTVVNEIEGADEVESLALCNVKSKESSHLKIDAAFVFVGFEP
DvTR1   AKCYQDKVCIMPDIDVVRSSVVEAIHGDDRLTGVTVRNVKTGETSFLELDGLFIFIGFEP

*****     .*:***.:**: *.* *.: .::: ***: *:*.*::*. *:*:****

250       260       270       280       290       300
DpTR1   IMDFVPVEVERDKNG-IITDVEMRTNIPGVFAAGDIRSKLCRQVASAVGDGATAANAAFT
DvTR1   VGGFLPGGIERDEQGFVITDGEMRTNLPGIFAAGDIRSKMCRQVTTAVGDGATAANAAFV

: .*:*  :***::* :*** *****:**:*********:****::*************.

DpTR1   YLQQFGI
DvTR1   YLEQLDA

**:*:.



389Extremophiles (2021) 25:385–392	

1 3

hydrostatic pressure (25 MPa), with or without 100 mM 
glutamate (Fig. 2). Experiments were based on final DTNB 
reduction over a 45-min time period. In the absence of glu-
tamate, the amounts of DTNB reduced by the D. piezophilus 
TR1/Trx1 complex were higher at 25 MPa (29.4 ± 6.4 µM) 
than at 0.1 MPa (5.8 ± 2.4 µM) (p value < 0.01) (Fig. 2a). The 
activity of the D. vulgaris TR1/Trx1 complex was higher 
at atmospheric pressure than at 25 MPa (36.4 ± 4.5 µM 
versus 15.1 ± 4.6 µM of reduced DTNB, respectively (p 
value < 0.01)) (Fig. 2b). Thus, both complexes showed the 
highest activity under the hydrostatic pressure that the cells 
usually encounter, i.e., high hydrostatic pressure for D. pie-
zophilus and atmospheric pressure for D. vulgaris. When the 
complexes were placed under unfavorable hydrostatic pres-
sure for the corresponding cells, their activity was lower, as 
the D. piezophilus TR1/Trx1 complex lost 85% of its activity 
at 0.1 MPa, and the D. vulgaris TR1/Trx1 complex lost 58% 
of its activity at 25 MPa. This shows that the D. piezophilus 
TR1/Trx1 complex is adapted to high-hydrostatic pressure 
conditions, in agreement with the piezophilic nature of D. 
piezophilus C1TLV30, while the D. vulgaris TR1/Trx1 com-
plex is better adapted to atmospheric pressure, in agreement 
with the piezosensitive nature of D. vulgaris Hildenborough.

To assess the effect of glutamate as pressure co-solute, 
the activities of both TR1/Trx1 complexes were measured 
in the presence of glutamate. To first evaluate the diffusion 
effect of the substrate toward the enzymes, the initial veloc-
ity under steady-state conditions for DTNB reduction by the 
D. vulgaris TR1/Trx1 complex was measured at different 
glutamate concentrations under constant stirring (Fig. 3). No 
significant change in the initial velocity was recorded from 
0 to 100 mM glutamate (p value > 0.01), meaning that the 
increase in density due to glutamate could be easily com-
pensated by gentle mechanical stirring. When the glutamate 
concentration increased to 500 mM, the velocity decreased 

from approximately 8 µM.min−1 to 6 µM.min−1. It should be 
noted that the pH (~ 7.5) was not modified by the addition of 
glutamate until 100 mM and slightly increased to 7.8 in the 
presence of 500 mM glutamate. The decrease of approxi-
mately 20% in the velocity in the presence of 500 mM glu-
tamate may, thus, be related to a decrease in the capacity of 
the substrate to diffuse through this viscous environment, 
despite constant stirring. Since intracellular glutamate accu-
mulation was estimated at approximately 100 mM in D. 
piezophilus cells grown at 26 MPa (Amrani et al. 2014) and 
since our results showed a very close kinetic behavior from 
0 to 100 mM glutamate and, therefore, no inhibitory effect, 
this latter concentration was kept for further experiments.

In the presence of 100 mM glutamate, the amount of 
DTNB reduced by the D. piezophilus TR1/Trx1 complex 
increased significantly at 0.1  MPa, from 4.4 ± 2.4  µM 
without glutamate to 21.6 ± 6.5  µM with glutamate (p 
value < 0.01) (Fig. 2a). In contrast, no significant differ-
ence in the activity of the D. vulgaris TR1/Trx1 complex at 
0.1 MPa was observed with or without glutamate (Fig. 2b). 

Fig. 2   Enzymatic activity assays at 0.1 and 25  MPa in the absence 
(white) or presence (gray) of glutamate. a TR1/Trx1 complex from 
D. piezophilus C1TLV30; b TR1/Trx1 from D. vulgaris Hildenbor-

ough. Mean values and error bars were obtained from at least three 
independent experiments. Significant differences between samples are 
indicated by an asterisk (Student’s t test, p value < 0.01)

Fig. 3   Initial velocity under steady-state conditions for DTNB hydrol-
ysis by the TR1/Trx1 complex of D. vulgaris Hildenborough at vari-
ous glutamate concentrations
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At 25 MPa, an upward trend in the activity of the D. piezo-
philus TR1/Trx1 complex in the presence of glutamate was 
noticed (37.1 ± 6.9 µM versus 29.4 ± 6.4 µM of reduced 
DTNB with and without glutamate, respectively) (Fig. 2a). 
Similarly, an increase in the amount of DTNB reduced by 
the D. vulgaris TR1/Trx1 complex was observed in the 
presence of 100 mM glutamate (43.7 µM versus 15.1 µM 
without glutamate (mean values)) (Fig. 2b). However, the 
standard deviations observed for the experiments performed 
with the D. piezophilus TR1/Trx1 complex in the presence 
of glutamate at both 0.1 and 25 MPa were much lower than 
those obtained with the D. vulgaris TR1/Trx1 complex. 
It should be noted that these experiments were performed 
using a single point activity measurement after 45 min of 
incubation without stirring and thus were highly dependent 
on the turnover of the enzymes. Because the largest standard 
deviations were observed for the Dv TR1/Trx1 complex in 
the presence of glutamate, it suggests that this latter affects 
especially the turnover of this enzymatic system. To under-
stand this effect, the structures of the Trx1 from both species 
were determined.

Structures of DvTrx1 and DpTrx1

To obtain more insights into the structural adaptation of 
the D. piezophilus TR1/Trx1 complex to high hydrostatic 
pressure and to the presence of glutamate, comparison of 
the three-dimensional structure of the thioredoxins from 
D. vulgaris Hildenborough and D. piezophilus C1TLV30 
was performed. First, the three-dimensional structure of 
DvTrx1 in the oxidized state was determined. The resulting 
ensemble of solutions, consisting of the 20 lowest energy 
structures of DvTrx1, adopted a typical thioredoxin fold: 
a five-stranded twisted central β-sheet surrounded by four 
α-helices, with α2 and α4 helices on one side and α1 and 
α3 helices on the opposite side (Fig. 4a). The N-terminal 
motif β1α1β2α2β3 was connected by the loop comprising 
the α3 helix to the C-terminal motif β4β5α4. The active site 
(CGPC) was formed by a protruding loop between strand β2 
and the N-terminus of helix α2. The proline of the catalytic 
site generated a distortion in the α2 helix, separating the 
CGPC consensus from the rest of the helix. The electrostatic 
surface of DvTrx1 exhibited a charge repartition similar to 
that of canonical thioredoxins. Overall, the protein displayed 
high three-dimensional similarities to known thioredoxins 
such as E. coli Trx1 (Katti et al. 1990).

The homology model of DpTrx1, performed with the 
Swiss model, indicated a global model quality estimation 
(GMQE) of 0.66/1.00, resulting in good reliability of the 
model (Fig. 4b). Only 0.4 Å rmsd was evidenced between 
both thioredoxin three-dimensional structures, resulting in 
a typical thioredoxin fold of DpTrx1. Interestingly, the less 

conserved part of the protein was localized at the opposite 
side of the active site, in the α1 helix, which contained 2 
additional glutamic acid residues at positions 13 and 18 that 
were replaced by serine and alanine, respectively, in DvTrx1. 
Two additional acidic residues were also found in DpTrx1: a 
glutamic acid at position 45 in the α2 helix, replaced by ala-
nine in DvTrx1, and an aspartic acid at position 81, replaced 
by asparagine in DvTrx1 (Figs. 4a–d and  1a). These struc-
tural features confer a more acidic calculated isoelectric 
point (pI = 5.0 for DpTrx1 versus 4.6 for DvTrx1) and a 
different dipolar moment, 21.4° angle deviation and + 104 
Debyes for DpTrx1 (Fig. 4e). In addition, DpTrx1 had larger 
surface pockets than DvTrx1 (2003.5 Å3 versus 1878.5 Å3, 
respectively). Overall, the structure of DpTrx1 was 2% larger 
than that of DvTrx1.

This structural comparison revealed two way of adapta-
tion of DpTrx1. First, the surface pockets, which are larger 
than those in DvTrx1, could be compressed to compensate 
for the lack of flexibility under high pressure in the region 
of the cysteines. Second, the larger number of acidic resi-
dues in DpTrx1 compared to DvTrx1 could be linked to 
the adaptation of the protein sequence to the presence of 
glutamate in the cytoplasm of the cell; the resulting dipolar 
moment of the protein would counterbalance its presence 
by conferring an optimal orientation of Trx1 for TR1/Trx1 
complex formation.

It can be postulated that glutamate protects the protein 
core from pressure-driven water penetration and thus stabi-
lizes the native conformation of the protein through either 
the “preferential exclusion model” (Arakawa and Timash-
eff 1985) or the “water replacement theory” (Crowe et al. 
1990), which proposes that the molecule binds directly to 
the protein by replacing water molecules in the hydration 
shell of the protein. The activity of the TR1/Trx1 complex 
of D. piezophilus was greater at atmospheric pressure in the 
presence of glutamate than without glutamate, supporting 
the concept that the enzymes have adapted to the hydrostatic 
pressure and thus to the presence of glutamate, as gluta-
mate accumulates at high hydrostatic pressure (Amrani et al. 
2014). Structure of D. piezophilus Trx1 highlights peculiar 
features like a larger structure and surface pockets than its 
homologous protein isolated from the piezosensitive Des-
ulfovibrio vulgaris strain. This could counterbalance the 
overall compression that occurs at high hydrostatic pres-
sure to maintain enzymatic activity. Additionally, D. piezo-
philus Trx1 exhibits a relatively lower isoelectric point and 
a more pronounced dipolar moment than those of DvTrx1, 
which could allow for the protein to compensate for the pres-
ence of intracellular glutamate to interact with its partner. 
Altogether, the enzymatic data and the structural analysis 
of Trx1 allow us to conclude that the Dp TR1/Trx1 system 
may be adapted to the presence of glutamate, as opposite to 
the Dv TR1/Trx1 system. On a physiological point of view, 
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antioxidant defense mechanism has been shown to be an 
important mechanism to cope with high hydrostatic pressure 
in the deep-sea bacterium Shewanella piezotolerans WP3 
(Xie et al. 2018). In the same way, the TR1/Trx1 complex 
plays a key role in maintaining the redox homeostasis in the 
cell (Pieulle et al. 2011). Adaptation of the D. piezophilus 
TR1/trx1 to the presence of glutamate is, thus, an advantage 

to maintain antioxidant defense mechanism active under 
high hydrostatic pressure.

Overall, these data pointed out the protective role of glu-
tamate in maintaining the enzymatic activity of the TR1/
Trx1 complex. Thus, adaptation to high hydrostatic pres-
sure appears to be a complex mechanism involving gluta-
mate overproduction to protect the cell and the enzyme from 

Fig. 4   a NMR Lower energy 
structure of oxidized DvTrx1 
(active site WCPGC in ball 
and stick colored in gray, Sγ 
atoms in orange). b Cartoon 
model of oxidized DpTrx1 
(active site WCPGC in ball 
and stick colored in gray, Sγ 
atoms in orange); additional 
acidic functions compared to 
DvTrx1 are represented by 
red spheres. c and d Surface 
charges of DvTrx1 and DpTrx1, 
respectively. e Superposition of 
DvTrx1 and DpTrx1 with their 
corresponding dipolar moments; 
angle variation is indicated
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pressure, and structural changes to adapt to both hydrostatic 
pressure and the presence of glutamate.
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