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Proteomics of Desulfovibrio desulfuricans and
X-ray absorption spectroscopy to investigate
mercury methylation in the presence of selenium
Hoang-Yen Thi Truong,ab Yu-Wei Chen,a Mazen Saleh,b Susan Nehzati,c
Graham N. George,c Ingrid J. Pickeringc and Nelson Belzile*ad
The eﬀects of mercury added as Hg2+ and selenium as selenite to cultures of the sulfate reducing
bacterium Desulfovibrio desulfuricans were investigated under controlled laboratory conditions. There
was no significant diﬀerence in the growth curves in comparison to control except in the 0.5 mM Hg–
6.3 mM Se combined system in which Hg methylation was significantly reduced. A significant decrease in
the production of methylmercury indicates a disruption of the methylation process due to the presence
of the relatively high concentrations of Se in the system, suggesting a modification of the biological
pathway. The results of detailed 2D gel electrophoresis in combination with mass spectrometry confirmed that the Hg methylation process should certainly be influenced when the protein Dde_1198
protein-glutamate O-methyltransferase was totally suppressed in a culture containing 0.5 mM Hg and
6.3 mM Se. Since this protein plays an important role in the methylation process, its suppression in the
presence of Se brings a possible explanation for the antagonism between Se and Hg in natural systems.
The experiment involving the determination of Hg and Se in membrane proteins separated by 1D gel
thin-layer isoelectric focusing revealed that when both elements were present in a culture, the
concentration of Hg in the separated proteins was significantly lower in comparison to those without
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added Se to the culture and vice versa. Finally, near-edge X-ray absorption spectroscopy and extended
X-ray absorption fine structure were used to corroborate the presence of a very inert solid HgSe in the
cell membrane obtained from the culture containing 0.5 mM Hg and 6.3 mM Se. This confirms the
protective effect of Se against Hg assimilation at the molecular level and reinforces the findings of our
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research group in numerous field and laboratory studies.

Introduction
Numerous studies have indicated that the presence of selenium
(Se) in aquatic environments greatly limits the bioaccumulation
of mercury (Hg) by aquatic biota throughout the food web.1–7
Chen et al.1 have reported significant inverse relationships
between total concentrations of Hg and Se in muscle tissues
of yellow perch and walleye. In another study, Belzile et al.2
have reported Se–Hg interactions in the aquatic food web with
organisms positioned at lower levels of the food chain (zooplankton, mayflies, amphipods and young-of-the-year perch).
a
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Inverse relationships between Se and Hg in different tissues of
young walleye (Stizosedion vitreum) from Canadian boreal lakes
of the Sudbury vicinity were also identified.5 Concentrations of
total Hg and MeHg in tissues were positively correlated with
increasing distance from Sudbury smelters and inversely correlated with Se concentrations in lakes affected by atmospheric
deposition, a consequence of the relatively high concentrations
of Se in the ore.
It is well known that sulfate-reducing bacteria (SRB) play an
important role in Hg methylation in sediment8–12 and that the
concentration of Se is usually much higher in sediment than in
other compartments of the aquatic system.13 It is therefore
important to understand the suppression mechanisms of Se in
Hg methylation by SRB and to determine in which compartment of a cell these processes can occur. To achieve this, it
is necessary to examine the processes at the molecular level.
Unfortunately, such studies are extremely rare.
Desulfovibrio desulfuricans is a genus of the Gram negative
SRB commonly found in aquatic environments containing high

Metallomics, 2014, 6, 465--475 | 465

Paper

levels of organic material, as well as in water-logged soils. Due
to the importance of Desulfovibrio bacteria, many eﬀorts have
been given to their genomic studies. At present, the genomic
sequences of Desulfovibrio desulfuricans G20 and Desulfovibrio
vulgaris subsp. vulgaris str. and Hildenborough have been completed, and that of Desulfovibrio magneticus is in progress.
These studies were carried out by the U.S. Department of
Energy (DOE) Joint Genome Institute (http://www.jgi.doe.gov),
the Institute for Genomic Research (TIGR) (http://www.tigr.
org), and the National Institute of Technology and Evaluation
(NITE) (http://www.nite.go.jp/index-e.html), respectively. Both
of the completely sequenced genomes showed that Desulfovibrio has one chromosome and measures over 3 Mbp (mega base
pairs) in length; sequencing of both also allowed the discovery
of over 3000 proteins.
Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE)
with immobilized pH gradients (IPGs) combined with protein
identification by mass spectrometry (MS) nowadays is an eﬃcient tool for proteomic studies.14 Cell disruption, inactivation
(or removal of interfering substances), and solubilization of the
proteins are the three basic steps in sample preparation for
proteomic studies.15 The diﬀerence in the concentrations of
individual proteins in a single cell could be six or seven orders
of magnitude and range from several millions of copies per cell
for some very abundant proteins to a few copies per cell for
some low abundance proteins. For this reason, the isolation,
identification and determination of less abundant proteins
involve complicated operations that are analytically challenging.16 Leonhäuser et al.17 have investigated the cellular
responses of two Hg-resistant strains of Pseudomonas putida
to high Hg2+ loadings which varied between 10 and 500 mg L 1.
Their study showed that extremely high Hg2+ concentrations of
up to 500 mg L 1 can be successfully transformed into Hg(0)
with an eﬃciency of up to 99.9% by strains of P. putida. In their
study, the proteomic analysis was conducted to determine how
the expression of the mer operon was regulated under diﬀerent
Hg2+ loadings in the naturally Hg resistant strain and whether
the high Hg2+ loadings induced stress in the cells despite the
presence of a resistance mechanism. Although they made the
eﬀort to extract the cellular proteins with a lysis buﬀer, which
enhances the solubility for hydrophobic proteins, they failed to
capture very basic and hydrophobic MerP and MerT proteins
and they successfully identified only MerA and MerB.17
In the first part of this study, the eﬀects of sulfide,
selenium(IV) and mercury(II) on the bacterial system of Desulfovibrio desulfuricans and Hg methylation were investigated.18 It
was found that the detrimental eﬀects of H2S on the bacterial
proliferation can be removed by a chemical trap (CuSO4
solution) and that the formation of Se(0) in a system containing
Se was suppressed only when Hg was introduced. An interesting phenomenon observed was that methylmercury production
was remarkably reduced when Se was introduced in comparison to an incubation containing Hg alone.18
The focus in this part of work presented herein was to study
the mechanism of Hg methylation in the presence of Se in a SRB
system with the techniques of protein and enzyme extraction,
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separation, identification and determination at molecular
levels by means of 1D and 2D gel electrophoresis, mass
spectrometry and hydride/cold vapour atomic fluorescence
spectrometry (HG–AFS).

Experimental
Preparation of chemical solutions
(1) Modified medium containing components I, II and III: this
preparation is described by American Type Culture Collection
for Bacteria 13541, #1249 Broth: component I: 2.0 g MgSO4,
5.0 g sodium citrate (Na3C6H5O7), 1.0 g CaSO4 and 1.0 g NH4Cl
were added into 400 mL double distilled water (DDW), then the
pH was adjusted to 7.0. Component II: 0.5 g K2HPO4 was added
into 200 mL DDW then the pH was adjusted to 7.0. Component
III: 3.5 g sodium lactate (NaC3H5O3) and 1.0 g yeast extracts
(Sigma, Molecular tested) were added into 400 mL DDW and
the pH was adjusted to 7.0. The three component solutions
were autoclaved separately, and then mixed aseptically in the
nitrogen chamber when they were still warm to avoid the
diﬀusion of atmospheric oxygen into the solutions.
(2) Ice-cold low-salt washing buﬀer: 3.0 mM KCl–1.5 mM
K2HPO4–68.0 mM NaCl–9.0 mM NaH2PO4; the buffer should
always be used under icy conditions.
(3) Rehydration buﬀer: the solution containing 7.00 M urea,
2.0% (w/v) 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS), 50.0 mM dithiothreitol (DTT), 0.2% biolyte
anpholytes and 0.001% (w/v) bromophenol blue. For 20.0 mL
buﬀer, 8.406 g urea was weighed and dissolved and fixed to
20.0 mL with DDW. Then 0.400 g CHAPS, 0.154 g DTT, 0.040 g
biolyte ampholytes and 0.200 mg bromophenol blue were added
in sequence and mixed well.
(4) Equilibration buﬀer I: the solution contained 6.0 M urea,
0.375 M Tris HCl (pH 8.8), 2% (w/v) sodium dodecyl sulphate
(SDS), 20% (v/v) glycerol, 2% (w/v) DTT.
(5) Equilibration buﬀer II: this buﬀer is identical as buﬀer I,
except the last chemical was replaced by 2.5% (w/v) iodoacetamide.
Proteomics of D. desulfuricans (SRB) in the studied media
Culture preparation and conditions, growth of bacteria
and MeHg determination. Preparation for bacterial incubation:
D. desulfuricans was incubated at 28 (1) 1C at a concentration of
O2 o200 ppm in a controlled atmosphere chamber (OMNI-Lab
system made by Vacuum Atmospheres Company). The toxic H2S
gas produced during the bacterial incubation was removed
according to the method described by Truong et al.18 Briefly, an
open 1.0 L glass beaker containing 500–800 mL of 10% (w/v)
CuSO4 (pH B 1.2) was placed inside the plastic bag to capture
H2S(g) by the formation of a CuS precipitate and the remaining
H2S was further removed by a second CuSO4 trap solution located
inside a second plastic bag. Cells were grown in a modified
medium containing components I, II and III and monitored by
measuring the changes in light absorption at 660 nm.19
Determination of MeHg in bacterial culture: to determine
MeHg in a high sulfide containing bacterial medium, the protocol
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of Yang et al.20 was used with some slight modifications.
Briefly, a 1.00 mL aliquot of the culture sample was digested
in 4.0 mL of 25% (w/v) KOH (in methanol) at 75 1C for 3 h. After
cooling, a 5.0 M HNO3 solution was added dropwise to neutralize
the alkaline solution until the pH of the solution was about 5;
the digest was fixed to 50.0 mL with DDW. Then, 5.0 or 10.0 mL
of the digested solution, depending on the expected concentration of MeHg, was pipetted into an ethylation bubbling
apparatus and some DDW was added to bring the volume
to B50 mL. Then, 0.1 mL of 10% (w/v) CuSO4 was added,
followed by 1.0 mL of a saturated Na2C2O4 solution. After
15 min of ethylation, MeHg (in the form of methyl ethyl
mercury) collected on the Tenax column was stripped oﬀ,
atomized by heating and determined using gas chromatography–cold vapor atomic fluorescence spectrometry (GC-CV-AFS).
Both methods of standard calibration and standard addition were
performed. The concentrations of MeHg are expressed in mass of
Hg throughout this paper.
Incubation conditions: two sets of experiments (A and B)
were performed. Four incubations were carried out in each
set, including a control culture medium (no addition of any
chemicals), a medium with only Hg2+, and a medium with only
Se(IV) and a medium with both Hg2+ and Se(IV). The initial
concentrations of Hg or/and Se in each culture medium are
given in Table 1. At the end of incubation, the cellular
membrane was collected, purified and the 2D gel electrophoretic
separation was conducted. Their 2D gel samples so prepared are
called Gel A1–Gel A4 and Gel B1–Gel B4. Preparation of Gel B3
failed.
Protein collection from the culture medium: at the end of a
4 day incubation, a volume of 50.0 mL of culture was collected,
filtered and the filtrate was freeze-dried; then the dried material
was re-dissolved in 5.00 mL DDW. For protein content determination and 2D gel separation, the same protocol was followed as for the membrane protein described below.
Protein collection from cell membrane and cell protoplasm:
at the end of the 4th day of incubation, the 150 mL culture was
centrifuged for 10 min at 8000g to separate cells from the
culture medium. The pellet thus obtained was washed with
40 mL of an ice-cold low-salt washing buﬀer 4 times and one
more time with copious DDW. Then, 0.5 mL of DDW was added
to the cell pellet sample before sonication for 10 min in an ice
bath (2s on & 2s rest). The sample was centrifuged at 20 000g for
20 min at 4 1C to separate the pellet (cell membrane) and
supernatant (cell plasma). The membrane fraction was washed
free from cell plasma with DDW.
To the pellet fraction (membrane): 1.0 mL chloroform:methanol
(1 : 1) was added; the mixture was then re-suspended in the

sonication bath for a few seconds. The sample was centrifuged
at 20 000g for 20 min at 4 1C. The supernatant (dissolved lipids)
was rejected. The pellet was dried in a Speed Vac Concentrator
and re-suspended in a 350 mL rehydration buﬀer before subjected
to electrophoretic separation.
For the supernatant fraction, the cell plasma was precipitated with 1.0 mL ice-cold acetone for 1 h, then centrifuged at
20 000g for 20 min at 4 1C. The liquid phase of the sample
(water) was rejected and the solid phase (protein in plasma) was
dried in a Speed Vac Concentrator. The dried protein pellet was
re-dissolved in 350 mL of rehydration buﬀer and kept at room
temperature for 30 min before electrophoretic separation.
Protein assay determination: before performing electrophoresis, an adequate amount of protein loading needs to be
determined. A BCA (bicinchoninic acid) Protein Assay Kit
(Pierce Biotechnology) was used in the test. The measurement
of incubated samples was carried out using a FLUOstar Optima
Microplate Reader at 584 nm.
Two dimension electrophoresis. An adequate amount of the
protein sample (usually not more than 470 mg) was then placed
on an IPG strip (17 cm) and run under an isoelectric focusing
field of 8000–10 000 V h overnight at 20 1C. After one dimensional separation, the IPG strip was immerged in equilibration
buffer I for 15 min, then in equilibration buffer II for an
additional 20 min for pre-conditioning. The IPG strip was then
subjected to a second dimensional separation on a SDS
(sodium dodecyl sulfate)–polyacrylamide gel according to the
mass. The electrophoretic condition was 25 mA per gel, 200 V
for approximately 6 hours at room temperature.
The silver stain technique was used to reveal the separated
protein spots. The spot development process was rapidly terminated
by soaking in a 450 mL of stopping solution (5% w/v citric acid) for
15 min after the colour contrast between spots and gel background
reached a maximum. The gel was then rinsed with copious DDW to
remove the stopping solution. The gel was scanned and the image
of the protein map was stored in a computer.
Protein digestion and identification by mass spectrometry
(MS). The interesting spots were cut and de-stained (50 mM
ammonium bicarbonate – 15 mM potassium ferricyanide).
After the de-staining process, a series of treatments were
carried out sequentially – a protein reduction using 10 mM
DTT, an alkylation using 55 mM iodoacetamide (IAA) and a
tryptic digestion (MassPREP automated digester station,
PerkinElmer). Peptides were extracted using a solution of 1.0%
(v/v) formic acid and 2.0% (v/v) acetonitrile and lyophilized. Prior
to MS analysis, the dried peptide samples were re-dissolved in
10 mL of a mixed aqueous solution of 10.0% (v/v) acetonitrile–
0.1% (v/v) TFA (trifluoroacetic acid).

Table 1 Concentrations of Hg and Se in diﬀerent incubation media. The Hg2+ solutions were obtained from the dilution of a HgCl2 stock solution and
those of Se(IV) from the dilution of a SeO2 stock solution in 10% (v/v) HCl

Concentration

Hg2+ & Se(IV) (mM)
Control (1)

Hg2+ (mM)
(2)

Se(IV) (mM)
(3)

Hg2+ & Se(IV) (mM)
(4)

Experimental set A
Experimental set B

0
0

0.5
0.5

1.3
6.3

0.5 & 1.3
0.5 & 6.3

This journal is © The Royal Society of Chemistry 2014

Metallomics, 2014, 6, 465--475 | 467

Paper

Mass spectrometry data were obtained using a 4700 Proteomics Analyzer, MALDI TOF-MS (Applied Biosystems, Foster
City, CA, USA). Data acquisition and data processing were done
using 4000 Series Explorer and Data Explorer (both from
Applied Biosystems), respectively. The instrument is equipped
with a 355 nm Nd:YAG laser, with a frequency of 200 Hz.
A positive reflection ion mode was used and the instrument
was calibrated at 50 ppm mass tolerance. Each mass spectrum
was collected with a sum of 1000 readings. The MALDI matrix
was made of 5.0 mg mL 1 of a-cyano-4-hydroxycinnamic acid
(CHCA) in an aqueous solution of 6.0 mM ammonium phosphate monobasic, 50.0% (v/v) acetonitrile, 0.1% (v/v) trifluoroacetic acid. The MALDI matrix was mixed with a sample at 1 : 1
ratio (v/v) for the determination process.
A gel background sample was cut for MS along with other
protein spots. The signals produced from the background gel
were subtracted from the MS readings of samples.
Protein identification using protein databases. The identification of peptides isolated from our samples was based on the
comparison of their respective mass between samples and a
database. Profound Software in conjunction with the software
Peptide Mass (Version 4.10.5, The Rockefeller University Edition) was used for protein prediction. Profound is a tool for
searching protein sequence collections with peptide mass
maps. A Bayesian algorithm was used to rank the protein
sequences in the database according to their probability of
producing the peptide map. PeptideMass cleaves a protein
sequence from the UniProt Knowledgebase (Swiss-Prot and
TrEMBL) or a user-entered protein sequence with a chosen
enzyme, and it computes the masses of the generated peptides.
The tool also provides theoretical isoelectric points and mass
values for the protein of interest.
Determination of Hg and Se in membrane proteins separated
by 1D thin-layer isoelectric focusing
Membrane proteins of cells were prepared following the same
procedures used in 2D gel separation. The concentrations of
selenite and Hg2+ added to the initial incubation media of the
four studied samples were (1) 0.5 mM Hg2+; (2) 6.3 mM Se(IV); (3)
0.5 mM Hg2+–6.3 mM Se; (4) no Hg2+–no Se(IV) (as control). For
this experiment, 400 mg of the cell membrane protein sample
was loaded onto an IPG strip and the isoelectric focusing
treatment (8000–10 000 V h at 20 1C) was performed overnight.
After isoelectric focusing, the separated proteins were subdivided into 30 subsections of equal length and digested using a
low volume microwave digestion technique with 0.3 mL of
mixed reagents consisting of concentrated acids HNO3–H2SO4
(v:v = 10 : 1).21 For Se analysis, the matrix of the working
solution was 3.0 M HCl. The determination of Hg and Se was
performed using CV-AFS and hydride generation–atomic
fluorescence spectrometry (HG-AFS), respectively.
Identification of Se–Hg formation in the cell membrane using
X-ray absorption spectroscopy (XAS)
Sample preparation. The process of separating solids potentially containing HgSe from a cell pellet containing organic
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forms of Se and Hg and Se(0) is described below. Four 150 mL
aliquots of bacterial cultures were incubated in a medium with
an initial concentration of 0.5 mM Hg2+–6.3 mM Se(IV). When the
maximum growth rate was reached, the cultures were centrifuged at 10 000 rpm for 20 min at 4 1C. The pellets were
transferred into two 10 mL centrifuge tubes with a few mL of
a buffer solution (3.0 mM KCl–15.0 mM KH2PO4–68.0 mM
NaCl–9.0 mM NaH2PO4) and centrifuged at 10 000 rpm for
10 min. The supernatant was rejected and this washing process
was repeated 3 times. An additional aliquot of 11.0 mL autoclaved DW was used for rinsing the sample pellet and the
supernatant was rejected. The collected cells (free of dissolved
Hg and Se) were pooled into a 10 mL centrifuge tube and
ruptured in DDW using an ultrasonic probe in an icy bath
(2 s on and 2 s off, 20% of a total power output of 200 W). The
resulting material was centrifuged at 10 000 rpm for 10 min.
The supernatant (cell plasma) was rejected. A 6.0 mL portion of
1% SDS was added to the pellet and reacted for 20 min to
dissolve the cell membrane. The sample was then centrifuged
at 15 000 rpm for 10 min at 20 1C (to avoid SDS precipitation at
low temperature). The supernatant containing soluble organic
species of Se and Hg was rejected. This lysis step was repeated
once for 30 min and the supernatant (15 000 rpm and 10 min)
was rejected. To further remove potential dissolved Se and Hg
from the collected residue, 4.0 mL of 95% (v/v) ethanol was
added and centrifuged at 10 000 rpm for 5 min. The supernatant was rejected and this cleaning step was repeated 2 times.
The residual solid was dried under vacuum for 24 h. To remove
amorphous Se(0) possibly present in the retained sample,
1.5–2.0 mL of CS2 was added into the sample and the solution
was mixed with a mechanical wrist arm shaker for 30 min at
180 times per min; the supernatant (10 000 rpm, 10 min),
together with floating membrane residues were removed.22
The remaining solid and dark grey particles were subjected to
XAS analysis.
XAS measurements. XAS measurements were conducted at
the Stanford Synchrotron Radiation Lightsource (SSRL) with
the SPEAR storage ring containing 450 mA at 3.0 GeV operating
in top-up mode. Mercury LIII-edge and selenium K-edge data
were collected on the structural molecular biology XAS beamline 7-3, employing a Si (220) double-crystal monochromator.
Beamline 7-3 is equipped with a rhodium-coated vertical collimating mirror upstream of the monochromator; harmonic
rejection was accomplished by setting the cut-oﬀ angle of the
mirror to 15 keV. To minimize radiation damage, samples were
maintained at a temperature of 10 K or below in an Oxford
instruments (Abingdon, UK) CF1204 flow cryostat. X-ray
absorption spectra were measured as the Se Ka1,2 or Hg La1,2
fluorescence excitation spectra using a 30 element germanium
array detector23 with analogue electronics (Canberra Corp.,
Meriden, CT, USA) employing an amplifier shaping time of
0.125 mS. To avoid problems with the nonlinearity of the
detector, X-ray filters (made of elemental As for Se and Ga2O3
for Hg) were used to preferentially absorb scattered radiation.
Silver Soller slits (EXAFS Co., Pinoche Nevada) were optimally
positioned between the sample and the detector to reduce filter
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fluorescence registered by the detector. Incident and transmitted X-ray intensities were measured using nitrogen-filled
ionization chambers. The Hg spectra were energy-calibrated
with reference to the LIII-edge spectrum of Hg–Sn amalgam foil
measured simultaneously with the data, the lowest energy
inflection of which was assumed to be 12 285.0 eV. The selenium spectra were similarly energy calibrated with reference to
the lowest-energy inflection of hexagonal elemental selenium,
which was assumed to be 12 658.0 eV.
For near-edge spectra six sweeps were averaged, each of
25 min duration, whereas for the extended X-ray absorption
fine structure (EXAFS) dataset 9 individual sweeps were averaged, each of 45 min duration. XAS spectroscopic reproducibility was found to be excellent but given the limited amount of
synchrotron beam time available the time required to collect
individual datasets precluded the collection of data on large
numbers of samples. XAS data were processed using the
EXAFSPAK program suite employing standard techniques.24
Near-edge spectra were fitted to linear combinations of standard spectra using the EXAFSPAK program DATFIT using the
criteria previously described.25 EXAFS oscillations were analyzed using ab initio theoretical phase and amplitude functions
calculated using the program FEFF, version 8.25.26,27
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Study of the methylation process by proteomics of
D. desulfuricans in Se containing cultures
The operations for 2D gel electrophoretic separation in proteomic studies are tedious and challenging.32,33 To date, reported
work involving protein separation and identification of cell
membrane is still scarce.
In our preliminary work, it was found that silver staining is
much more sensitive for protein revelation compared to the
Coomassie blue staining technique; thus, silver staining was
used in protein identification. Protein loading is crucial for
obtaining good separation. A maximum protein loading of
400 mg on an IPG strip has been proven to be optimal. It was
found that the concentration of proteins in the culture medium
was far too low for any available protein staining technique. The
concentrations of proteins in cell plasma were also rather low
and did not demonstrate any interesting information obtained
from the proteins from the cell plasma, i.e. the separated protein
maps were quite similar. For this reason, in later work only 2D
gels of proteins from the cell membrane were performed.
Gel B1 (control culture) and Gel B4 (0.5 mM Hg2+–6.3 mM Se(IV))
were selected to demonstrate and discuss the results of the 2D gel
separation (Fig. 1). The protein at spot 8 was observed in all

Results and discussion
It was reported in a previous paper18 that a significant decrease
in bacterial growth had been observed only on the second day
of incubation in the culture containing 0.5 mM Hg2+ and 6.3 mM
Se(IV) in comparison to control (only 0.5 mM Hg2+) and the
0.5 mM Hg2+–1.3 mM culture whereas the drop in Hg methylation was observed from the first day of incubation and continued until the end of incubation. By then, Hg methylation
had been reduced by B30% in comparison to the control. It
was also noticed that the bacterial growth rate had decreased in
this culture medium, indicating a possible toxic effect of Se.18
Was this decrease in Hg methylation caused merely by a
diminished bacterial activity, or by other mechanisms, such as
HgSe formation? Björnberg et al.28 discussed the possible
mechanism of formation of HgSe to regulate the bioavailability
of Hg in natural waters. The formation of HgSe has been
suggested to occur under abiotic29 and biotic conditions30,31
but none of these studies has directly identified the existence of
HgSe with relevant spectroscopic means with which the
chemical bonding of the compound can be characterized. In
our previous work,18 it was also observed that the mass of Se in
cell residue (mostly associated with the cell membrane)
obtained from the medium 0.5 mM Hg2+–6.3 mM Se(IV) was
2.1 times that from the medium containing 6.3 mM Se(IV) alone.
Could this involve a possible mechanism that stimulated Se
accumulation in the cell membrane? If yes, what is this
process? The current work was intended to acquire some
answers. To achieve this goal, studies were focused at the
molecular level with proteomic analysis and X-ray absorption
spectroscopy.
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Fig. 1 The 2D gel separation of cell membrane proteins of D. desulfuricans
grown in a culture medium containing 0.5 mM Hg2+–6.3 mM Se(IV) (Gel B4,
top gel) and in a control culture medium (Gel B1, bottom gel). Spot 13 was
used for background signal subtraction in MS analysis.
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obtained gels except in Gel B4. It was also noticed that this spot
was darker on Gel A2 (0.5 mM Hg) than on Gel B1, indicating that
the concentration of this protein was increased when bacteria were
grown in a medium containing only a moderate concentration of
Hg. This protein on Gel A3 (0.13 mM Se(IV)) was remarkably lighter
than that on Gel B1, suggesting that the presence of even lower
concentration of Se(IV) could also suppress the production of this
protein. On Gel A4 (0.5 mM Hg2+–1.3 mM Se(IV)), the intensity of this
spot was similar to that on Gel A3, which confirmed the observation made on Gel A3. Based on this evidence, we suspect that the
suppression of MeHg transformation should occur at this Se
concentration level, probably even at low intensity; however the
analytical variation on MeHg determination had masked the tiny
changes and made it hard to be detected.
When the concentration of Se(IV) was increased (0.5 mM Hg2+
–6.3 mM Se(IV)), this protein (spot 8) was completely absent from Gel
B4. Similarly, it was also observed that the intensity of certain
proteins expressions had changed for samples obtained from
different cultures. For example, proteins at spots 3–5 on Gel B1 were
much weaker than those on Gel B4 and proteins at spots 9–12 on Gel
B1 were completely absent on Gel B4, whereas the proteins at spots
1 and 2 were much more pronounced on Gel B4 than on Gel B1.
Spots 1–13 were cut and in-gel digestion was performed using a
MassPREP automated digester station (PerkinElmer); the MS signal
of spot 13 served for gel background subtraction. The concentration
of the majority of proteins sent for analysis was below the detection
limits of MS, thus they could not be identified. Only proteins at
spots 5, 8 and 9 have produced significant mass signals that can be
matched with the database with confidence. The results are given in
Table 2. Proteins were then identified by comparison of the experimental mass fingerprint with theoretical peptide masses generated
in silico using protein and nucleotide sequence databases. This
approach proved very effective when trying to identify proteins from
species that have been completely sequenced, and well annotated,
but is not so reliable for organisms whose genomes have not been
completed. In our case, the genome of D. desulfuricans was complete
and therefore this technique was suitable.
The most interesting protein is Dde_1198 (protein-glutamate
O-methyltransferase, also called the methyl-accepting chemotaxis protein O-methyltransferase) located at spot 8. This enzyme
catalyzes the following chemical reaction:
S-adenosyl-L-methionine + protein L-glutamate
" S-adenosyl-L-homocysteine + protein L-glutamate methyl ester
Methyl-accepting chemotaxis proteins are integral membrane
proteins that undergo reversible methylation during adaptation
Table 2

Proteins identified from specific gel spots of Fig. 1

Gel spot #
5
8
9

of bacterial cells to environmental attractants and repellents.
Dde_1198 regulates other enzymes by methylating them and the
methylation processes can further aﬀect chemotaxis/motility,
gene expression and ion uptake by the cell.
In the culture medium containing 0.5 mM Hg2+ alone, the
production of Dde_1198 was enhanced in comparison to the
control as indicated by a higher protein expression – a darker
spot 8 (Gel A2 and A1). As a result, the methylation process was
stimulated and higher methylmercury concentrations were
measured in the culture medium during incubation.34 In the
presence of even a moderate Se level (test A4), the Dde_1198
(spot 8) was suppressed as shown by a weaker expression (Gel
A4) compared to that of control (Gel B1). When the concentration of Se was increased to 6.3 mM (test B4), protein
Dde_1198 could no longer be seen on 2D gel (Gel B4, Fig. 1
top) and this consequently resulted in a decrease in methylmercury concentration.34 Our proteomic studies show that the
methylation process, which apparently occurs on the cell
membrane, has been altered by the presence of selenite in
the culture medium and the diminution of Hg methylation was
indeed caused by the suppression of the Dde_1198 enzyme and
not simply due to the reduced cell proliferation. Since there is a
direct reversed correlation between the concentrations of
methylmercury in the culture medium and Dde_1198 in the
cell membrane, it is reasonable to believe that Dde_1198 is
directly (although it may not be the only protein) responsible
for Hg methylation because, although Dde_1198 had disappeared, a measurable amount of methylmercury was still
produced in the culture, which also suggests that Dde_1198
should not be the only enzyme involved in Hg methylation and
that other mechanisms of Hg methylation should be still active.
Beside Dde_1198 protein-glutamate O-methyltransferase,
Dde_3018 has been identified at spot 9 on GelB1 as a flagellin
N-terminal domain protein, a protein that is involved in cell
motility and secretion. The disappearance of this protein from
the cell membrane of the culture medium B4 (Fig. 1, top)
suggests that the vigor of the bacteria and related biochemical
processes will be aﬀected. This is demonstrated by a reported
cell growth lag in a higher Se(IV) medium.18 Although the clear
functions of Dde_3756 and Dde_0840 are still unknown, their
weaken expressions and the disappearance of many other
proteins (spot 6, 7, 9, 10, 11 and 12) from Gel B4, provide a
strong evidence of proteins (enzymes) modification in the
culture system containing selenium.
In a study on Hg methylation by Desulfovibrio desulfuricans
(ND132) Gilmour et al.35 showed that Hg methylation occurs
inside the cells but that MeHg is rapidly exported out of cells.

Dde_3756
Dde_0840
Dde_1198
Dde_1045
Dde_1114
Dde_3018

Protein name

Protein mass (kDa)

Iso-elec. point

Periplasmic (NiFe) hydrogenase large subunit
Putative uncharacterized proteins- has signal sequence
Protein-glutamate O-methyltransferase- has signals sequence
FtsQ cell division protein
Putative uncharacterized protein
Flagellin N-terminal domain protein

63
59
33
31
26
29

6.7
8.1
9.4
9.6
4.5
4.4
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Their tests with culture medium confirmed that extracellular
metabolites do not methylate Hg and that Hg complexation
dramatically influences uptake and methylation. In this current
study with Desulfovibrio desulfuricans subsp. Desulfuricans
ATCC 13541, it was found that MeHg measured in the plasma
of the cells was so low compared to that in the culture medium
that its concentration inside the cells can be neglected. Since
Dde_1198 protein-glutamate O-methyltransferase was found
in the membrane and that MeHg found in cell plasma was
negligible, it can be deducted that methylation occurs mainly at
the surface of cell membranes of ATCC 13541. The enzymes
from spent culture matrix were also tested for the potential
methylation functions in our study, but no catalytical function
of the matrix was detected. This observation agrees well with
findings by that group.35

Antagonistic phenomenon between Hg and Se in membrane
proteins
In order to further understand the mechanism of Hg methylation under the influence of Se in the culture medium, the cell
membrane proteins from three diﬀerent media were obtained
including 0.5 mM Hg2+ (control 1), 6.3 mM Se(IV) (control 2)
and 0.5 mM Hg2+ 6.3 mM Se(IV). An incubation medium
without addition of Se or Hg was also carried along in the
study. The purified membrane proteins were loaded on a 17 cm
IPG strip and the proteins were separated by one dimensional
isoelectric focusing (IEF). The separated proteins were subdivided according to their location on the strip (isoelectric point)
and the total Hg and total Se were determined in each subsample. No significant amount of Hg and Se was detected in
the membrane protein obtained from a culture containing
neither Hg nor Se, therefore those results are not included in
discussion.
It was observed that the concentration of total Hg in
proteins across the strip drastically dropped when cells were
exposed to the medium 0.5 mM Hg2+–6.3 mM Se(IV) in comparison to control 1 (Fig. 2, top). A similar phenomenon occurred
for total Se, i.e. a clear reduction in total Se in the samples from
the cells incubated in 0.5 mM Hg2+–6.3 mM Se(IV) compared to
those in control 2, and this was particularly remarkable in
proteins with lower isoelectric points. The results demonstrate
that the presence of Hg in culture can suppress the incorporation of Se in these proteins and vice versa. This is the first time
that a Hg and Se antagonistic effect was observed at the cell
membrane level, although this effect has been repeatedly found
in different invertebrates,2 in whole cells,36 in fish organs5 and
in fish muscles.1 It suggests that the cell membrane possesses
some capacity to protect the cell from the intrusion of Hg when
Se is present and vice versa.
It is worth mentioning that in the zone between pH 4 to 10,
there were systematically higher ‘‘background values’’ of Se in
sample from medium 0.5 mM Hg2+–6.3 mM Se(IV) (Fig. 2, bottom),
which seems to contradict the observations in the zone of pH 3–4.
This phenomenon could be explained by the residual presence
of Se from a culture medium containing a relatively higher
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concentration of Se(IV) (6.3 mM) and the possible incorporation
of some Se(0) in the cell membrane.
X-ray absorption spectroscopy (XAS)
In our previous studies, it was observed that when cells were
incubated in a culture medium containing only Se(IV), the
culture appeared pink due to the transformation of Se(IV) to
Se(0) as a detoxification process. This transformation to red
Se(0) seemed to occur preferentially in the plasma of the cell as
the level of Se(0) found in cells ruptured by sonication was 3
times that in un-ruptured cells.34 However, when both Se(IV)
and Hg(II) were present in the culture (Table 1, #4), the culture
suspension and the cells collected on the filter appeared grey,
rather than the milky appearance in the control culture
(Table 1, #1) where neither of the two elements had been
added. It was then suspected that HgSe may be formed.31 The
protocol described above was used to isolate and purify HgSe
potentially formed inside the cell membrane. The obtained
residue should be free of organic Se and Hg and free from
elemental forms of Hg and Se. The sample was subjected to
measurements using XAS.
X-ray absorption spectra are produced by the photoexcitation of a core electron, a 1s electron for a K edge, or a 2p3/2
electron for an LIII edge. A spectrum can be arbitrarily divided
into two overlapping regions – the near-edge spectrum, which is
the structured region within approximately 50 eV of the absorption edge, and the EXAFS, which comprises oscillations on the
high-energy side of the absorption edge and which can be
accurately interpreted in terms of a local radial structure.37,38
The nomenclature of near-edge spectra can be confusing37 as
this region is often referred to as the X-ray absorption near-edge
fine structure, or XANES. The structure in near-edge spectra is
due to transitions from the core level (1s for a K edge) to
unoccupied molecular orbitals of the system. Intense transitions are Laporte-allowed Dl = 1, and thus for K and LIII edges
transitions are to levels with a considerable p and d orbital
character, respectively. Near-edge spectra are therefore sensitive to electronic structure, and give a fingerprint of the
chemical species of the metal or metalloid concerned. The
advantage of the near-edge region of the spectrum comes from
the capacity of being quickly collected with good signal to
noise. In contrast, EXAFS is more difficult to collect with an
adequate signal to noise ratio, and its collection is not always
practical for dilute samples. Another unique advantage of XAS,
both near-edge and EXAFS, is that it requires no pretreatment
or extraction and thus provides a tool that can probe chemical
species in situ.
Fig. 3 shows the transmittance XAS data for solid HgSe with
Hg LIII, Se K, Hg LII and Hg LI edges indicated. The close
proximity of the Se K edge to the Hg LIII makes it diﬃcult to
confirm the presence of mercuric selenide in the collected
residue. Therefore, the background subtraction method of
Korbas et al.39 was used, although this was much more diﬃcult
in the present case due to the much higher levels of selenium
relative to mercury in the sample. Both the Hg La and Se Ka
fluorescence were monitored, and gallium filters together with
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Fig. 2 The distribution of total Hg and total Se in proteins of similar isoelectric points. (top panel) A comparison of total Hg in IEF separated membrane
proteins acquired from the cells incubated in control medium 1 (0.5 mM Hg2+) and in the 0.5 mM Hg2+–6.3 mM Se(IV) medium. (bottom panel)
A comparison of total Se in IEF separated membrane proteins acquired from control medium 2 and the 0.5 mM Hg2+–6.3 mM Se(IV) medium.

a Soller slit assembly was used to preferentially select the Hg
signal. The Ga K-edge lies below the Se Ka and above the Hg La
in energy, so the former will be preferentially absorbed, allowing measurement of nearly pure Hg La fluorescence, despite
the close proximity of the Se K-edge. However, the rejection of
Se fluorescence is not total, and a small amount of overlapping
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of the tail of the Se fluorescence with the electronic window for
the Hg La gives a small Se K edge in the Hg La data (the top plot
in Fig. 4). The Se fluorescence was independently monitored by
a second electronic window and this scaled Se Ka fluorescence
is shown in the middle plot on Fig. 4. Subtraction of this
gives the pure Hg La plot shown in the bottom of Fig. 4.
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Fig. 3 Transmittance XAS data for solid HgSe with Hg LIII, Se K, Hg LII and
Hg LI edges indicated, illustrating the proximity of the absorption edges.

Fig. 6 Extended X-ray absorption Fine Structure (EXAFS) and Hg–Se
phase-corrected Fourier transform together with best fits. Red lines show
the experimental data and blue lines the best fits. The best fits were
obtained with 4 Hg–Se at 2.632(6) Å, s2 = 0.0059(3) Å2 and DE0 = 13(2)
eV, where all symbols have their usual meanings (George & Pickering, 2007)
and values in parentheses indicate the 99% confidence limit on the last
decimal place quoted obtained from the diagonals of the variance–covariance
matrix.

Fig. 4 Removal of residual Se X-ray fluorescence from the Hg LIII data for
purified D. desulfuricans cell pellet. The top plot shows the raw Hg LIII XAS
data, the middle plot shows the scaled Se K-edge XAS data obtained by
using an independent electronic window, and the bottom plot shows the
diﬀerence spectrum with the Se K-edge eliminated from the Hg LIII data.

Fig. 5 Hg LIII X-ray absorption near-edge spectra of (a) purified
D. desulfuricans cell pellet (b) nano-particulate HgSe and (c) bulk crystalline HgSe, showing the close similarity of the nano-particulate HgSe
formed inside the cell membrane.

This procedure was used for both the near-edge and EXAFS analysis.
Fig. 5 shows the Hg LIII edges of our sample (a), nano-particulate
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HgSe (b) and bulk crystalline HgSe (c). The spectrum of our
sample is indeed very similar to that of nano-HgSe. The EXAFS
and Fourier transform are shown in Fig. 6. Red lines show
experimental data and blue lines the best fits. The EXAFS fitting
indicates 4 Se backscatterers at a distance of 2.63 Å, which is
typical of HgSe. The small transform peaks between 4 and 5 Å
are outer shells in the expected positions for HgSe. Their weak
intensity strongly argues for nano-particulate HgSe as with bulk
HgSe these are really strong.
The EXAFS results confirmed the formation of nano-sized
HgSe on the surface of the cell membrane when the cells were
incubated in a culture medium containing both Hg and Se. The
formation of this very inert and insoluble HgSe can eﬀectively
reduce the bioavailability of Hg2+, therefore reduce the stress
on the cells. Although it has not been studied, it is possible that
due to this process, the mechanism of transformation of Hg2+
to Hg(0) by ATCC 13541 may be shut down.

Conclusion
The cell membrane of Desulfovibrio desulfuricans (subsp.
Desulfuricans ATCC 13541) plays an important role in Hg methylation. The membrane protein can undergo some significant
mutations in an altered environment. The protein-glutamate
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O-methyltransferase, an important protein in Hg methylation
found in the cell membrane, disappeared when the cells
were grown in a culture containing Se(IV), which was also
correlated to a significant decrease in Hg methylation. At the
same time a very inert HgSe was identified on the cell
membrane, the formation of which was likely catalyzed by
the cell membrane. The formation of inert HgSe in the cell
membrane could eﬀectively reduce the bioavailability of Hg
for biomethylation. The antagonistic eﬀects between Hg and
Se have also observed in membrane proteins separated by 1D
isoelectric focusing showing that the presence of Se prevented
the entrance of Hg into the cell and vice versa. It is inferred
that much of the antagonistic evidence between Hg and Se
observed previously in our studies could fundamentally start
at the cell membrane level. Because the biological system is
very complex, much more study is needed to fully understand
these processes.
Our results shed light on several processes related to Hg
methylation: (1) since Dde_1198 was found in the membrane, it
suggests that the methylation can occur extracellularly, i.e. on
the surface of cell membrane. That a great majority of MeHg
was found in culture medium rather than in cell plasma is a
strong indication. (2) The presence of Se in the medium
induces a rapid reaction on the cell membrane, indicated by
the decrease and eventually the total suppression of Dde_1198,
which was correlated to a remarkable drop in Hg methylation.
(3) The formation of the very insoluble nano-particulate HgSe
in the cell membrane reveals another active mechanism to limit
the availability of Hg for methylation by D. desulfuricans. (4)
Although the membrane proteins located at pH 3 to around 4
on the 1D strip have not yet been identified and the mechanisms are still unknown, the results present some very interesting information on the antagonistic phenomenon between Hg
and Se at the molecular level. (5) The presence of Se can alter
the Hg methylation process, while the presence of Hg can also
modify the process of Se transformation to Se(0) and perhaps
also to dimethyl selenide.
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