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Effect of Inorganic and Organic Ligands on the Bioavailability of
Methylmercury as Determined by Using a mer-lux Bioreporter

Udonna Ndu,? Robert P. Mason,®? Huan Zhang,? Senjie Lin,? and Pieter T. Visscher®

Department of Marine Sciences® and Department of Chemistry,” University of Connecticut, Groton, Connecticut, USA

A mer-lux bioreporter was constructed to assess the bioavailability of methylmercury [CH;Hg(II)] in Escherichia coli. The biore-
porter was shown to be sensitive, with a detection limit of 2.5 nM CH;Hg(II), and was used to investigate the effects of chlorides,
humic acids, and thiols on the bioavailability of CH;Hg(II) in E. coli. It was found that increasing the concentration of chlorides
resulted in an increase in CH;Hg(II) bioavailability, suggesting that there was passive diffusion of the neutral complex
(CH,;HgCI°). Humic acids were found to reduce the bioavailability of CH;Hg(II) in varying degrees. Complexation with cysteine
resulted in increased bioavailability of CH;Hg(II), while assays with equivalent concentrations of methionine and leucine had
little or no effect on bioavailability. The mechanism of uptake of the mercurial-cysteine complexes is likely not passive diffusion

but could result from the activities of a cysteine transport system. The bioavailability of CH;Hg(II) decreased with increasing

glutathione concentrations.

M ethylmercury [CH;Hg(II)] is extremely toxic to humans
and wildlife. In this paper, Hg(II) and CH;Hg(II) refer to all
the possible species of inorganic mercury and methylmercury, re-
spectively, while Hg”* and CH,Hg* refer to the divalent mercuric
ion and the methylmercuric ion, respectively. Despite an aware-
ness of the toxicity of CH;Hg(II), there is little detailed informa-
tion on how its speciation in the oceans and estuaries affects its
bioavailability to microbes. Bioavailability of CH;Hg(II) depends
on its speciation in the medium, which is influenced by the bind-
ing constant and the quantity of dissolved anions and ligands pres-
ent, such as chlorides, sulfides, and natural dissolved organic mat-
ter (NDOM), in pore water and the water column. In estuaries and
oceans, CH;Hg™ forms a neutral complex with C1~ (CH;HgCI%),
which dominates the speciation in the absence of sulfides and
elevated levels of organic ligands. CH;Hg " has also been shown to
bind strongly to NDOM (1, 14, 15), which is a complex mixture of
organic compounds found in environmental systems that are, or
have decomposed from, material originating from marine and
terrestrial cells of plants, animals, and microbes (13, 34). Although
Hg>* and CH;Hg ™ have high binding constants with thiols, such
as cysteine and glutathione (24, 25), there are only a few studies
detailing the effects of these thiols, as a subgroup of dissolved
organic matter (DOM), in the water column and sediments on the
bioavailability of Hg(II) and CH;Hg(II) (12, 32). Concentrations
of glutathione in Galveston Bay, TX, determined by high-perfor-
mance liquid chromatography (HPLC) were reported to be in the
range of 18 to 79 nM in June 2003 (12). Studies in other coastal
and open-ocean environments have also found nanomolar levels
of thiols (6, 17). As thiols have very high binding constants with
Hg** and CH;Hg ", nanomolar levels of dissolved thiols are rela-
tively substantial quantities and are sufficient to outcompete other
potential inorganic anions (e.g., CI~ and OH™) that form com-
plexes with Hg** and CH;Hg ™. Hence, the impact of thiols on the
bioavailability of both Hg(II) and CH;Hg(II) ought to be studied.
Cysteine is an amino acid, while glutathione is a small peptide.
Both compounds are made and used physiologically by bacteria,
and they are polar and charged, depending on the pH, as they have
carboxyl, amine, and thiol groups.

Although it has been postulated that uptake of CH;Hg(II) into
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microbes occurs via the process of passive diffusion of the neu-
trally charged CH;Hg(II) complexes, such as CH;HgCl’ and
CH;HgOH? (18), there has been scant experimental evidence to
support this hypothesis for complex environmental solutions. Ad-
ditionally, there is some evidence in the literature that CH;Hg(II)
can cross membranes, either when present in solution as a charged
complex (22) or when bound to larger organic ligands, likely
through active-transport mechanisms (16, 26a). The mechanism
behind such uptake has not been investigated in any detail, and
there is little evidence for uptake under conditions representative
of the natural environment. One possible way to test the uptake
pathways is to culture bacteria or phytoplankton with increasing
chloride content in a minimal medium while keeping the concen-
tration of CH;Hg(II) constant and subsequently measuring the
uptake of CH;Hg(II) complexes (18). If passive diffusion is a
mechanism of uptake, or if uptake depends on the presence of the
neutral complex only, there would be an increase in CH;Hg(II)
uptake with an increase in chloride content because of the in-
creased formation of the neutral complex, CH,HgCI’. Also, if pas-
sive diffusion is a mechanism of CH;Hg(II) uptake, then increased
formation of bulky or charged complexes, such as CH;Hg-NDOM,
should lead to a decrease in uptake. Due to the polarity and bulk-
iness of metal-thiol complexes, they are not likely to passively
diffuse into bacteria and have been shown to be taken up with the
assistance of transport proteins (33). It has also been shown that
when CH;Hg" is bound to cysteine, the complex can be trans-
ported across the blood brain barrier in mammals by the use of
neutral amino acid transporters known as LAT1 and LAT2 (29)
and across the intestinal membranes of fish (16). However, it is
not clear whether this mechanism is applicable to Hg(II) and
CH,;Hg(II) uptake in bacteria. Demonstration of uptake in the
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TABLE 1 Primers and sequences used in the study

Primer set Sequence”

merbEXFIN AGAGggatccAGATGAAGCTCGCCCCATATATTTTAG
merbEXR1 GAGAtctagaTCACGGTGTCCTAGATGACATG
merBF1 ACTTCTCACTTCGGTCAATCG

merBR1 CGCACCAGGCATACAGAC

@ The lowercase letters are the inserted sequences containing restriction enzyme sites
(ggatcc, BamHI; tctaga, Xbal); the GAGA sequence protects the restriction enzyme
sites.

presence of such molecules would indicate that uptake involves a
facilitated or passive mechanism.

In a previous study, Selinofova et al. (28) designed a plasmid
bioreporter (pRB28) to detect Hg(II), in which merR and the mer
promoter/operator regions were fused with the promoterless Ju-
ciferase (lux) plasmid. In order to effectively determine organo-
mercurial compounds using a mer-Iux plasmid bioreporter, it is
necessary to convert organomercurials to Hg’". Endo et al. (8)
incorporated the gene merB into a similar design of a mer-lux
plasmid bioreporter (pHYB3Lux) and showed that the detection
limit of this new bioreporter for phenylmercury acetate ranged
from 50 nM to 5 wM. MerB catalyzes the breakdown of phenyl-
mercury and CH;Hg(IT) to Hg>™ (2, 26), which binds to MerR,
thereby switching on the [ux system. In this study, we attempted to
develop a similar biosensor/bioreporter that can quantify the
amount of CH;Hg(II) that has entered a cell from the medium
and to use the biosensor to investigate the impacts of chloride and
different forms of NDOM, such as thiols and humic acids, on the
bioavailability of CH;Hg(II) in bacterial cells. The bioreporter
plasmid pRB28 was modified by incorporating merB into pRB28
under the control of the mer promoter/operator region to facili-
tate effective measurement of CH;Hg(II) in the cell.

MATERIALS AND METHODS

Construction of the bioreporter (pDES1). To prepare the plasmid vector
pRB28 for cloning, Escherichia coli cells harboring the vector were grown
overnight (O/N) on a Luria-Bertani (LB) agar plate. All LB plates and
broth were made according to the method of Miller (19), and the antibi-
otic used for selection was ampicillin (100 wg ml™"). Growth of cells in
plates and broth was performed at 37°C O/N. A single colony was selected
and used to inoculate a 50-ml sterile centrifuge tube with 15 ml LB me-
dium at 37°C with shaking at 270 rpm. Plasmid isolation was performed
with a Midiprep kit (Invitrogen). The plasmid (pRB28) was then digested
with the restriction enzymes BamHI and Xbal, and the terminal phos-
phate groups of the digested DNA were removed with shrimp alkaline
phosphatase (SAP). Enzyme digestion was followed by incubation for 15
min at 65°C. The digested plasmid was purified with Zymo DNA Clean
and Concentrator (Zymo Research) and stored at 4°C.

The full-length sequence of organomercurial lyase (merB) was PCR
amplified from the E. coli plasmid pQZB1 (23). PCR was performed using
the reported method (36) with the primer set merbEXFIN-merbEXR1
(Table 1), where the lowercase letters are the inserted sequences contain-
ing restriction enzyme sites (BamHI and Xbal) and the GAGA sequence
protects the restriction enzyme sites. The PCR fragment was cloned, and
the resultant colonies were randomly picked and sequenced as described
by Zhang et al. (36). A clone (pBL1) with the correct merB sequence was
double digested with BamHI and Xbal, and the inserted DNA was gel
purified as described by Zhang and Lin (37). Using a 3:1 insert/vector
molar ratio, the insert was ligated to the digested and SAP-treated pRB28
vector mentioned above using DNA ligase (Invitrogen). Ligation was car-
ried out at 15°C for 16 h, and the solution was then transformed into
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Stratagene’s XL-gold cells {Tet" A(1mcrA)183 A(mcrCB-hsdSMR-mrr)173
endAl supE44 thi-1 recAl gyrA96 relAl lac Hte [F' proAB lacI"ZAM15
TnI0 (Tet’) Amy Cam']} using the manufacturer’s protocol. Several re-
sultant colonies were picked and digested with BamHI-Xbal to check if
the plasmid contained merB; the plasmid DNA was then sequenced using
primers merBF1 and merBRI1 to ensure the accuracy of the induced merB.
A recombinant plasmid containing the correct merB sequence was named
pDESI (Fig. 1), and the E. coli strain harboring this plasmid was desig-
nated NMZAL.

Materials. The monomethylmercury chloride (Sigma-Aldrich) used
was 99.9% pure. Stock solutions (100 wM) were prepared by dissolving
monomethylmercury chloride crystals in deionized water (Millipore),
acidified with concentrated HCI to pH 3, and were stored in a 4°C refri-
gerator. On the day of assay, a fresh dilution was made from the stock
solution to obtain a secondary standard of 1.4 WM. Pahokee Peat humic
acid and Elliot Soil humic acid were obtained from the International Hu-
mic Substances Society (IHSS) in solid form, while a humic acid of un-
known origin was obtained from Alfa Aesar. All humic acid solutions were
prepared by dissolving weighed amounts in water with some addition
of KOH and filtering the solutions with 0.45-pm filters. The medium of
choice for all assays was M63 minimal medium (19). M63 consists of
KH,PO, (100 mM), (NH,),S0, (15 mM), FeSO, - 7H,0 (1.7 pM),
MgSO, (1 mM), and glycerol (0.2%). No vitamins or yeast was added in
order to simplify the speciation of the medium. The pH of the medium
was 7. A Packard Tri-Carb 3100 TR Liquid Scintillation Analyzer was used
to measure bioluminescence. The machine was set to the single-photon
mode. The temperature for the single-photon determination was room
temperature, and the average time of measurement was 7 h.

mer-lux assays. A single colony of the E. coli strain NMZA1 was grown
in LB broth O/N with ampicillin (100 ug ml™") with shaking at 270 rpm.
The LB cultures were centrifuged and resuspended in M63 minimal me-
dium 3 times to ensure that all the LB solution was removed. These cells in
M63 medium were diluted to an optical density at 660 nm of 0.6 with M63
and incubated at 37°C for 3 days with daily addition of fresh M63 medium
(28). After the 3-day incubation, the cell cultures were further diluted with
M63 medium to an optical density at 660 nm of 0.1. To obtain a calibra-
tion curve for the sensor, on the day of assay, different concentrations of
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FIG 1 Diagram of the modification of pRB28 by inserting the merB gene into
the BamHI-Xbal region under the control of the mer promoter (merRo/pT’,
where o/p = operator).
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FIG 2 CH;Hg(II) bioavailability in M63 minimal medium when the
CH,;Hg(II) concentration is increased from 0 to 10 nM. The test organism was
the E. coli strain NMZA1, while the bacterial optical density at 660 nm was 0.05.

CH,;Hg(II) were added to 1.0 ml of M63 medium in acid-washed 20-ml
scintillation vials. The vials were shaken in the dark at 60 rpm for 2 h, and
1.0 ml of NMZAL1 cells in M63 medium with an optical density of 0.1 was
added to 1.0 ml of the solution of M63 containing CH;Hg(II) to obtain a
final volume of 2.0 ml. The final optical density in the vial was about 0.05,
which yields a cell count of about 7 X 10° cells ml™~'. Measurements of
bioluminescence were then made. In order to examine the effect of chlo-
ride on the bioavailability of CH;Hg(II) in E. coli (NMZA1), a mer-lux
assay was assembled as described above with the exception that the con-
centration of CH;Hg(IT) was kept constant at 5 nM while the concentra-
tion of CI™ was increased from 0.1 wM to 320 mM. Likewise, the effect of
humic acids on CH;Hg(II) bioavailability was tested by keeping the con-
centration of CH;Hg(II) constant at 5 nM while the concentration of the
humic acid was increased from 0 to 100 mg liter ~'. For assays involving
humic acids, the vials were shaken for 24 h in the dark to ensure that
equilibrium was attained with CH;Hg(IT). A negative control was also set
up with 100 mgliter ~" of humic acid in M63 but with no CH,Hg(II) to see
if the color of the medium interfered with the assay. The chloride concen-
tration was at background level (0.1 wM). In like manner, individual
assays for cysteine and glutathione were set up, with the exception that
these assay mixtures were shaken gently for 2 h (60 rpm) in the dark before
the addition of 1.0 ml of cells in M63 to yield a final optical density of 0.05.
Experiments were done in quadruplicate, and the standard error was cal-
culated. An E. coli control strain, HMS174 (3), which contains the plasmid
pRB27 that constitutively expresses bioluminescence, was applied to ver-
ify that bioluminescence in our experiments resulted from induction by
CH,;Hg(II) only and not from other experimental variables.

RESULTS
Evaluation of the biosensor. Figure 2 shows the bioluminescence
produced by bacteria that have plasmid pDES1 in response to
different concentrations of CH;Hg(II). After adding a fixed quan-
tity of cells to different aliquots of CH;Hg(II) in vials, repetitive
cycles of measurements of bioluminescence were made. These
measurement cycles were numbered 1 to 30 (not all are shown in
Fig. 2). As there is a time lag in the production of bioluminescence
due to the need for induction and protein production, the signal
increases over time. Each cycle of measurement lasts approxi-
mately 10 to 12 min. The measurements of bioluminescence at
concentrations from 2.5 to 10 nM CH;Hg(Il) yielded a linear
response. The minimum detection limit was a value between 0 and
2.5 nM CH;Hg(II) in the medium, as the sensor could not distin-
guish values in this range from the background luminescence.
Effects of CI” and NDOM on the bioavailability of CH;Hg(II).
Figure 3A demonstrates the effect of Cl™ on the bioavailability of
CH;Hg(II) in E. coli. As the concentration of Cl~ was increased,
the bioavailability of CH;Hg(II) also increased, which is similar to
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FIG 3 (A) Effect of chloride ion on CH;Hg(II) bioavailability. CH;Hg(II) was
kept constant at 5 nM, while the concentration of CI™ was increased from
0.0001 to 320 mM. The test organism was the E. coli strain NMZA1, while the
bacterial optical density at 660 nm was 0.05. (B) Plot showing the theoretical
effect of chloride ion on the speciation of CH;Hg(II) in M63. CH;Hg(II) was
kept constant at 5 nM, while the concentration of CI™ was increased from
0.0001 to 320 mM. (C) Application of the constitutive strain to various ligands
used in the experiment. The test organism was the E. coli strain
HMS174(pRB27), and the optical density at 660 nm of the medium was 0.05.
The error bars indicate the standard error for replicate measurements.

what has been found by others for phytoplankton cultures (18).
However, at a Cl~ concentration of 320 mM, there was a sharp
decrease in bioavailability. As shown in Fig. 3B, there was no sub-
stantial change in speciation between 100 and 320 mM for
CH;Hg(II), so speciation cannot explain the results observed.
This decrease in bioavailability likely reflects a physiological re-
sponse to the high Cl~ concentration, as discussed further below,
given that E. coli does not grow well at high salinity. At 320 mM, it
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FIG 4 (A) Effect of Pahokee Peat humic acid on CH;Hg(II) bioavailability in
the E. coli strain NMZALI. The concentration of CH;Hg(II) was kept constant
at 5 nM, while the concentration of the humic acid was increased from 0 to 100
mg liter . The optical density at 660 nm was 0.05. (B) Plot showing the impact
of Pahokee Peat humic acid, Alfa Aesar humic acid, and Elliot Soil humic acid
on the bioavailability of CH;Hg(II) in the E. coli strain NMZAI. The data
shown were normalized so that the effects of different types of humic acids
could be compared. The error bars indicate standard deviations.
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was observed that the control strain had a reduction in biolumi-
nescence (Fig. 3C), whereas other ligands, such as cysteine and
glutathione, did not affect bioluminescence of the control strain at
the concentrations tested. The principal advantage of using a min-
imal medium in the experiments is that the concentrations of the
ions and molecules are known, and therefore, it is possible to
estimate the actual speciation of Hg(II) and CH;Hg(II) in the
medium, as shown in Fig. 3B.

In contrast to increased bioavailability in the presence of Cl
addition of humic acids to the mixture led to an overall decrease in
the bioavailability of CH;Hg(II), with increasing concentrations
enhancing the effect (Fig. 4A and B). Figure 4A shows the effect of
Pahokee Peat humic acid on the bioavailability of CH;Hg(II) in E.
coli. The concentration of CH;Hg(II) was kept constant at 5 nM,
while the concentration of humic acid ranged from 0 to 100 mg
liter "*. The negative control, which consisted of a solution with
100 mg liter ! of humic acid but no CH;Hg(II), indicated that the
background color of the humic acid did not impact the results of
the assay, i.e., the instrument could distinguish between biolumi-
nescence and background color. In order to compare the effects of
the various organic acid solutions (Pahokee Peat humic acid, El-
liot Soil humic acid, and Alfa Aesar humic acid) on the bioavail-
ability of CH;Hg(II), it is useful to normalize the data to the re-
sponse found in the absence of ligands. Therefore, the data in Fig.
4A were normalized by dividing the data points by the data point
corresponding to 0 mg liter ~' of Pahokee Peat humic acid and are
displayed in Fig. 4B. In like manner, the normalized bioavailability
data of assays for other forms of NDOM, amino acids and gluta-
thione, were generated (Fig. 4B, 5, and 6).

Effects of cysteine, methionine, leucine, and glutathione. In
contrast to the comparable results obtained for the various humic
acid solutions, the bioavailability of CH;Hg(II) in the presence of
amino acids or glutathione was mixed (Fig. 5 and 6). Figure 5
shows the normalized effects of cysteine on the bioavailability of
Hg(II) and CH;Hg(II) to E. coli strain NMZA1 grown in M63
minimal medium. Increasing the concentration of cysteine at a
constant concentration of Hg(II) enhanced the Hg(II) bioavail-
ability rate by up to a factor of about 500. However, the relative
increase in bioavailability was lower for CH;Hg(II) than for

'
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FIG 5 Effects of cysteine, leucine, and methionine on Hg(II) and CH;Hg(II) bioavailability in M63 medium. The concentrations of Hg(IT) and CH;Hg(II) were
kept constant at 5 nM, while the concentrations of cysteine, leucine, and methionine were increased from 0 to 150 nM. The test organism was the E. coli strain

NMZAL. The optical density at 660 nm was 0.05.
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FIG 6 Effect of glutathione on Hg(II) and CH;Hg(II) bioavailability in M63
medium. The concentrations of Hg(II) and CH;Hg(II) were kept constant at 5
nM as the concentration of glutathione was increased from 0 to 500 nM. The
test organism was the E. coli strain NMZA1, and the optical density at 660 nm
of the medium was 0.05.

Hg(II) by a factor of 2 to 3. Additionally, higher concentrations of
cysteine were needed to cause the initial increase in bioavailability,
which is consistent with stronger binding of Hg*" to cysteine
compared to CH;Hg(II) (Table 2), especially for the bidentate
Hg(II) complex, which dominates the speciation above 10 nM
cysteine. Figure 5 also shows the normalized data on the effects of
leucine and methionine on CH;Hg(II) bioavailability. Increasing
the cysteine concentration resulted in enhanced bioavailability of
CH;Hg(II) in the M63 medium, while equivalent concentrations
ofleucine and methionine did not result in increased bioavailabil-
ity of CH;Hg(II). The binding constants for these two amino acids
with Hg(II) and/or CH;Hg(II) are much lower, as they contain no
thiol groups, and it is predicted that they have no impact on the
speciation of Hg(II) or CH;Hg(II) at the concentrations added.

Figure 6 shows the normalized Hg(II) and CH;Hg(II) bioavail-
ability data for E. coli strain NMZA1 with increasing concentra-
tions of glutathione in M63 minimal medium. As before, the con-
centrations of Hg(II) and CH;Hg(II) were constant. In contrast to
cysteine, increasing concentrations of glutathione resulted in a
decrease in the bioavailability of Hg(II) and CH;Hg(II). At the
highest concentration of 500 nM glutathione, the decrease in
Hg(II) and CH;Hg(II) bioavailabilities were about a factor of 5
and 10, respectively. At higher concentrations of glutathione, it
was likely that these complexes dominated speciation (Fig. 6), and
therefore, the decrease in bioavailability suggests that there was no
passive or facilitated uptake of Hg bound to glutathione.

DISCUSSION

Evaluation of the biosensor. In Fig. 2, cycle 1 is the first set of
measurements, and at this stage, the Lux proteins have not been
made by the bacteria. Hence, there is no difference in the amounts
of luminescence generated enzymatically by E. coli exposed to dif-
ferent concentrations of CH;Hg(II). By the 20th cycle, there is a
measureable difference in the amounts of luminescence given off
by bacteria exposed to larger amounts of CH;Hg(II) (5 nM, 7.5
nM, and 10 nM). These results are comparable to those found
upon exposure of the bioreporter pRB28 to inorganic Hg (28).
The biosensor NMZA1 contains the plasmid pDESI and was able
to detect and quantify CH;Hg(II) bioavailability when E. coli was
exposed to 2.5 to 10 nM CH;Hg(II). The results shown in Fig. 2

7280 aem.asm.org

demonstrate that there is an easily measured response to
CH;Hg(II) and that the response appears to depend on the expo-
sure concentration. Given that M63 minimal medium is buffered
at pH 7, essentially all the CH;Hg(II) is present as CH;HgOH; the
[CH;HgOH]/[CH;Hg "] ratio is 316 according to the data in Ta-
ble 2. It is thought that CH;HgOH, an uncharged complex, is
taken up passively by E. coli, as has been concluded for Hg(OH),
(18, 28) and for CH;HgOH uptake by phytoplankton (18). In-
creased amounts of the neutral complex CH;HgOH resulted in
increased bioavailability. This is consistent with the mechanism of
passive diffusion. The plasmid pDES1 is a slight improvement on
the design of Endo et al. (8), who reported a detection limit of 50
nM for phenylmercury acetate, an organomercurial compound. A
1- to 2-order-of-magnitude improvement in the detection limit
allows the examination of bioavailability at concentrations closer
to those found in the environment.

Effect of Cl1™. In the Cl ™ assay, the total number of CH;Hg(II)
species, as shown in equation 1, was 5 nM:

5 nM = [CH;Hg"] + [CH,;HgOH] + [CH;HgCl] (1)

Given that the medium was buffered at pH 7; the binding con-

stants (log K) of CH;Hg™ with OH™ and Cl™~ are 9.37 and 5.25,

respectively (24); and the Cl™ concentration was increased from

0.1 pM to 320 mM, the model of the speciation of CH;Hg(II) in
equilibrium can be written as equation 2:

5 nM = [CH;Hg" {1 + (10> X 1077) + (10°* X [CI"])}
2
The percentage speciation of CH;Hg(II) in equation 2 is plot-
ted in Fig. 3B. The figure shows that the dominant CH;Hg(II)
complex at CI™ concentrations below 1.58 mM was CH;HgOH,
while CH;HgCl was dominant at higher Cl~ concentrations. The
increased bioavailability of CH;Hg(II) observed at concentrations
of C1™ from 0.1 to 100 mM (Fig. 3A) is likely because of increased
formation of the neutral chloride complex (CH;HgCl°). Although
both CH;HgOH and CH;HgCl are neutrally charged complexes,
they enter the cell by the mechanism of passive diffusion at differ-
ent rates determined by their octanol-water partition coefficients
(K, (18). CH;HgCl and CH;HgOH have K, values of 1.7 and
0.07, respectively. The relationship between K, and membrane
permeability is given by the Stein equation (30), which is displayed
as equation 3:

K

* ow D em

p=—0 (3)

where P* is the size-adjusted membrane permeability (cm s™'),

TABLE 2 Binding constants used in the speciation modeling of Hg(II)
and CH,Hg(II)

Complex Formation constant (log K) ~ Reference
RSH + H,OS RS + HY —10.77 20

Hg®" + 2RS™ < Hg(SR), 41.6 7

Hg** + RS™ = HgSR™ 221 7
CH,Hg" + RS~ < CH,HgSR 16.3 24
CH;Hg" + OH™ = CH;HgOH 9.37 24
CH,;Hg"™ + CI” = CH;HgCl 5.25 24

Mg®>" + RS~ < MgSR* 4 5

Fe’* + RS~ < FeSR™ 6.2

Fe’" 4+ 2RS™ < Fe(SR)*~ 11.7
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Dem 1s the molecular diffusion coefficient in the lipid bilayer
(ecm? s7'), and I is the membrane thickness (cm). It has been
demonstrated that CH;HgCl has a higher membrane permeability
than CH;HgOH, and as there is a strong correlation between the
log P* and log K, of the neutral species, this confirms the Stein
equation (18). Therefore, as CH;HgCI has a much higher K,
value, conditions that favor its increased formation will most
likely result in higher levels of bioavailability, as shown in Fig. 3A.
Thus, the results in the presence of Cl™ fit with the expectation
that uptake of either of the neutral complexes is one pathway for
CH;Hg(II) accumulation. The sharp reduction of bioavailability
when the concentration of CI”~ was 320 mM was probably due to
the low salt tolerance of E. coli (10, 11). Although the reduction of
bioavailability at 320 mM could be attributed to a change in spe-
ciation, there is no evidence in the literature that no higher CI™
complexes, such as CH;HgCl, , are formed, as CH;Hg™ forms
only a 1:1 association with both inorganic and organic ligands
(31).

Effect of NDOM on the bioavailability of CH;Hg(II). Humic
acid solutions are an ill-defined mixture of dissolved organic com-
pounds varying in molecular weight with several functional
groups but few that can bind CH,;Hg" effectively compared to
inorganic ligands, such as Cl™. The strength of binding is likely a
function of the relative thiol content of the NDOM. Humic acids
have high binding constants with Hg(II) (25) and CH;Hg(II) (14,
15), but it has been observed that humic acids bind significantly
lessto CH;Hg " than they do to Hg** (27). The reduced binding of
CH;Hg™ to humic acids and other forms of NDOM is a result of
the Hg in CH,Hg ™" being weakened in acidity by the methyl group
(24, 35). Humic acids are bulky and tend to have several charged
chemical groups, such as the carboxylic acid groups. They also
have high and varying molecular weights. Thus, when these sub-
stances bind to CH;Hg™, it is unlikely that the complexes formed
will penetrate the plasma membrane. Hence, as the concentration
of humic acid increases, the concentration of neutral species will
decrease and the speciation of CH;Hg(II) will be dominated by
the CH;Hg-R complex, where R represents the humic acid. Peat
humic acid (100 mg liter ') reduced the bioavailability of
CH;Hg(II) by 80%, while the same concentration of soil humic
acid reduced bioavailability by 50%, with the two different solu-
tions having similar impacts. This difference likely resulted from
the differences in the amounts of the Hg binding groups, mostly
likely thiols, which are present in both NDOM mixtures. Peat is a
much more degraded material and forms in the absence of oxy-
gen, and therefore, it is entirely reasonable that the material would
have a higher reduced sulfur content than the soil humic acid.

Effects of cysteine, glutathione, methionine, and leucine on
the bioavailability of CH;Hg(II). Hg-thiol complexes are bulky
and polar and have a tendency to be charged, depending on the pH
of the solution, as the thiol groups and carboxylic acid groups have
different pK,s. Thus, uptake of these complexes is not likely to
occur rapidly by passive diffusion due to repulsion by the phos-
pholipid cell membrane, and facilitated uptake is likely to domi-
nate, especially for compounds that may be biochemically useful.
For example, cysteine and its conjugates have been shown to be
imported into E. coli cells with the aid of transport proteins (4).
Accordingly, we propose that the cysteine-Hg-cysteine and
CH;Hg-cysteine complexes, being simple conjugates of cysteine,
are taken up with the assistance of cysteine transport proteins, and
such transport is the most likely mechanism of uptake of these
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complexes in environmental solutions where concentrations of
thiols are sufficient to control complexation. This facilitated
transport mechanism explains the observed trend of increasing
bioavailability of Hg(IT) and CH;Hg(II) when cysteine concentra-
tions are increased. The absence of increased bioavailability in the
assays of leucine and methionine suggests that CH;Hg ™ binding
with these amino acids at pH 7 is minimal, as the amino acids lack
thiol groups. This is not surprising but is consistent with the fact
that the log K of the binding of CH;Hg " with cysteine, which is
16 (5), is large relative to the other amino acids, e.g., it is several
orders of magnitude higher than that of methionine, which is
7.4 (5).

Berger and Heppel (4) identified two kinetically distinct sys-
tems for cystine (the oxidized form of cysteine) uptake, which they
called the cystine general transport system (K,, = 3 X 1077 M)
and cystine specific transport system (K,, = 2 X 10~® M). The
general system was reported to also assist in the uptake of diamin-
opimelic acid and was inhibited by several analogues of cystine,
whereas the specific system was inhibited by only a few com-
pounds. Of the 2 transport systems, the cystine specific transport
system was the one that functioned in minimal medium while the
cystine general transport system was inactivated in minimal me-
dium. The gene that encodes the cystine binding protein for the
general system was identified as fIliY (21). However, the genes re-
sponsible for the specific transport system have not been identi-
fied to date. We suspect that this cystine specific transport system
is the means of uptake because it functions well in minimal me-
dium and therefore is likely functional under the conditions of our
experiments.

Finally, it was observed that in the M63 medium, increasing the
concentration of glutathione did not result in increased bioavail-
ability of Hg(II) and CH;Hg(II) in the E. coli strain NMZAL1 (Fig.
6). Instead, increasing concentrations of glutathione bound more
of the Hg(II) and CH;Hg(II) as the complex and resulted in de-
creased bioavailability of both mercury species. This reduction of
bioavailability could be explainable if the increased size and charge
of the complex hindered uptake by passive diffusion and this was
the primary uptake mechanism. The lack of uptake suggests either
that this pathway does not exist or that it was not activated under
the experimental conditions. We suspected the latter reason and
wondered if there was a lack of a counterion for cotransport,
which is often necessary for facilitated uptake. One idea was that
there was a lack of a cotransporter in the medium, but addition of
sodium to the medium did not enhance the bioavailability of
Hg(II) and CH;Hg(II) (results not shown), so the idea of lack of a
cotransporter does not appear to be valid. There are other reasons
why the facilitated uptake was not activated in the medium used in
this study, and we hope to further study these potential factors in
our future work. However, as the minimal medium conditions
used in these studies are relatively close to those of the environ-
ment, we suggest that the results observed here are likely environ-
mentally relevant and that the presence of glutathione in the
aquatic medium hinders rather than enhances the uptake of
Hg(II) and CH;Hg(II) into microbes.

Conclusion. A limitation of the bioreporter method in terms
of in situ detection is the high limit of detection relative to envi-
ronmental concentrations. The measured concentrations of
CH,;Hg(II) in the water column of coastal waters, such as Long
Island Sound, tend to range from <0.5 to 3 pM (9). However, we
used a CH;Hg(II) concentration of 5 nM in this study. This is
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because the sensor used in this work cannot distinguish subnano-
molar values of CH;Hg(II) (Fig. 2). However, the 5 nM concen-
tration used in these studies is much lower than the concentra-
tions of NDOM used in the experiments and the CH;Hg(II)/
NDOM ratios used are comparable to those in the environment,
and therefore, the results are applicable to the natural environ-
ment, as there is excess binding capacity in the NDOM.

The speciation of CH;Hg(II) in the medium determines its
bioavailability in E. coli. Binding of CH;Hg" with cysteine and
inorganic ions (OH™ and Cl™) to form a CH;Hg-cysteine com-
plex and neutral complexes (CH;HgOH and CH;HgCI) resulted
in increased bioavailability. Binding to NDOM and glutathione
reduced the bioavailability rate. Thus, to estimate the bioavailable
portion of the total dissolved CH;Hg(II), one must take into ac-
count the sum of all the neutral complexes, both inorganic and
organic, and the concentration of low-molecular-weight thiol
complexes, such as CH;Hg-cysteine.

ACKNOWLEDGMENTS

We thank T. Barkay for providing bacterial strains.

The project was supported by NIH grant P42 ES007373 from the Na-
tional Institute of Environmental Health Sciences. The Center for Envi-
ronmental Sciences and Engineering, and the Marine Sciences Depart-
ment at the University of Connecticut are also acknowledged for their
generous financial support.

The contents of this article are solely our responsibility and do not
necessarily represent the official views of the NIH.

REFERENCES

1. Amirbahman A, Reid AL, Haines TA, Kahl JS, Arnold C. 2002. Asso-
ciation of methylmercury with dissolved humic acids. Environ. Sci. Tech-
nol. 36:690—695.

2. Barkay T, Miller SM, Summers AO. 2003. Bacterial mercury resistance
from atoms to ecosystems. FEMS Microbiol. Rev. 27:355-384.

3. Barkay T, Gillman M, Turner RR. 1997. Effects of dissolved organic
carbon and speciation of Hg(II) on bioavailability of mercury. Appl. En-
viron. Microbiol. 63:4267—4271.

4. Berger EA, Heppel LA. 1972. A binding protein involved in the transport
of cystine and diaminopimelic acid in Escherichia coli. J. Biol. Chem. 247:
7684-7894.

5. Berthon G. 1995. The stability constants of metal complexes of amino
acids with polar side chain. Pure Appl. Chem. 67:1117-1240.

6. Dupont CL, Moffett JW, Bidigare RR, Ahner BA. 2006. Distributions of
dissolved and particulate biogenic thiols in the subartic Pacific Ocean.
Deep Sea Res. A 53:1961-1974.

7. Dyrssen D, Wedborg M. 1986. Titration of sulphides and thiols in natural
waters. Anal. Chim. Acta 180:473—479.

8. Endo G, Yamagata T, Narita M, Huang C-C. 2003. Bioluminescence
biosensor for the detection of organomercury contamination. Acta Bio-
technol. 23:123-129.

9. Fitzgerald WF, Lamborg CH, Hammerschmidt CR. 2007. Marine bio-
geochemical cycling of mercury. Chem. Rev. 107:641-662.

10. Gerba CP, McLeod JS. 1976. Effect of sediments on the survival of Esch-
erichia coli in marine waters. Appl. Environ. Microbiol. 32:114-120.

11. Greenberg AE. 1956. Survival of enteric organisms in sea water. Public
Health Rep. 71:77-86.

12. Han S, Gill GA, Lehman RD, Choe K-Y. 2006. Complexation of mercury
by dissolved organic matter in surface waters of Galveston Bay, Texas.
Mar. Chem. 98:156-166.

13. Hill JR, O’Driscoll NJ, Lean DRS. 2009. Size distribution of methylmer-
cury associated with particulate and dissolved organic matter in freshwa-
ters. Sci. Total Environ. 408:408—414.

7282 aem.asm.org

14. Hintelmann H, Welbourn PM, Evans RD. 1997. Measurement of com-
plexation of methylmercury (II) compounds by freshwater humic sub-
stances using equilibrium dialysis. Environ. Sci. Technol. 31:489—495.

15. Karlsson T, Skyllberg U. 2003. Bonding of ppb levels of methyl mercury
to reduced sulfur groups in soil organic matter. Environ. Sci. Technol.
37:4912-4918.

16. Leaner JJ, Mason RP. 2002. Methylmercury accumulation and fluxes
across the intestine of channel catfish, Ictalurus punctatus. Comp.
Biochem. Physiol. C 132:247-259.

17. Le Gall AC, Van Den Berg CMG. 1998. Folic acid and glutathione in the
water column of the North East Atlantic. Deep Sea Res. A 45:1903-1918.

18. Mason R, Reinfelder JR, Morel FMM. 1996. Uptake, toxicity, and trophic
transfer of mercury in a coastal diatom. Environ. Sci. Technol. 30:1835—
1845.

19. Miller JH. 1972. Experiments in molecular genetics. Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY.

20. Morel FMM, Hering JG. 1993. Principles and applications of aquatic
chemistry. Wiley, New York, NY.

21. Mytelka DS, Chamberlin MJ. 1996. Escherichia coli fliAZY operon. J.
Bacteriol. 178:24-34.

22. Najera I, Lin C-C, Kohbodi GA, Jay JA. 2005. Effect of chemical specia-
tion on toxicity of mercury to Escherichia coli biofilms and planktonic
cells. Environ. Sci. Technol. 39:3116-3120.

23. Pitts KE, Summers AO. 2002. The roles of thiols in the bacterial organ-
omercurial lyase (MerB). Biochemistry 41:10287-10296.

24. Rabenstein DL. 1978. The aqueous solution chemistry of methylmercury
and its complexes. Accounts Chem. Res. 11:100—107.

25. Ravichandran M. 2004. Interactions between mercury and dissolved or-
ganic matter: a review. Chemosphere 55:319-331.

26. Reniero D, Galli E, Barbieri P. 1995. Cloning and comparison of mer-
cury- and organomercurial-resistance determinants from a Pseudomonas
stutzeri plasmid. Gene 166:77—82.

26a.Schaefer JK, Morel FMM. 2009. High methylation rates of mercury
bound to cysteine by Geobacter sulfurreducens. Nat. Geosci. 2:123-126.

27. Schliiter K. 1997. Sorption of inorganic mercury and monomethyl mer-
cury in an iron-humus podzol soil of southern Norway studied by batch
experiments. Environ. Geol. 30:266-279.

28. Selinofova O, Burlage R, Barkay T. 1993. Bioluminescent sensors for
detection of bioavailable Hg(II) in the environment. Appl. Environ. Mi-
crobiol. 59:3083-3090.

29. Simmons-Willis TA, Koh A, Clarkson TW, Ballatori N. 2002. Transport
of a neurotoxicant by molecular mimicry: the methylmercury-L-cysteine
complex is a substrate for human L-type large neutral amino acid trans-
porter (LAT) 1 and LAT2. Biochem. J. 367:239-246.

30. Stein WD. 1986. Transport and diffusion across cell membranes, 1st ed,
chapter 1. Academic Press, New York, NY.

31. Stumm W, Morgan JJ. 1996. Aquatic chemistry, 3rd ed. John Wiley and
Sons, Chichester, United Kingdom.

32. Tang D, Hung C-C, Warnken KW, Santschi PH. 2000. The distribution
of biogenic thiols in surface waters of Galveston Bay. Limnol. Oceanogr.
45:1289-1297.

33. Vadas MT, Ahner BA. 2009. Cysteine- and glutathione-mediated uptake
of lead and cadmium into Zea mays and Brassica napus roots. Environ.
Pollut. 157:2558 -2563.

34. Wetzel RG, Hatcher PG, Bianchi TS. 1995. Natural photolysis by ultra-
violet irradiance of recalcitrant dissolved organic matter to simple sub-
strates for rapid bacterial metabolism. Limnol. Oceanogr. 40:1369-1380.

35. Yoon S-J, Diener LM, Bloom PR, Nater EA, Bleam WF. 2005. X-ray
absorption studies of CH;Hg"-binding sites in humic substances.
Geochim. Cosmochim. Acta 69:1111-1121.

36. Zhang H, et al. 2007. Spliced leader RNA trans-splicing in dinoflagellates.
Proc. Natl. Acad. Sci. U. S. A. 104:4618—4623.

37. Zhang H, Lin S. 2003. Complex gene structure of the form II Rubisco in
the dinoflagellate Prorocentrum minimum (Dinophyceae). J. Phycol. 39:
1160-1171.

Applied and Environmental Microbiology

sauelqI prenteH Aq ZT0Z ‘ST 19quIsAON Uo /610’ wse’wae//:dny woiy papeojumoq


http://aem.asm.org
http://aem.asm.org/

	Effect of Inorganic and Organic Ligands on the Bioavailability of Methylmercury as Determined by Using a mer-lux Bioreporter
	MATERIALS AND METHODS
	Construction of the bioreporter (pDES1).
	Materials.
	mer-lux assays.

	RESULTS
	Evaluation of the biosensor.
	Effects of Cl− and NDOM on the bioavailability of CH3Hg(II).
	Effects of cysteine, methionine, leucine, and glutathione.

	DISCUSSION
	Evaluation of the biosensor.
	Effect of Cl−.
	Effect of NDOM on the bioavailability of CH3Hg(II).
	Effects of cysteine, glutathione, methionine, and leucine on the bioavailability of CH3Hg(II).
	Conclusion.

	ACKNOWLEDGMENTS
	REFERENCES


