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ABSTRACT: Plant leaves serve both as a sink for gaseous elemental mercury (Hg) from the

atmosphere and a source of toxic mercury to terrestrial ecosystems. Litterfall is the primary
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deposition pathway of atmospheric Hg to vegetated soils, yet the chemical form of this major Hg
input remains elusive. We report the first observation of in vivo formation of mercury sulfur
nanoparticles in intact leaves of 22 native plants from six different species across two sampling
areas from China. The plants grew naturally in soils from a mercury sulfide mining and retorting
region at ambient-air gaseous-Hg concentrations ranging from 131 + 19 ng m=to 636 + 186 ng m"
3 and had foliar Hg concentration between 1.9 and 31.1 ng Hg mg™* dry weight (ppm). High energy-
resolution X-ray absorption near-edge structure (HR-XANES) spectroscopy shows that up to 57%
of the acquired Hg is nanoparticulate, and the remainder speciated as a bis-thiolate complex
(H9(SR)2). The fractional amount of nanoparticulate Hg is not correlated with Hg concentration.
Variation likely depends on leaf age, plant physiology, and natural variability. Nanoparticulate Hg
atoms are bonded to four sulfide or thiolate sulfur atoms arranged in a metacinnabar-type (3-HgS)
coordination environment. The nanometer dimension of the mercury-sulfur clusters outmatches the
known binding capacity of plant metalloproteins. These findings give rise to challenging questions
on their exact nature, how they form, and their biogeochemical reactivity and fate in litterfall,
whether this mercury pool is recycled or stored in soils. This study provides new evidence that

metacinnabar-type nanoparticles are widespread in oxygenated environments.

INTRODUCTION

Plant foliage takes up gaseous elemental mercury (Hg%) from the atmosphere. This is followed by
litterfall or ingestion of leaves, so this is a primary deposition pathway on vegetated land and a
main trophic source of mercury.! The chemical form this atmospheric mercury takes in leaf tissue
is of both fundamental and practical interest. From the fundamental perspective, chelation and
sequestration of metals by particular ligands is the molecular mechanism by which plants cope with
metal stress. Therefore, knowing how mercury undergoes biotransformation is critical to
understanding how it is detoxified in response to exposure. Given how toxic mercury is to biota,
we also need to know in which form divalent mercury (Hg(ll)) enters terrestrial ecosystems and is

metabolically processed at the next trophic level by detritus feeders and herbivors. Practical
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motivations include knowing how we can apply phytotechnology to remediate contamination, 2%/
and using plants (e.g., tree barks and lichens) for present and retrospective monitoring of airborne
mercury. & 1°

The only available speciation study on natural leaves is for Marrubium vulgare (Horehound)
from two Hg-polluted soils near a cinnabar (c-HgS) mining site in Spain. There the leaf Hg
concentration was 61 and 183 ng Hg mg™ dry weight (ppm dwt).?’ Cinnabar, metacinnabar (j-
HgS), and a Hg-biothiol complex (Hg-SR) were identified using Ls-edge extended X-ray
absorption fine structure (EXAFS) spectroscopy. The two sulfide minerals were considered to be
soil microparticles deposited on the leaves. Thiol sulfur Hg-binding ligands, interpreted as cysteine
residues, were also identified from ex situ experiments with added mercury.?® 2! Phytochelatins
(PCn = (yGlu-Cys)n-Gly), which are oligomers of glutathione (GSH = yGlu-Cys-Gly) that mediate
metal detoxification,??-° are the only mercury ligands that have been characterized chemically, also
with added mercury, using high-performance liquid chromatography coupled to high-resolution
mass spectrometry (HPLC-MS).262¢ Mercury complexes with PC2 and PC3 were identified in
leaves of Arabidopsis thaliana exposed to thirty micromolar HgCl2 for one and two days yielding
an uncommonly high leaf content of 400 ng Hg mg™* dwt.?® No Hg-PC complex was detected at
the environmentally relevant leaf content of 15-20 ng Hg mg™* dwt with three micromolar HgClz,
and no metal-PC complex has been identified to date in plants grown in the wild.

Absolute identification of the exact forms of metals occurring naturally in plant tissues, cells,
and organelles remains a major analytical challenge. While HPLC-MS is excellent at molecular
characterization of chemically extractable species, it is difficult to conserve the in vivo species in
the plant extract during sample preparation and analysis.? 332 Also, mass spectrometric analyses
detect soluble biomolecules, not biominerals.®® In contrast, with X-ray absorption spectroscopy
such as EXAFS and X-ray absorption near-edge structure (XANES), we can quantify mixed
organic and inorganic forms directly on the solid,** * although with lower sensitivity to molecular

identity and elemental concentration than HPLC-MS. Typically, X-ray techniques provide the
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bonding environment(s) of the metal with a current bulk detection limit for mercury in plants of
about 10 ng mg™* dwt for XANES and 50 ng mg™ dwt for EXAFS.1" 19213642 |n most cases, well-
crystallized mineral species, such as a/B-HgsS, can be differentiated, but Hg complexes with similar
coordination cannot. Moreover, the chemical nature of the complexing molecule cannot be
obtained unambiguously because the structural information is local, being limited to about 5 A
beyond the metal atom of interest.

To collectively tackle detection limit, sensitivity to mercury coordination, and insight into the
nature of the complexing molecule, we applied a four-pronged approach. First, we collected leaves
from 22 plants from the heavily mined Guizhou province in southwest China,® where the
concentration of total elemental gaseous mercury commonly exceeds 50 ng m in ambient air and
typically reaches several tens of ng m= near artisanal mercury smelters.® %% It has been estimated
that emissions of Hg from this region to the global atmosphere accounted for 12% of the world
total anthropogenic emissions.** The unique collection of plant leaves comprises eight Pteris vittata
ferns (7.6 ng mg™ < [Hg] < 31.1 ng mg™?), two flowering plants (4.5 and 12.5 ng Hg mg™), ten
shrubs (4.4 ng mg™ < [Hg] < 30.2 ng Hg mg), and two trees (1.9 and 4.9 ng Hg mg™?). Second,
we developed a new high-luminosity multi-analyzer spectrometer for measuring XANES spectra
at high energy-resolution (HR-XANES) in environmental inorganic and biological systems down
to, and below, the ppm Hg level.*® The capability of this new instrument, demonstrated earlier for
the characterization of mercury binding in scalp hair,* is documented here for the first time on
plants. The gain in spectral resolution provides superior distinction of C, N, O, and S ligands.*6-48
Third, we built a large spectral database of mercury minerals and coordination complexes against
which to compare the leaf HR-XANES spectra. Fourth, the geometries of mercury-cysteine clusters
were computed at a high level of molecular orbital theory to help in distinguishing biothiol from
mercury sulfide forms.

The article describes our work as follows. First, we present the concentrations of Hg% in ambient

air and total Hg in the 22 plants and in two plants grown in chambers with controlled Hg% levels.
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Next we determine the particulate forms of mercury in the mined ore and surrounding soils, which
may come into contact with the leaf tissues based on comparing HR-XANES spectra and linear
combinations of reference spectra.®* Then we derive the variability of the Hg chemical forms
among the leaves from the variance in the HR-XANES dataset as determined by principal
component analysis (PCA).** We show that the complete set of leaf spectra can be described
statistically with only three abstract components, interpreted to indicate that three distinct chemical
forms are dominant. Two of the three forms are dithiolate complexes (Hg(SR)2), one being new,
and the third form is a multinuclear cluster of Hg(ll) and sulfur atoms. We calculate the fractional
amount of each Hg form in leaves by fitting linear combinations of spectra representing the pure
Hg species to the dataset. Lastly, we discuss the nature of the multinuclear Hg species, a Hg(l1)-
cysteinate complex of plant metallothionein (Hgx(Cys)y) or a nanosized mercury sulfide mineral,

and add complementary structural and molecular insights from first-principles calculations.>%-3

MATERIALS AND METHODS

Materials. A detailed description of the Wuchuan and Wanshan sampling sites from the
Guizhou province, Hg’% exposition experiment, mercury chemical analysis, and samples
preparation for HR-XANES measurment is given in Supporting Information (SI). The HR-XANES
spectra from the Hg ore, soils, and plant leaves were analyzed against a large spectral database of
mercury minerals (a-HgsS, B-HgS, nanosized B-HgS), Hg(ll) complexes on natural organic matter
(Hg-NOM), and Hg(11) and methylmercury (MeHg) model complexes with thiolate ligands. 4" 53
This database was completed for this study with Hg(ll) complexed to L-GSH (y-Glu-Cys-Gly, Mm
= 307.3; CAS = 70-18-8; Sigma-Aldrich), phytochelatin (PC; GeneCust Europe), metallothionein
(MT), and the zwitterionic thiol ligand TabH (4-(trimethylammonio)benzenethiol).>

HR-XANES Spectroscopy. All Hg Ls-edge HR-XANES spectra were measured in high

energy-resolution fluorescence yield detection mode with high-luminosity analyzer crystals*® on
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beamline ID26 at the European Synchrotron Radiation Facility (ESRF). Detailed information on
data acquisition and analysis is given in the SI.

Computational Methodology. Geometry optimization of HgxSy clusters and Hg complexes
were performed at the second-order Maller-Plesset perturbation theory (MP2%) level with ORCA
3.0.3% and a computational scheme tested previously on the modeling of the structure and stability

of monomeric Hg—thiolate complexes.*: 4752 53,57

RESULTS

Mercury concentration. Ambient air Hg% concentrations are in the range of 143 + 41 < Hg%
<432 £ 122 ng m™® at the Wuchuan sampling sites and 131 + 19 < Hg% < 636 + 186 ng m at the
Wanshan sampling sites (Figure 1a and Sl Table S1). These concentrations are well within levels
reported previously in the two mining districts.® 3 Ore-roasting and soil re-emission of previously
deposited mercury are the main local source of Hg%.% %8 Ground-to-air fluxes are extremely
variable. Spatial and temporal influences, such as proximity and Hg concentration at the point
source (mine, soil, roasting site) and ore processing activity, and variation in Hg response to
environmental variables and processes, such as photoreduction at the soil surface, can adequately
account for the mean variations in measured Hg’% from site to site. Consecutive measurements of
Hg% at each sampling site for 20 to 30 min with a time resolution of 15 s show large standard
variation of the mean values, even at a short time-scale, which supports this (SI Table S2).

Foliar Hg concentrations vary from 1.9 to 31.1 ng mg?, also without significant difference
between the Wuchuan (4.4 < Hg < 31.1 ng mg?) and the Wanshan (1.9 < Hg < 29.5 ng mg?)
sampling sites (Figure 1a and Sl Table S1). To make a comparison with crops, Hg concentrations
between 0.2 and 0.8 ng mg™ were measured in cole and tobacco leaves from the Wuchuan mining
area.>® The lowest concentration was observed for the evergreen coniferous Platycladus orientalis
(named Po2 where the number represents [Hg] in ppm) collected at Hg% of 143 + 41 ng m3, and

the highest concentration for the P. vittata fern (Pv31) collected at Hg% of 432 + 122 ng m™. There
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is no trend in foliar Hg concentration as a function of plant species, Hg%, or sampling site (Figure
1a). Previous studies have linked the Hg level in foliar tissue of the same species to the age of the
leaf,% 6%-63 with concentration increasing steadily throughout the season and more rapidly during
high photosynthetic activity.%* This data was not measured due to time limitations and because our
main objective was to survey the chemical forms of Hg among a large variety of plant species, not
to examine how they evolved over time in any particular plant.

A sense of the extent of Hg loading with time is informed from P. vittata and Zea mays (corn)
grown in a greenhouse at Hg% concentration of 1000-1500 ng m™ (SI). For P. vittata, foliar Hg
concentration was 0.09 ng mg™ before exposure, 0.12 ng mg™* after 7 days, 0.57 ng mg™* after 20
days, and 2.2 ng mg* after 28 days. For Z. mays it was 0.05 ng mg initially, 0.07 ng mg™* after 7
days, 0.52 ng mg* after 20 days, and 2.9 ng mg* after 28 days. P. vittata contained about 20 times
as much Hg after 28 days as initially, and Z. mays about 60 times. The first plant accumulated on
average over this period 0.07 ng Hg mg* per day, and the second plant 0.10 ng Hg mg* day™.
These figures are consistent with those reported for Triticum durum (wheat) exposed to 5000 ng
m~ HgC%.% Foliar Hg concentration was 0.02 ng mg* before exposure, 0.39 ng mg* after 12 h, 1.90
ng mg* after 7 days, and 4.95 ng mg* after 15 days. Mercury levels were approximately 100 times
higher after 7 days and 250 times higher after 15 days than at the beginning of the experiment. The
average daily loading was 0.32 ng Hg mg? day™. After correcting for the difference in Hg%
concentration in the previous and current experiments, and taking a factor of 5000 / 1250 = 4, the
renormalized daily accumulation of Hg in the T. durum experiment was 0.32 / 4 = 0.08 ng Hg mg
L day. This accumulation rate falls within the range of the P. vittata and Z. mays rates. We must
therefore consider the plant’s vegetative development. This effect, compounded by interspecific
physiological differences and changes in environmental factors, can explain the variability in Hg
concentration observed in wild plants from the same species and the lack of discernible trends in
the 22 leaf tissues (Figure 1a). We can dismiss a soil effect because 1%Hg isotopic measurements

showed that inorganic mercury contained in roots is marginally translocated to aerial parts.®
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Mercury speciation in ore and soils. The Hg ore and the Soil16 spectra were identified as
being from pure Hg species (Figures 2a and 2b). The ore spectrum has a highly structured pattern
in the top-edge region, characteristic of Hg-Hg pairs from a well-crystallized mineral. Good
spectral match was obtained with cinnabar (a-HgS) (fit residual, NSS = 6.1 x 10°). The Soil16
spectrum also has modulations in the top-edge region, but with lower amplitudes, either because
there are fewer Hg-Hg pairs (smaller grain size) or because the Hg-Hg distances are unequal
(structural disorder). The best shape that best matched the reference database was obtained for
nanoparticulate metacinnabar (B-HgSne*’) (NSS = 8.4 x 10°). Soil44 and Soil88 are intermediate
between Hg ore and Soil16, indicating that Hg(Il) must be present as a combination of a-HgS and
B-HgSnp (Figure 3a). Soil88 is well described by a mixture of 45% + 7% a-HgS and 55 + 8% [-
HgSne (NSS = 4.6 x 10, Figure 3b and Sl Table S3). The precision of a HgS species percentage
was estimated to be equal to the variation of its best-fit value obtained for an increase of 30% of
the optimal NSS value (see details in the Data analysis section and SI Table S3). The best fit to the
Soil44 spectrum is obtained with 17% + 10% a-HgS + 33% + 28% well-crystallized 3-HgS + 55%
+ 22% B-HgSne (NSS = 3.0 x 10°°, Figure 3d and Sl Figure S1a). A two-component fit of Soil44
yields 26% * 7% a-HgS + 73 + 8% B-HgSne (NSS = 4.5 x 107, Figure 3c). Owing to the nature
of the least-squares fitting, NSS is almost always smaller for a three-component fit than for a two-
component fit simply due to the increase in the number of variable parameters with three
components. Here, inclusion of well-crystallized B-HgS provides a better description of the data,
but obviously at the expense of the precision on each component species. Soil107 has a two-
component fit residual higher than the other soils (NSS = 14.2 x 107). The quality of fit is clearly
not good (Figure 3e), so we attempted a three-component fit to the database spectra. Adding 9%
elemental Hg (Hg’%) decreases NSS by 24% (NSS = 10.8 x 10°) (Figure 3f). Therefore, it is at least
plausible that Hg% adds something significant to the reconstruction. The sensitivity to this reference
is good, however, because the Hg% HR-XANES spectrum is extremely structured at liquid helium

temperature (SI Figure 1b), in contrast to previous observation.®’
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Organically-bound mercury was tested with Hg(ll) reacted for 15 hours with the Elliott Soil
humic acid [International Humic Substances Society (IHSS), catalog no. 1S102H]. This reference
features a dithiolate complex (Hg(SR)2) in which Hg(ll) is linearly coordinated to two proximal
SR thiolates and to distant SRS thioethers (2+k coordination).*” > The Hg(SR)2 complex is typical
of the form of Hg(ll) in soil organic matter.%®  The linear RS-Hg-SR coordination produces, at
high energy-resolution, a sharp absorption feature at 12279 eV not observed in the soil spectra (SI
Figure S2). Linear least-squares combination fits of the soil spectra show that this species makes
up at most 13% of total Hg (SI Figure S2). Soluble Hg-containing phases, previously described in
gold mine tailings,’® are incompatible models with detection limits of 7% for the model compound
HgCl2 and 3% for [Hg(H20)s]** (Sl Figure S2).

Nano B-Hgs is the dominant phase in all soils. It is unlikely to result from the transformation of
o-HgS dust particles because the o allotrope is the thermodynamically stable mercury sulfide form
at ambient conditions. Metacinnabar is metastable and transforms over time into a-HgS in the
absence of impurities.”*""® In 2016, we verified this by re-measuring the HR-XANES spectrum of
a pure B-HgsS reference synthesized and measured in 2014*" (SI Figure S3). The B-HgSne mercury
species may result from the deposition and oxidation of Hg% followed by the formation of a
Hg(SR)2 complex with soil organic matter and its subsequent transformation into B-HgSne.4" %’

Mercury speciation in foliage. Principal component analysis (PCA) of the 22 native plants and
the two plants exposed for 28 days to gaseous mercury in a growth chamber (corn C3 and P. vittata
Pv2) shows that three abstract components are required to account for the variance in the dataset
(SI Figure S4). Looking closely at the data and surveying the reference spectra, we found that two
component species are present in a single form in the leaf spectra: one (Sp1) in Desmodium sequax
Wall (Ds4) and corn (C3) leaves (Figures 1b and 4a), and a second (Sp2) in four P. vittata leaves
(Pv14, Pv19, Pv25, Pv31). The Spl spectrum has HR-XANES features that most closely match the
reference spectra for Hg-(Cysteine)2 (abbreviated as Hg(Cys)2), Hg-(Glutathione). (abbreviated as
Hg(GSH)2), and Hg-Phytochelatin (abbreviated as Hg-PC2) complex, in which Hg(ll) is bonded

9
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almost linearly to two cysteinyl sulfur atoms (thiolate SR™ ligand) and laterally to one or two
secondary nitrogen or oxygen atoms (Hg[(SR)2+(N/O)1-2] coordination) (Figures 4b and 4d, SI
Figures S5, S6, S7, and S8). Recently described primary coordination to nitrogen atoms’ was
evaluated with the Hg(Histidine)2 complex. This ligand gives distinctive HR-XANES signal (SI
Figure S9). The Sp2 spectrum shows a distinct signature on the second absorption peak at circa
12288.5 eV (Figure 4a): its amplitude is enhanced as observed when Hg is bonded linearly to aryl
thiolate ligands (SI Figure S10). Linear coordination was expected in leaf tissues because it is the
most common geometry in mercury chemistry and it occurs in biological systems in complexes
with cysteine, peptides, and proteins.*6: 7584

The third spectral component is a combination of Sp1/Sp2 and B-HgSne (Figures 4a and 4c).
Nano -Hgs is manifested in the trailing spectral region of Figure 4a as a shift to the left, similarly
to the soil spectra (Figure 3a). This shift signifies longer Hg-ligand distances, and is observed
typically when Hg is tetrahedrally coordinated to sulfur atoms as in p-HgS*. A polynuclear
tetracysteinate complex (Hgx(Cys)y) of the type existing in metalloproteins, represented here by a
metallothionein isolate from Mytilus edulis (MT2), is an incompatible model (Figure 5 and
Discussion).

We identified mercury-sulfur HgxSy clusters with a B-HgSnp-type structure in 15 leaf samples
from six plant species, and in amounts ranging from 12% to 57% * 8% (Figure 1b and SI Table
S1). Since total Hg concentration in leaves is between 2 and 30 ppm, and the two HgSnp richest
plants (55% HgSne in Vn6 and 57% in Po2) have only 1.9 ppm (Po2) and 5.6 ppm (Vn6) Hg in the
form of B-Hgsn, the amount of this species is too vanishingly small to be observed by electron
microscopy even with a cutting-edge instrument. The multinuclear HgxSy species always coexists
with at least one of the two linear forms Sp1 and Sp2. In contrast to HgxSy, Sp1 and Sp2 can occur
in pure form. Four wild P. vittata plants out of eight total contain only Sp2 (Pv14, Pv19, Pv25,
Pv31, Figure 1b). After 28 days exposure to Hg%, greenhouse C3 contains only Sp1, like the wild
Ds4 plant, and greenhouse Pv2 has both Sp1 and Sp2, like the wild Pv8 plant. The high consistency

10
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between speciation results obtained ex situ on artificially exposed plants and on native plants
supports our experimental approach and suggests that the B-HgSne-type species is a secondary
species that appears after some period of time. Field-grown leaves were much older than 28 days
as they were sampled at the end of the florishing season on September 30 and October 15, 2015.
For example, the green foliage of Pteris vittata appears in April and was therefore five-month old
when collected in October. The leaves from Vitex negundo were even older because this shrud is
semi-evergreen, shedding foliage and producing new foliage almost simultaneously in December-
April. Longer exposure to gaseous elemental mercury also led to higher mercury concentration in
leaf,%! despite the lower vapor Hg concentration in the field relative to that in the growth chamber
(Table S1). When comparing Hg speciation between field-grown and chamber-grown leaf, one
needs to consider that B-HgSnp takes typically at least a week to nucleate and start growing.*’ This
secondary species is difficult to detect in a growth experiment when the plant is continuously
exposed to Hg%. To detect fresly formed B-HgSnp, one would need to stop evaporating Hg in the

gas chamber to let the new added Hg atoms react with reduced sulfur.

DISCUSSION

A highlight of this study is the detection of mercury-sulfur clusters in leaves impacted by
atmospheric contact with gaseous mercury. The origin and nature of the HgxSy clusters can be
apprised from their structure. Three hypotheses are examined below: (1) mercury sulfide grains
from dust particles, (2) mercury-cysteinate clusters, and (3) cysteinate-protected mercury sulfide
nanoparticles.

Mercury sulfide dust particles. If the HgxSy clusters were acquired from dust fallout, one
would expect the B-HgSne particles to be associated with a-HgS particles from the nearby mercury
mines. With typical length of 20-30 um and width of 10-20 um,2> 8 epidermal stomatal pores could
allow the finest a-HgS grains to enter the leaf tissues. However, gravity would limit this

contamination pathway because stomata are more numerous on the abaxial (hypostomatic) than on

11
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the adaxial (epistomatic) leaf surface for most plant species.®® Here, at least two plants containing
HgxSy are known to be hypostomatous, P. vittata and Juglans regia.®> & Mineral particles on the
upper leaf surface can also be dismissed because the leaves were carefully washed with purified
water. Actually, an a-HgS particle was detected in one spot of Vitex negundo (Vn30) out of 108
spots measured for this plant (Figure 6). No a-HgS particles were detected in the 21 other wild
plants, representing a total of 21 x 108 = 22268 points measured by HR-XANES. We conclude
from this that the B-HgSnp-type species has an endogenous origin.

Mercury-cysteinate clusters. A second possibility is the binding of Hg(ll) to multi-metal
binding sites of metalloproteins, such as metallothioneins (MTs). Metallothioneins are small
cysteine-rich proteins considered to be involved in the homeostasis of essential metal ions (i.e.,
Zn(I1) and Cu(l)), to confer metal resistance (e.g., Cd(Il) and Hg(ll)), and to scavenge cell
damaging reactive oxygen species (ROS).87-% Stomata guard cells, which regulate gas exchange
(CO2, 02, H20, Hg%), contain numerous proteins harboring cysteine residues and conveying
environmental signaling.8’- %09

Divalent Zn and Cd (hereafter referred to as Me'") are bound to MTs mainly as tetracysteinate
complex to terminal (u-SR) and bridging (u2-SR) cysteinyl sulfur ligands. Mononuclear
Me'(Cys2His2) complexes,®® % and homometallic dinuclear Me'"'2Cyss,% ** trinuclear Me''sCyso, %
92 and tetranuclear clusters are known in plants® % (Figure 7). The structures of the three- and four-
metal clusters are described below. The trinuclear plant cluster is isostructural to the Me''sCyso
cluster from the B domain of animal MTs, although plant and animal MTs differ in the number and
distribution pattern of the Cys residues in the amino-acid sequence.®”*® The three Me'(Cys)a
tetrahedra from the structurally conserved Me''sCyso cluster are connected by apices via three
cysteinyl sulfurs which each bridges only two Me atoms (u2-SR sulfur atoms) (Figure 7a). The
same polyhedral connectivity exists in B-HgS, except that all bulk sulfur atoms are of the p4-S type
(insert in Figures 2b and 7Db).

A Me'4sCysioHis amino acid composition was inferred for the Musa acuminata (banana)
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tetranuclear cluster (Figure 79).% It resembles the common Me''4Cysa: cluster from the oo domain
of animal MTs® with a Cys residue replaced by an histidine residue (Figure 7¢),% and also the
Me''4sCysoHis2 cluster in a cyanobacterial MT*% with one of the two His residues replaced by one
Cys residue. The Me''4Cysi11-a cluster arrangement is obtained by bonding a fourth tetracysteinate
to two terminal p1-SR sulfurs from a Me''sCyse—B cluster. The Mytilus edulis MT reference (MT2)
used in this study has a prototypical Me''sCyss—p site and a Me'-binding a. site that differs little
from the Me''4Cysi1—a site. The o cluster arrangement in M. edulis is obtained by attaching a fourth
tetracysteinate to a B-type Me''sCyso cluster by a single pi-SR sulfurl®® (Figure 7e). Consequently,
the stoichiometry of the Mytilidae o site is Me''4Cysa2 instead of Me''4Cys11, common in animals.
The {Me"4Cys12} core of Me''sCysi2-a. can be represented as a portion of the B-HgsS lattice, like
the {MesSo} core of Me''sCyso-B (Figures 7e and 7f). However, the {MesS11} core of Me''4sCysi1-
o cannot (Figures 7c and 7d). In a tetranuclear B-HgS-type cluster each tetrahedron shares three
sulfurs yielding an adamantane-type cage (Figure 7d). In Me'4Cysi1-a, only two tetrahedra have
three bridging sulfurs and the two other have two bridging sulfurs (Figure 7c).

Lastly, a cluster with nuclearity five (HgsCysi2) has been suggested in Cicer arietinum
(chickpea) MT, based on Hg:Cys stoichiometric considerations.’®? The HgsCysi2 model consists
of two dinuclear complexes of Me''2Cyse-type® % linked by a fifth Hg(ll) ion (Figure 7h). This
assemblage features {HgS4} tetrahedra linked by edges, not by apices as in all structurally known
Me"-MT clusters and observed here by HR-XANES. In addition, edge-linkage in complexes
[Hg2(SMe)s]?, [Hg2(SPh)e]?, and [Hgs(SePh)12]* is weakly stable.!®® % The Hgz(SMe)s]*
complex was shown by Raman spectroscopy to dissociate in solution into mononuclear
[Hg(SMe)s] ions.1%®

HR-XANES results show that the 3-HgSne reference is a much better structure model to the
multinuclear HgxSy foliar species than the MT2 mussel reference, despite the similarity of the
{HgS4} tetrahedral arrangements in the two references (Figure 7). To gain further insight into the

reason for the suitability of the B-HgSne model and incompatibility of the MT2 model, the
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structures of HgsCyse, HgaCys11, HgaCysi2, and HgaCysioHis were optimized geometrically and
compared to the polyhedral B-HgS structure. Cysteine was replaced by the model thiolate ligand
methanethiolate (CHsS"), as in our previous computational studies.4® 4752 53,57. 106 Thjs sypstitution
does not change, or only marginally changes, the Hg-S bond length, the geometry of the complex,
and the effective atomic charge on the sulfur (-0.63 e vs. -0.65 e) and Hg (+1.18 e vs. +1.16 e)
atoms (SI Figure S11). However, the predicted Hg-Hg distances and geometry will be somewhat
affected in MTs by the enfolding protein backbone structure. This effect was not taken into account
in the modeling. The energy-minimized models are shown in Figure 7. The calculated Hg-S
distances of the four Hgx(Cys)y clusters are identical (2.52 + 0.06-0.08 A) and close to
crystallographic values for inorganic Hg(SR)s complexes (2.566 + 0.047 A)X" and well-
crystallized B-HgS (2.53 A%®). The nearest Hg shell distance (d(Hg-Hg1)) in HgsS11 (4.13 + 0.19
A) and HgaS10His (4.07 + 0.20 A) coincides with that in B-Hg$S (4.14 A), whereas it is significantly
longer in the two other clusters (4.43 + 0.05-0.10 A). The calculated Hg-N bond length in
HgaS1oHis is about 0.2 A shorter than the Hg-S distance and the geometry of the {HgSsN} site is
trigonal pyramidal with S-Hg-N angles of 101.7° + 8.0° and S-Hg-S angles of 116.0° = 7.4°,
compared to the canonic 109.5° bond angles in a regular {HgS4} tetrahedron (Sl Figure S12).
Overall, the Hgx(Cys)y clusters have local structures close or broadly similar to B-HgS. In this
respect, both the B-HgSne and MT2 references can be regarded as computationally tractable
analogues for modeling the HgxSy clusters in leaves. Because it is not the result of a difference in
coordination mode, we need to explain that the B-HgSne model is fit and the MT2 model unfit.
The sulfide B-HgSne and cysteinate MT2 models differ in two complementary ways. One is
greater variation in the calculated Hg-Hg distances in MT clusters, being more pronounced with
four (£ 0.10-0.20 A) than three (+ 0.05 A) metals (Figure 7). A more significant reason is the cluster
size: MT nanoclusters with nuclearity of only three to four are vanishingly small compared to
nanosized B-HgS particles; MT2 lacks any Hg-Hg pair beyond 7 A. These two factors, structural

disorder and reduced size, indistinguishably cause smearing of the HR-XANES features as a result
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of losing the multiple scattering events of the photoelectron on the Hg shells. This effect is clearly
seen on the MT2 spectrum when it is superimposed on the spectra from the two leaf samples Po2
and Vn6 which have the highest proportion of the B-HgSne component (57% and 55%,
respectively, SI Table S1). The MT2 spectrum has a bell-shaped top edge with no modulation of
the absorption signal, whereas the two leaf spectra present oscillations from long distance Hg-Hg
pairs (Figure 4b). We attempted to determine the size of the HgxSy clusters in plant leaves.

The B-HgSnp reference was used previously to model the HR-XANES spectrum of ~3-5 nm f3-
HgS nanocrystals in natural organic matter (NOM).*” The mercury sulfide clusters in NOM evolved
from Hg(SR)2 complexes under aerated conditions within days to weeks at mercury concentrations
of several hundred ppm down to three ppm. We examined whether one of the leaf spectra could be
matched with an aged Hg-NOM spectrum. Good qualitative agreement was obtained between V.
negundo Vn30 and a soil organic matter reacted for 10 days with 200 ng Hg mg* dwt, in which 53
+ 6 mol % of the Hg is speciated as Hg(SR)2 and 47 + 6 mol % as B-HgSne (NSS = 6.6 x 107,
Figure 8a). This match suggests some degree of similarity between the nanoclusters in Hg-NOM
and in foliar tissues, but gives us little information on their respective size, as explained below.

Lattice plane spacings corresponding to those of B-HgS have been imaged previously in single
3-5 nm nanocrystals from the Hg-NOM with high-resolution transmission electron microscopy
(HRTEM) (insert Figure 8a).*” However, the nanocrystallized grains imaged by HRTEM likely
contain structural defects and, consequently, have a crystal domain size (i.e., "crystallinity™) lower
than their macroscopic grain size of ~3-5 nm. In contrast to HRTEM, X-ray absorption
spectroscopy (XAS) is sensitive to the structural environment of all selectively excited atoms (here
Hg), including those located within a domain, in domain boundaries, and at the grain surface.
Mercury atoms exposed at the surface and in the interstices of crystal domains have fewer Hg-Hg
pairs and unequal bond lengths relative to those in the inside. Thus, XAS cannot distinguish large
disordered nanoclusters of ~3-5 nm from smaller, less distorted clusters.® HR-XANES’s lack of

sensitivity to cluster size is compounded if all the nanoparticles are not identical in size, shape, and
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chemical composition, which is generally the case in natural materials. The 1 nm {B-Hg7Sis}
cluster represented in Figure 8b provides a sense of the reduction of the Hg-Hg coordination in a
nanometer-sized B-HgS particle. The Hg-Hg coordination number is 4 in the first-shell (4.14 A),
0.6 in the second (5.85 A), 1.1 in the third (7.17 A), and 0.3 in the fourth (8.28 A), compared to
12, 6, 24, and 12, respectively, for an infinite lattice. Based on XANES calculations,*'% ! we
estimate that the leaf clusters have at least this average size.

From these considerations the finding emerges that the HgxSy clusters from the plant leaves are
relatively big, probably several nanometers in size as observed for gold and silver nanoparticles in
Medicago sativa (alfalfa) and copper in wetlands plants.}!?1® The maximum Hg binding capacity
of MTs depends on the number of Cys residues. This number is extremely variable in plants,
ranging from typically ten to 17 per MT molecule.®® Assuming that the plant MTs have enough
structural plasticity to bring the Cys-rich regions into proximity for large cluster formation,®® 1/
the number of Hg atoms within a B-HgS-type MT cluster is at most seven, for a total of 16 Cys
residues (Figure 8b). Based on the B-HgS structure, at least two additional Cys residues will be
required to incorporate an eighth Hg atom, bringing the total number of Cys residues to 18. This
number exceeds the binding capacity of a single plant’s MT molecule. Intermolecular Cys-Hg-Cys
bonding with exogenous Cys residues cannot be excluded in principle because dimeric forms of
MTs exist in animals. In Mytilidae, MT dimers are transcriptionally induced from DNA following
specific exposure to Cd(ll), not to Zn(ll) nor Cu(l), and are enriched in Cd relative to the
monomeric form.118-123 We conclude from this that the B-HgSne—type structure identified by HR-
XANES could be a mercury-cysteinate cluster of approximate stoichiometry HgzCysis.

Mixed sulfide-cysteinate mercury clusters. A third structural possibility is a mixed Hg sulfide
and Hg cysteinate cluster, made of a sulfide mineral core and outer cysteine residues from an
encapsulating protein, as known in organometallic compounds and FexSy metalloenzymes.'?4129 In
the iron-storage ferritin protein, metalloclusters in the inner cage surface serve as putative
nucleation sites that facilitate the subsequent growth of a mineral core.’3%!32 Formation of
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polymetallic Hg(Il) species from Hg(SR) thiolate complexes with concomitant loss of the peptide
structure has been reported in de novo peptide mimicking the chelating properties of
metalloproteins.’®® Thiolate complexes with d'® metals, such as 5d'° Au(l) and 4d'® Ag(l), are
common precursors in the (bio)synthesis of metal sulfide and metallic nanoparticles. Capping with
inorganic thiolate ligands or association with scaffolding Cys-rich proteins helps stabilize the
particles and control their size, shape and crystallinity.!*® 3+142 Fyrthermore, thermodynamic
calculation shows that the stability of HgxSy clusters increases with nuclearity.>® Metallophilic
attraction is explained at the atomistic level by relativistic effects.143 144

According to this scheme, the Hg sulfide core could be formed in vivo from the reaction of
Hg(SR)2 peptide complex with hydrogen (mono)sulfide (H2S/HS") generated enzymatically by L-
Cys desulfhydrase.#-147 This enzyme enhances Arabidopsis tolerance to Cd(l1) stress through the
catalytic desulfuration of L-Cys and induction of MTs genes expression.}*® Biogenesis of Hg
sulfide clusters could also occur via a reaction analogous to the production of Fe-S clusters in
Arabidopsis.}*® Sulfur is provided by a cysteine desulfurase which releases S from Cys that
subsequently becomes incorporated during Fe-S cluster synthesis. Lastly, sulfide sulfur could also
be produced chemically by a dealkylation reaction between two Hg(SR)2 complexes.*” 57 This
reaction can be written:

RS—-Hg-SR + RS—-Hg-SR — RS—Hg-S-Hg-SR + R-S-R
The 1:1 molar ratio of S to Hg in the growing HgS core, compared to 2:1 initially in Hg(SR)z, is
obtained by replication of the previous nucleation reaction according to:

RS-Hg-S-Hg-SR + X(RS—Hg—SR) — RS—(HgS)x+2>—R + X(R-S—R)

To occur, both the enzymatic sulfidization and chemical dealkylation routes require that the Hg
atoms "see" each other, a likelihood which should normally increase with Hg concentration.
Actually, the leaf fraction of B-HgSne does not correlate with the Hg content. Noteworthy is P
orientalis Po2, which is both most diluted in Hg (1.9 ppm) and most enriched in B-HgSne (57%,

Figure 1b and Sl Table S1). Lack of correlation could plausibly be attributed to anatomical and
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physiological variability within and among species. For instance, the inflow of gaseous Hg is not
homogenous on the leaf surface but varies with the density of stomata, which is about 370-500/mm?
for V. negundo,*™°, 258/mm? for P. vittata,®® 183-335/mm? for J. regia,® and below 100/mm? for
corn.’! The bulk Hg concentration does not reflect how the mercury atoms are distributed at the
cell level because mercury is accumulated near the stomata. In NOM, B-HgSne was also observed
to nucleate at the somewhat low Hg concentration of 3 ppm (Manceau et al., in preparation). In this
case, one main reason is the natural clustering of thiolate groups in compositionally heterogeneous
and polyfunctional macromolecular NOM. In biota, metalloproteins can sense metals and form
polynuclear clusters at extremely low concentrations.!® For instance, the regulatory protein MerR
encoded by the mer operon responds to nanomolar Hg(I1) concentrations.*>® MerR is also selective
and discriminates Hg(11) against other chemically similar d'° heavy metals, such as Zn(I1), Cd(I1),
Ag(l), and Au(l), even at concentrations in these metals two to three orders of magnitude greater
than that required for Hg(l1) detection.>

In summary, the results presented here show that aerial gaseous mercury taken up by leaf tissues
can be sequestered as divalent mercury-sulfur nanoparticles. This finding suggests interesting
hypotheses and also brings up challenging questions. For instance, is mercury partially
biomineralized in sulfide form, or is it clustered as mercury-cysteinate complexes in cysteine-rich
biomolecules? Is one of the two forms more stable than the other, therefore less toxic? May either
form be remobilized or revolatilized once deposited in litterfall, or are they recalcitrant to
biogeochemical transformation? To date, conversion of thiol-bound Hg(ll) to nanoparticulate -
HgS under ambient atmospheric conditions has been documented in natural organic matter*” and
suggested to occur in contact with bacteria.!*’ These considerations, together with the close
similarity between the spectra from organic matter containing 3-5 nm HgS nanocrystals and from
some of the leaf tissue is extremely strong support for the presence of HgSne in the leaves.
Therefore, this new study provides another evidence for the widespread occurrence of B-HgSne

under aerated conditions. Perhaps nanoparticulate metacinnabar, regardless of its biotic or abiotic
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origin, is a main source of the legacy mercury pool stored in soils.®® 154
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FIGURE LEGENDS

Figure 1. Concentration of mercury in leaf tissues and ambient air (a) and ternary plot of the
proportions of the three Hg species in leaf tissues (b). Pv : Pteris vittata; VVn: Vitex negundo; Ds:
Desmodium sequax wall; Do: Debregeasia orientalis; Jr: Juglans regia; Po: Platycladus orientalis.
The number after each sample code is the concentration in ng Hg mg™ (ppm) dry weight (dwt).

Sp1 and Sp2 are two dithiolate complexes. Nano B-HgS is nanoparticulate metacinnabar.*’

Figure 2. Mercury speciation in the mined Hg ore and in Soill6 by Ls-edge HR-XANES
spectroscopy. a) Hg in the ore is in the form of cinnabar (a-HgS). b) At least 90% of the Hg present
in Soill6 is precipitated as nanoparticulate metacinnabar (3-HgSne). The B-HgSne reference is
from the A horizon of a contaminated soil situated downstream from Oak Ridge, TN, in the United
States.*” Polyhedral representations are of the o-HgS and B-HgS structures.’® 5 Dark red and

yellow represent Hg and S, respectively. The a allotrope features an array of parallel ...S-Hg-S-
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Hg-S... chains and the (3 allotrope a 3D assemblage of corner-sharing HgS4 tetrahedra. The linear

and tetrahedral coordinations of Hg provide distinct spectral signatures.

Figure 3. Mercury speciation in soils by Ls-edge HR-XANES spectroscopy. a) Two dominant Hg
forms are present in Soil44 and Soil88: a-HgS represented by the Hg ore spectrum and -HgSnp
represented by the Soil16 spectrum (Figure 2b). b-f) Linear least-squares combination fits of the

multicomponent soil spectra with two (2cp) or three (3cp) spectra from single species.

Figure 4. The three outliers spectra from the twenty-four leaf spectra. a) The Ds4 and Pv25 spectra
are from single species denoted Spl and Sp2, respectively. Their intense near-edge peak is
diagnostic of a linear RS-Hg-SR bonding.*® The near-edge and the following peak (arrow) from
Vn6 have lower amplitude and the signal immediately after the edge maximum is shifted left. These
changes indicate a tetrahedral coordination with four sulfur atoms as in B-HgS.>® b) The Ds4
spectrum is close to Hg-PC2. ¢) Linear least-squares fit to the Vn6 spectrum with 45 + 8 mol %
Spl and 55 £ 8 mol % B-HgSne. d) Geometry-optimized Hg-PC2 complex. Hg is bonded to the
two cysteinyl S atoms?® and to two carbonyl oxygens forming a double six-membered bis-
(oxo)thiolate ring chelate (Hg(SR+O)2 coordination). The peptide forms a scaffold for the Hg
complex, and the molecular cage is stabilized by one hydrogen bond between a carbonyl oxygen
and an amide proton, as is customary for the secondary structure of proteins. Cartesian coordinates

are given in the SlI. Dark red, Hg; yellow, S; blue, N; red, O; gray, C; light gray, H.

Figure 5. Estimation of the HgxSy cluster size in plant leaves from the shape of the HR-XANES
edge maximum. The upper part of the edge for Po2 and VVn6, which contain 57% and 55% B-HgSne,
respectively, is structured (see also Figure 4a) whereas MT2 has a featureless bell-shape. Variations
of the absorption signal in this energy region come from medium-range Hg shells, which the MT
clusters lack owing to their small size (maximum Hg-Hg distance is ~7 A).
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Figure 6. Detection of a cinnabar (a-HgS) sand-sized grain in a 5 mm diameter pressed pellet from
the lyophilized Vn30 leaf tissue. a) 108 HR-XANES spectra were measured for 20 s by rastering a
700 x 80 um? (H x V) X-ray beam on the sample pellet. The clump of point spectra is from the leaf
tissue. The point spectrum on top with a higher absorbance is from both the leaf tissue and a Hg-
rich dust particle which remained at the surface of a leaf during the sample preparation and is now
inside the pellet. The group of leaf spectra with a lower absorbance was taken on the pellet rim. b)
Comparison of the point spectrum to the average spectrum from the leaf tissue (Vn30) and the Hg

ore (well-crystallized a-HQS). ¢) Linear combination fit.

Figure 7. Polyhedral representation of organic and inorganic HgxSy cluster models. a) Geometry-
optimized Hga(SMe)s cluster featuring the binding of Hg to the Me''sCysg site of the MT Be domain
of plants.®® b) {HgsSe} motif of B-HgS showing the analogy of the connectivity of the {HgS4}
tetrahedra in the organic (MT) and inorganic (B-HgS) HgsSe clusters. ¢) Geometry-optimized
Hga(SMe)11 cluster featuring the binding of Hg to the Me''4sCysia site of the a. domain of animal
MTs.%” d) {HgsS10} motif of B-HgS. The topology is different from that of the Me''4sCys11-a cluster.
In a tetranuclear B-HgS-type cluster each tetrahedron shares three bridging sulfurs (u2-S type)
yielding an adamantane-type cage. In Me'4sCysi11-a, only two tetrahedra have three 2 bridging
sulfurs, and the two other have two p2 bridging sulfurs. e) Geometry-optimized Hg4(SMe)12 cluster
featuring the binding of Hg to the Me'4Cysi2-a site of Mytilidae (MT2 reference). f) {HgaS12}
motif of B-HgS. g) Geometry-optimized Hgs(SMe)1oHis cluster featuring the binding of Hg to the
proposed Me'sCysioHis site of Musa acuminata (banana) MT.® The His for Cys substitution
marginally modifies the mercury-sulfur coordination. h) Geometry-optimized Zns(SMe)12 cluster
featuring the binding of Hg to the proposed Me''sCysi2 cluster of Cicer arietinum (chickpea) MT.102
The {ZnS4} tetrahedron in the center links two edge-sharing Zn2(SMe)12 complexes. The heavily

strained Hgs(SMe)12 cluster is unstable. Cartesian coordinates are given in the SI.
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Figure 8. a) Ls-edge HR-XANES spectra of HgxSy clusters in plant leaf (\Vn30) and in natural
organic matter (Hg-NOM spectrum from ref.#”). The NOM was reacted with 200 ng Hg(I1) mg™
NOM dwt at pH 6 in air-equilibrated water in the dark for 10 days. It contains 3-5 nanometer-sized
B-HgS crystals imaged by HRTEM (insert).*” The modulations in the top-edge region (arrows) are
diagnostic of medium-range distance Hg-Hg pairs. In their absence, the absorption signal has a
bell-shape (Figure 5). b) Polyhedral representation of a Hgz(SMe)1s cluster with a B-HgS-type
local structure. The {Hg7S16}** % motif is from the B-HgS structure,'® only the positions of the

methyl groups (Me) were optimized. Cartesian coordinates are given in the SlI.
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