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Metallothioneins (MTs) are low-molecular-weight, cysteine-rich proteins believed to play a role in cytosolic zinc (Zn) and copper
(Cu) homeostasis. However, evidence for the functional properties of MTs has been hampered by methodological problems in
the isolation and characterization of the proteins. Here, we document that barley (Hordeum vulgare) MT3 and MT4 proteins exist
in planta and that they differ in tissue localization as well as in metal coordination chemistry. Combined transcriptional and
histological analyses showed temporal and spatial correlations between transcript levels and protein abundance during grain
development. MT3 was present in tissues of both maternal and filial origin throughout grain filling. In contrast, MT4 was
confined to the embryo and aleurone layer, where it appeared during tissue specialization and remained until maturity. Using
state-of-the-art speciation analysis by size-exclusion chromatography inductively coupled plasma mass spectrometry and
electrospray ionization time-of-flight mass spectrometry on recombinant MT3 and MT4, their specificity and capacity for
metal ion binding were quantified, showing a strong preferential Zn binding relative to Cu and cadmium (Cd) in MT4,
which was not the case for MT3. When complementary DNAs from barley MTs were expressed in Cu- or Cd-sensitive yeast
mutants, MT3 provided a much stronger complementation than did MT4. We conclude that MT3 may play a housekeeping role
in metal homeostasis, while MT4 may function in Zn storage in developing and mature grains. The localization of MT4 and its
discrimination against Cd make it an ideal candidate for future biofortification strategies directed toward increasing food and

feed Zn concentrations.

Metallothioneins (MTs) are low-M, metal-binding
proteins and have since they were first discovered in
the late 1950s been subject to intense studies in yeast,
mammals, and plants (Margoshes and Vallee, 1957).
MTs are thought to function in cytosolic zinc (Zn) and
copper (Cu) homeostasis by forming coordination
complexes between metal ions and thiol groups of
multiple Cys residues in the protein (Sutherland and
Stillman, 2011). In addition, several MTs have been
reported to scavenge reactive oxygen species in planta
(Wong et al., 2004; Kim et al., 2007; Xue et al., 2009;
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Yang et al., 2009). Plant MTs are structurally different
from vertebrate MTs, as they contain Cys-rich domains
in their N and C termini separated by variable spacer
regions with none or a few metal-binding residues.
The number of Cys groups and their distribution
constitute the basis for the separation of plant MTs into
four subfamilies (Kojima et al., 1999). The expression of
MT genes varies between plant tissues and is ontoge-
netically regulated (Heise et al., 2007; Yuan et al,
2008). In addition, MT transcript levels respond to
stimuli such as metals, hormones, heat, cold, drought,
and salt (Cobbett and Goldsbrough, 2002; Akashi
et al., 2004; Zhou et al., 2005; Xue et al., 2009).

Recent studies of plants with manipulated MT ex-
pression support a physiological role for MTs in metal
ion homeostasis (Grennan, 2011). In Arabidopsis
(Arabidopsis thaliana), constitutive expression of the
seed-specific MT4 throughout the plant resulted in the
accumulation of Cu but not Zn. However, the presence
of MT4 in leaves and roots resulted in tolerance to both
Cu and Zn when the metal ions were applied in excess
(Rodriguez-Llorente et al., 2010). Simultaneous silenc-
ing of three Arabidopsis MT1 genes to transcript levels
equivalent to 5% to 10% of the wild-type level induced
cadmium (Cd) sensitivity (Zimeri et al., 2005). In rice
(Oryza sativa), OsMT1a transcripts were specifically

Plant Physiology®, July 2012, Vol. 159, pp. 1125-1137, www.plantphysiol.org © 2012 American Society of Plant Biologists. All Rights Reserved. 1125


mailto:jks@life.ku.dk
http://www.plantphysiol.org
mailto:jks@life.ku.dk
http://www.plantphysiol.org/cgi/doi/10.1104/pp.112.197798

Hegelund et al.

induced by Zn. Following the overexpression of
OsMT1a, elemental analysis showed that Zn accumu-
lation in the vegetative parts and the grain tissue was
increased by 44% to 54% relative to the wild type
(Yang et al., 2009).

Processes involved in Zn homeostasis in the cereal
grain have received much attention in order to reveal
bottlenecks in Zn loading and provide solutions to
the global challenges associated with Zn deficiency-
related diseases in more than 600 million people
(Hotz and Brown, 2004). A possible target for the
improvement of grain Zn may be MTs, but informa-
tion about their functional properties and roles is
lacking (Grennan, 2011). In plants, Zn is either incor-
porated into proteins or enters the labile pool of Zn**,
shuffling among transport proteins and Zn-chelating
ligands. The network of transporters controlling
Zn trafficking in and out of the cytosol has been
partially uncovered and comprises multiple protein
families, of which zinc-regulated transporter, iron-
regulated transporter-like proteins mediate Zn up-
take by roots (Vert et al., 2002), heavy metal ATPase
and plant cadmium resistance2 proteins facilitate Zn
transport into vascular tissues (Verret et al., 2004; Song
et al., 2010), and heavy metal ATPase, metal tolerance
protein, and zinc-induced facilitator proteins medi-
ate Zn storage in vacuoles (Haydon and Cobbett,
2007; Kawachi et al., 2009; Morel et al., 2009). Deox-
ymugineic acid and nicotianamine are ligands that
recently have been shown to function in the intercel-
lular trafficking of Zn from roots to leaves and from
leaves to developing grains (Suzuki et al., 2008; Lee
et al., 2011). The roles of other Zn ligands such as
amino acids, organic acids, phytochelatins, or MTs in
the maintenance of cytosolic Zn homeostasis are still
unclear (Tennstedt et al., 2009; Blindauer and Schmid,
2010).

Concerning the functional properties of MTs, it is a
puzzling aspect that the metal-binding preferences of
the proteins apparently cannot be attributed to unique
amino acids in the secondary structure (Palacios et al.,
2011). Also, the lack of protein data derived from native
plant MTs with respect to localization and metal-
protein stoichiometry consistently hampers the charac-
terization of plant MTs and the clarification of their
metabolic roles. To address the physiological function
of MTs in the cereal grain, we have here functionally
characterized a diverse family of 10 barley (Hordeum
vulgare) MTs. Among these MTs, MT3 and MT4 were
further investigated by heterologous expression in yeast
and Escherichia coli and by state-of-the-art speciation
analysis using electrospray ionization time-of-flight
mass spectrometry (ESI-TOF-MS) and size-exclusion
chromatography (SEC) inductively coupled plasma
mass spectrometry (ICP-MS) to quantify their specificity
and capacity for metal binding. Finally, we studied the
histological localization of MT3 and MT4 in grain tissue,
thereby providing, to our knowledge, the first in situ
identification of cereal MTs in developing and mature
grains.
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RESULTS
Structural Relations among Barley MTs

To understand the genomic basis for barley MT ex-
pression, we used The Institute for Genomic Research’s
Barley Gene Indices (Lee et al., 2005) to identify 10 MT
genes in barley. A phylogenetic analysis of putative
protein sequences from other MTs showed that barley
MTs were distributed among all four subgroups of
plant MTs (Fig. 1). Analyses of the DNA arrangements
of MT exons-introns (Supplemental Fig. S1) were com-
bined with the phylogenetic analysis of MT proteins
(Fig. 1) in order to identify putative MT paralogs within
the barley genome. On that basis, individual MTs were
designated by numbers indicating subdivision, a letter
for the individual form, and a second number indicat-
ing the specific protein (Fig. 2; Kojima et al., 1999). The
comparison showed 76% identity of MT1la and MT1b,
91% of MT1b1, MT1b2, and MT1b3, and 96% of MT1b2
and MT1b3 (Supplemental Table S1). The pl of the
proteins within the MT1b subgroup ranged from 4.60
for MT1b1 to 6.73 for MT1b2 (Fig. 2). Among the MT2
proteins, MT2b1 and MT2b2 showed 94% identical
residues but nevertheless varied in their putative metal-
binding residues, MT2b1 holding one His and 17 Cys
residues and MT2b2 containing 18 Cys residues (Fig. 2).
There is only a single gene of each MT3 and MT4 in
barley, but the derived proteins resemble the corre-
sponding ones from other species, as evidenced by the
similar internal distribution of Cys and His residues
(Supplemental Fig. S2).

Heterologous Expression of Barley MTs in Yeast

To further address the impact of MT secondary
structures on the capacity to bind metal ions and to
detoxify oxidative stress, we expressed barley MTs in
Saccharomyces cerevisine mutant strains. MTs were
expressed in the acel, ycfl, and skn7 yeast mutants with
growth deficiencies in their tolerance toward high ex-
ternal concentrations of Cu, Cd, and hydrogen perox-
ide (H,0O,), respectively. Also, cellular oxidative stress
was elicited in wild-type yeast exposed to high NaCl
concentrations in order to study the effects of MT
expression under these conditions. Depending on the
growth conditions, eight of the 10 barley MTs could
complement the Cu sensitivity of the acel strain (Fig.
3A). Expression of MT1a, MT2b1, and MT3 in acel
resulted in a full complementation of Cu-sensitive
cells, enabling them to tolerate concentrations exceed-
ing 100 um Cu. MT1b1, MT1b3, MT2a, MT2c, and MT4
complemented acel cells to a weaker degree, allowing
cells to tolerate concentrations of 25 um Cu. Empty
vector transformations of the wild type and acel were
used as positive and negative controls, respectively. In
the ycfl strain, strong complementation of the Cd-
sensitive phenotype was observed for MT1a, MT2b1,
and MT3 (Fig. 3B). Here, the cells were able to outgrow
even the wild type on Cd concentrations up to 50 um.
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Figure 1. Phylogenetic tree of the MT family in plants. The phyloge-
netic tree was produced from MT cDNA sequences of subfamily 15
MTs that constitute the plant-specific MTs (Kojima et al., 1999). Plant
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In ycfl expressing either MT3 or MT2b1, Cd tolerance
was even higher, supporting growth also on 70 um Cd.
Weaker but stable complementation was induced with
the expression of MT1b1, MT1b3, and MT2a in ycfl.
Expression of MT2c and MT4 in ycfl cells did not im-
prove cellular Cd tolerance when compared with the
empty vector control. MT1b2 and MT2b2 expression
did not increase metal tolerance in either acel or ycfl
yeast cells.

Possible roles of barley MTs in oxidative stress
handling were tested by expression in the skn7 yeast
mutant, which is defective in the induction of several
defense genes against oxidative stress and therefore
sensitive to externally applied H,O,. Unexpectedly, the
presence of MTs in skn7 resulted in increased sensi-
tivity toward H,O, (Supplemental Fig. S3A). A similar
effect was observed when the endogenous yeast MT
gene CUP1 was expressed in skn7. The decline in H,0,
tolerance induced by MT expression may be related to
competition for metals between the MT and the endog-
enous Cu/Zn superoxide dismutase SOD1. NaCl-elicited
oxidative stress handling was not affected by the ex-
pression of barley MTs in wild-type yeast (Supplemental
Fig. S3B).

Transcriptional Profile of MT3 and MT4 during
Grain Filling

MT3 and MT4 were selected for further expression
studies during grain development. The pollination
time of single ears of soil-grown barley was recorded,
and grains were harvested at 7, 14, 21, and 28 d after
pollination (dap). For each time point, ears from four
independent plants were collected and the middle part
of each row of grains was separated to accommodate
reverse transcription-quantitative (RT-q)PCR and im-
munolocalization studies. As RNA was purified from
whole grains, the integrity of the produced comple-
mentary DNA (cDNA) was verified by monitoring
expression data from GAPDH and the following seed-
specific controls: the endosperm-specific transcripts
ITR1 and HOR?2 and the aleurone-specific LTP2 (Table I;

species abbreviations are as follows: Arabidopsis (At), Arachis hypo-
gaea (Ah), B. distachyon (Bd), Brassica juncea (Bj), Carica papaya (Cp),
Coffea arabica (Ca), Eichhornia crassipes (Ec), Elaeis guineensis (Eg),
Fritillaria agrestis (Fa), Glycine max (Gm), Gymnadenia conopsea
(Ge), banana (Ma), rice (Os), Poa secunda (Ps), Populus beaupre (Pb),
Porteresia coarctata (Pc), Thlaspi caerulescens (Tc), wheat (Ta), Vitis
vinifera (Vv), and Zea mays (Zm). The phylogenetic tree was drawn
using MEGA version 4.0 on MT protein sequences. Barley MTs are
represented by MT1a, MT1b1, MT1b2, MT1b3, MT2a, MT2b1,
MT2b2, MT2c, MT3, and MTA4. Arabidopsis MTs are shown as At MT1
to At MT4. The wheat Ec protein is presented as Ta MT4 and Bra-
chypodium MT4 as Bd MT4. Otherwise, MTs are presented by their
species abbreviation followed by cDNA accession numbers. Bootstrap
values are below 100 due to the size of MT proteins of approximately
60 to 85 amino acids.
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Kalla et al., 1994; Opsahl-Sorteberg et al., 2004; Diaz
et al., 2005).

MTS3 transcripts were found throughout grain de-
velopment at very stable levels when compared with
the expression of GAPDH (Table I). In contrast to the
ubiquitous expression of MT3, only a weak signal from
MT4 was detected in the grain in the early phases of
development. However, in grains harvested at 14 dap,
the abundance of MT4 transcripts started to increase,
and at 28 dap, MT4 expression was found to be 300-
fold higher than at 7 dap (Table I).

Cellular Localization of MT3 and MT4 Proteins in
Developing and Mature Grains

Western blots using either recombinant MT3 or MT4
(Fig. 4) or barley soluble protein (data not shown) con-
firmed that antibodies raised against MT3 and MT4 did
not cross react with other MTs or other barley grain
proteins. Histological localization of MT3 and MT4 was
first investigated in developing grain using immunogold
labeling followed by silver enhancement. A bright-field
microscope emitting epipolarized light was used for these
experiments, and the silver-enhanced gold particles
appeared as a bright yellow color (Fig. 5). Samples were
taken at premilk stage (7 dap), start of grain filling (14
dap), and rapid grain growth (through 21-28 dap). The
seeds were allowed to desiccate prior to analysis of the
mature grains. Sections of 7-dap-old grain treated with
gold-labeled anti-MT3 antibody allowed the detection of a
diffuse fluorescent signal (arrows) mainly located in the
parenchyma cells of the pericarp and the outer cell layers
of the embryo sac (Fig. 5E). In the same tissue, no signal
was detected with anti-MT4 antibody (data not shown).
Later during grain development (21 dap), MT3 label was
clearly observed in the aleurone layer (Fig. 5F) and in the
embryo (Fig. 5G). Also, labeling of anti-MT4 antibodies
was observed in the aleurone cell layer of grains harvested
at 21 dap (Fig. 5, H and I) and at maturity (Fig. 5]) as well
as in the growing cells of the embryo (Fig. 5K). Anti-MT4
antibody signal was never observed in the inner starchy
endosperm or in the outer grain testa. Control sections
treated with MT3 or MT4 preimmune serum were free of
label (for representative images, see Figure 5, L and M,
and Supplemental Fig. 54, A-I).

Transmission electron microscopic immunolocalization
of MT3 and MT4 supported that MT3 was localized in
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tissues of both maternal and filial origin, whereas MT4
was present in the embryo and aleurone layer (Fig. 6).
MT3 and MT4 were located in the cytosol in embryonic
cells and MT3 also in the cytosol of parenchyma cells
(Fig. 6, A and B). In the aleurone layer of grains harvested
at 21 dap, both MT proteins localized to the membranes of
enclosed compartments closely associated with aleurone
grains known as spherosomes, oleosomes, or lipid bodies
(Fig. 6, D and G). Finally, both MT3 and MT4 were readily
detected in tissues of the aleurone layer and embryo in
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Figure 3. Barley MT proteins mediate Cu and Cd tolerance in yeast.
Yeast tolerance toward Cu or Cd following overexpression of MT1a,
MT1b1, MT1b2, MT1b3, MT2a, MT2b1, MT2b2, MT2c, MT3, and
MT4 in acel (A) or ycf1 (B). In both A and B, cells were spotted in two
concentrations (ODg, = 0.05 and ODg,, = 0.0005). As a negative
control, the wild type (Wt), acel, and ycf1 were transformed with the

empty vector p426 (Ev). As a positive control, acel and ycfl were
transformed with the endogenous MT CUPI.
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Table I. MT3 and MT4 expression during grain filling in barley

RT-qPCR was performed on transcripts derived from developing
grains harvested at 7, 14, 21, and 28 dap. GAPDH was used as a
reference. Expression levels are presented as fold change relative to
grains at 7 dap. Transcripts of aleurone-specific (LTP2) and endosperm-
specific (ITRT and HOR?2) genes were included as positive controls.
The fold change values are shown as means * st (n = 4). Between time
points, values for each gene followed by varying letters are signifi-
cantly different (P < 0.05).

Grain
7 dap 14 dap 21 dap 28 dap

MT3 1.0%x0.1b 06=*00c 1.0x02b 19=*05a
MT4 10*x04d 45x15c 19*6.7b 266 *36a
LTP2 1.0*x04d 18*x1.1c 33*29b 120*15a
ITRT 1.0*x04c 34=*12b 221 *42a 272 *35a
HOR2 1.0+05d 38*16c 426 +=85b 689 *18a

Gene

mature grains (Fig. 6, E, F, H, and I). No signal were
detected in sections treated with MT3 or MT4 preimmune
serum (Fig. 6, L and M, Supplemental Fig. 54, ]-R).

SEC-ICP-MS Analysis of Recombinant MT3 and MT4

The stoichiometry of the coordination complexes
between metal ions and MTs was analyzed using re-
combinant MT3 and MT4 produced in bacterial cells
cultivated without the addition of metals to the growth
medium (TB,,), followed by protein purification and
speciation analysis by SEC-ICP-MS (Table II). When
MT3 was produced under these conditions, the molar
Zn-MT3 ratio was Zn, ;,MT3, whereas that of Cu-MT3
was Cuy,MT3 (i.e. more than 50-fold lower). Zinc
spiking of the bacterial culture increased the metal-
ligand stoichiometry almost 3-fold to Zn,gMT. Like-
wise, when the bacterial cultures were Cu and Cd spiked,
metal-MT13 ratios increased to Cu,;,MT3 and Cd,;,MT3,
corresponding to 50- and 450-fold increases, respectively
(Table TI).

In contrast to MT3, recombinant MT4 was highly se-
lective for Zn when exposed to a multiple-ion solution
spiked with Zn, Cu, or Cd. MT4 purified from cells grown
in nonspiked TB, yielded Zn,;;MT4, whereas the cor-
responding ratio for Cu was Cu,,;;MT4 and no co-
ordination to Cd could be detected (Table II). Spiking
TB,, with Zn, Cu, and Cd did not produce a higher
Zn-MT4 ratio, indicating that MT4 was already
saturated when produced from the TB,, cells. The
molar ratios with Cu and Cd were Cu,,;,MT4 and
Cd,;,MT4 (i.e. much lower than that for the Zn-MT4
complex). This shows that MT4 has a strong preference
for Zn and that the complex saturates in vivo when
three Zn are coordinated with each MT4.

DISCUSSION
Classification of MTs

MTs in plants are ubiquitous and elusive at the same
time. The complete inventory of barley MTs presented
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here illustrates their complexity at both the genomic
and functional levels. Family subgroups 1 to 4 (Fig. 1)
separate MTs according to their number and sequence
of internal Cys residues and the separating linker re-
gions. In barley, the conserved arrangement of exon-
intron positions and high protein identities (Supplemental
Figs. S1 and S2) suggests that subgroups MT1b and
MT2b originate from gene duplications. Duplication
within MT genes is a well-known phenomenon that
has been characterized in Drosophila melanogaster (Maroni
et al., 1987) and different oyster species (Tanguy et al.,
2002). In humans, MT1 has undergone extensive dupli-
cations rendering 13 MT1 paralogs of which five have
developed into pseudogenes (Moleirinho et al., 2011),
and also in yeast, the copy number of the endogenous
MT gene CUP1 varies from one to multiple tandem re-
peats and correlates positively with yeast Cu and Cd
tolerance, showing that the duplicated genes encode
functional MT proteins (Karin et al., 1984).

Heterologous Expression of MTs in Yeast Facilitates Cu
and Cd Tolerance

To obtain an overview of the functionality among
barley MTs in metal chelation, yeast was used as a
heterologous expression system. MT1a, MT2b1, and
MT3 were able to efficiently complement acel and ycf1
growth deficiencies related to Cu and Cd hypersensi-
tivity, showing that these proteins participate in both
Cu and Cd chelation (Fig. 3). For the other MTs, di-
verse growth responses toward Cu or Cd were ob-
served even among closely related proteins (Fig. 3).
This may reflect that gene duplications in combination
with a stringent selection pressure toward one copy of
the duplicated genes have allowed for spontaneous
mutations to alter specific physiological functions or
even cause loss of function (Zhou and Goldsbrough,

[22] < [22] <t ™ <
E £ [ E =
= = = = = =
o o o o o o
o m o m m [a0]
= s s = = =
A B C —
175 —
83 — -
62 _
— — P
475 —

Coomassie Western

Figure 4. Verification of N-terminal fusions of recombinant MBP-MT3
and MBP-MT4. A, PageBlue protein stains of recombinant MBP-MT3
and MBP-MT4 proteins separated by SDS-PAGE. B and C, Immuno-
blotting using antibodies specific for barley MT3 (B) and MT4 (C).
Purified MBP-MT (5 ug) was used on the immunoblots. The calculated
sizes of MBP-MT3 and MBP-MT4 are 48.9 and 49.7 kD, respectively.
MBP fusion proteins were consistently found to migrate approximately
8 kD higher than the calculated mass.
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Figure 5. Morphological and structural observations of developing barley grain, and histological localization of MT proteins. A,
General view of a transverse section of developing grain at 7 dap showing the maternal pericarp surrounding the central embryo
sac. Polysaccharides and soluble proteins were stained by periodic acid-Schiff (dark pink) and naphthol blue-black (blue). B,
Magnification of the 7-dap-old embryo sac wall including the developing aleurone layer between the young endosperm (inside)
and the starch-loaded parenchyma cells of the pericarp (outside). C, Median transverse section of a grain at 21 dap showing the
aleurone layer and starch grains in the endosperm. D, Longitudinal section of a mature grain including the embryo. The square
in D indicates the area corresponding to G and K. E to K, Histological immunolocalization of MT3 and MT4 in developing grain
transverse sections stained by fuchsin and examined under bright-field epipolarized light. The silver-enhanced gold particles

1130 Plant Physiol. Vol. 159, 2012



1995; Lynch and Conery, 2000). The variable perfor-
mance in yeast drop tests among MT1b and MT2b
paralogs (Fig. 3) may also be related to varying MT
expression levels in yeast or differences in the plant-
specific linker region between metal-binding residues
among MTs. In the MT1b group, three amino acid
substitutions, E25K, A30T, and G60S, are present in
MT1b2 as compared with MT1b3. E25K results in a
change from the acidic Glu to the basic Lys, a change
that also shifts the pl from 4.7 in MT1b3 to 6.7 in
MT1b2 (Fig. 2). All substitutions within MT1b2 are
located in the linker region of the MT. In MT2b1 and
MT2b2, three amino acid changes, H44Q, S48C, and
A55P (Fig. 2), could result in changes in the metal
coordination or steric rearrangements. These results
clearly illustrate that metal chelation and coordination
abilities of barley MTs in vivo are complex and cannot
exclusively be predicted based on Cys distribution or
the occurrence of His residues, which form the basis
for classification into MT subgroups.

MT3 and MT4 Transcripts and Proteins Correlate in
Developing Grains

To investigate the physiological role of MTs during
cereal grain development and maturity, MI3 and MT4
were selected for further studies. The selection was pri-
marily based on previous reports of MT3 transcripts in
aboveground tissues of plants, such as leaves, fruits, and
seeds (Liu et al., 2002; Brkljaci€ et al., 2004), and the seed-
specific nature of MT4 transcripts from Arabidopsis and
wheat (Triticum aestivum; Kawashima et al.,, 1992; Guo
et al.,, 2003). Both MT3 and MT4 are unique proteins in
barley, thus facilitating MT-specific immunolocalizations
in planta.

MT3 transcript abundance was rather constant at
four different stages of grain filling (Table I). This
limited ontogenetic fluctuation agrees with the fact
that MT3 transcript levels were present in both ma-
ternal and filial tissues of the grain, embracing embryo,
aleurone, and endosperm, as documented by immu-
nohistochemistry using gold labeling followed by sil-
ver enhancement (Figs. 5 and 6). The widespread
abundance of MT3 in all seed tissues points to a
function for MT3 as a housekeeping or a general metal
homeostasis protein rather than as a seed-specific
storage protein. The abundance of both MT4 transcript
(Table I) and MT4 protein (Figs. 5 and 6) differed from
the pattern of MT3 by strictly following the develop-
ment of seed-specific tissues such as embryo and
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aleurone layers, thus showing similarities with other
grain-specific proteins, such as LTP2, ITR1, and HOR2
(Kalla et al., 1994; Opsahl-Sorteberg et al., 2004; Diaz
et al., 2005). The localization of MT3 and MT4 in em-
bryo and aleurone layers of developing grains places
the MTs in tissues with high concentrations of Cu and
Zn (Lombi et al.,, 2011). The exact speciation of grain
Cu and Zn is not well characterized; however, previ-
ous work using SEC-ICP-MS indicated that the em-
bryonic Zn fraction is coupled to protein ligands and
not to phytate (Persson et al., 2009).

Identification of Native Plant MTs

To date, only a few native plant MTs have been
isolated. The early Cys-labeled protein (Ec), which is
the MT4 homolog of wheat, was purified from mature
wheat embryos (Hanley-Bowdoin and Lane, 1983) and
is a Zn-binding MT (Lane et al., 1987). The Ec protein is
the only native plant MT that has been studied bio-
chemically with respect to MT structure and metal-
binding dynamics (Peroza et al., 2009; Leszczyszyn
et al., 2010). In Arabidopsis, MT2 and MT3 have been
purified using sequential size-exclusion, Cu-affinity,
and thiol-affinity chromatography; however, these
proteins have not been biochemically characterized
(Murphy et al., 1997). Finally, a recent proteomic ap-
proach in rice embryos directed toward translational
responses to Cu stress found rice MT2c in a pool of Cu-
inducible proteins (Zhang et al., 2009). Our data show
that MT protein and transcript levels correlate well
both over time and space in developing grains (Table I;
Figs. 5 and 6), thereby directly coupling plant MT3 and
MT4 transcript levels with their corresponding pro-
teins and showing that low protein abundance may
not constitute the main obstacle for purifications. The
MT3- and MT4-specific antibodies developed here
(Fig. 4) enable tracking of MTs during the purification
process, thereby clarifying the conditions needed to
stabilize MTs during extraction and storage. In addi-
tion, as the MT3 and MT4 antibodies are specific for
the Cys-free linker regions of the proteins, this sug-
gests that the linker region is oriented toward the
surface of the protein and may provide an efficient
position for antibodies toward other plant MTs.

Differential Metal Speciation by MT3 and MT4

To clarify if recombinant MT3 and MT4 are metal
loaded in vivo, state-of-the-art SEC-ICP-MS was used

Figure 5. (Continued.)

used for the immunolocalization appear as a bright yellow color. Immunolocalization of MT3 (E-G) and MT4 (H-K) in 7-dap
(E), 21-dap (F, H, and 1), and mature (G, J, and K) barley grains is shown. MT3 was located in the maternal pericarp, the aleurone
cell layer, and the embryo, while MT4 was detected in grains at 21 dap in the aleurone layer and the growing cells of the
embryo. L and M, Examples of control sections of grain treated with MT3 (7-dap-old grain; L) or MT4 (21-dap-old grain; M)
preimmune serum. AL, Aleurone cell layer; emb, embryo; en, endosperm; ES, embryo sac; P, pericarp; SC, seed coat; scu,

scutellum. Bars = 100 wm.
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Figure 6. Transmission electron microscopic immunolocalization of MT3 and MT4 in developing grains. A and B, Transverse sections
showing the immunolocalization of MT3 in grains at 7 dap including parenchyma cells of the pericarp (A) and the young aleurone
layer (B). Arrows indicate the presence of MT3 in the cytosol. C, The same tissues were not labeled when treated with anti-MT4
antibodies. D to |, Localization of MT3 (D-F) and MT4 (G-I) in grain at 21 dap (D and G) and at maturity (E, F, H, and ). In the
aleurone layer (D, E, G, and H), MT proteins were localized in the membrane of the spherosomes. In the embryo (F and 1), MTs were
detected in the cytosol. ] and K, General view (J) and detail (K) of the seed coat of a grain at 21 dap showing the absence of MT4. L and
M, Control sections of grain treated with MT3 (7-dap-old grain; L) or MT4 (21-dap-old grain; M) preimmune serum. AG, Aleurone
grain; cw, cell wall; cy, cytosol; m, mitochondria; N, nucleus; P, plastid; S, spherosome; V, vacuole. Bars = 0.5 um (A-l, K-M) and
2 um ().
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Table Il. Metal binding of recombinant MT3 and MT4 protein expressed as the number of metal ions per

MT protein

E. coli cultures were supplemented to concentrations of 120 um Zn, 52.5 um Cu, or 10 um Cd. As a
control, cells grown without metal supplements were used (70 um Zn, 2.5 um Cu, or 0 um Cd). Zn, Cu, Cd,
and sulfur were measured by SEC-ICP-MS based on the detection of 667n, ®*Cu, ""?Cd, and *®SO, re-
spectively. Values are shown as means * st (n = 4). Between metal treatments, the metal-MT ratios for
each protein followed by varying letters are significantly different (P < 0.05).

Protein  Culture Medium Zn/MT Cu/MT Cd/MT Metal/MT
MT3 Control 0.32 £ 0.01b 0.006 = 0.0006 b - 033 +0.0b
MT3 +Zn 0.81 £0.14 a 0.042 = 0.019b - 0.85 = 0.14 a
MT3 +Cu 0.44 = 0.04 b 0.34 £0.02 a - 0.78 = 0.05 a
MT3 +Cd 0.40 £ 0.09 b 0.0078 = 0.0006 b 0.19 = 0.06 0.42 = 0.09 b
MT4 Control 2.63 £ 0.03b 0.011 = 0.001 b - 2.64 £ 0.03b
MT4 +Zn 2.66 *0.14b 0.010 = 0.001 b 2.67 £0.14b
MT4 +Cu 3.26 £ 0.08 a 0.19 = 0.01 a - 3.45 = 0.09 a
MT4 +Cd 315 £ 0.11T a 0.007 = 0.0004 b 0.12 £0.02 3.17 =0.11 a

to quantify metal-MT stoichiometry. The recovered
metal-MT3 complexes were found to consist of a com-
bination of apo-M13 and MT3 loaded with a single metal
ion without discrimination among Zn, Cu, or Cd (Table
II). Seen in combination with the ability to complement
acel and ycfl yeast mutants (Fig. 3), MT3 could physio-
logically function as a Zn/Cu/Cd homeostasis protein
responding to cytosolic changes in metal concentrations.

The metal-binding stoichiometry of thiol-rich pep-
tides, including MTs, is generally very sensitive to the
composition and concentration of ions in the medium
to which they are exposed. In our work, barley MT3
expressed in E. coli was loaded in vivo with Zn at low
to moderate concentrations (70-120 um Zn), which
resulted in a mixture of apo-MT3 and non-Zn-satu-
rated MT3. Freisinger (2007) studied purified banana
(Musa acuminata) MT3 expressed in E. coli exposed to
100 uM Zn during cultivation (i.e. similar to our con-
ditions) but used a very Zn-rich buffer containing
1,000 um Zn during cell lysis. This approach will in-
evitably increase the Zn load to MTs during lysis and
purification and consequently lead to much higher Zn-
MT ratios. In agreement, Freisinger (2007) found a Zn:
MT ratio of 3:1 relative to 1:1 observed using our
procedure. Freisinger (2007) also determined the sat-
urated binding capacity of banana MT3 to be four
metal ions per protein under in vitro conditions.
Combining this ratio with our results underlines that
the Zn-MT ratio changes markedly with the Zn con-
centrations in the environment of the living cell. Under
conditions where the cell is being exposed to low to
moderate Zn concentrations, the Zn-MT ratio is sig-
nificantly lower than the maximum Zn-MT ratio of a
fully Zn-loaded complex, indicating a considerable
capacity of MTs to participate in Zn homeostasis. A
physiological role as a housekeeping protein, ready to
respond to cellular fluctuations in Zn/Cu/Cd levels,
also fits with the localization in developing grains,
where MT3 operates in both maternal and filial tissues
(Figs. 5 and 6).

Recombinant MT4 operates differently from MT3.
MT4 metal loaded in bacterial cells was consistently
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found as a mixture of Zn,-MT4 and Zn,-MT4 species
(Table II). MT4 did not respond to additional metal
supplementation of Zn, Cu, or Cd. Previous results
revealed that recombinant MT4 from sesame (Sesamum
indicum; SiMT4) purified and subjected to elemental
analysis by inductively coupled plasma atomic emis-
sion spectroscopy behaved similarly to barley MT4, as
SiMT4 was found to coordinate two Zn ions (Chyan
et al., 2005). However, extensive studies on both native
and recombinant wheat Ec protein have shown that
this protein has the capacity to coordinate up to six Zn
ions (Leszczyszyn et al., 2007; Peroza and Freisinger,
2007).

Due to the seed-specific localization and the stable
binding of Zn, we propose that the physiological
function of MT4 is as a storage protein. Heterologous
expression in yeast did not indicate a role for MT4 in
metal chelation or homeostasis of Cu or Cd (Fig. 3);
however, SEC-ICP-MS established that Zn,-MT4, Zn,-
MT4, and possibly also Zn,-MT4 exist in vivo. These
contrasting results indicate that metal-loaded MT4
does not undergo ligand exchange with the sur-
rounding multiple-ion environment. If MT4 exists as
a stable complex with Zn in yeast, the potential for
MT4 as a metal chelator during Cu or Cd toxicity
would be limited. During grain filling in barley, anti-
MT4 antibodies stained specifically the embryo and
aleurone layer, and MT4 could not be detected when
these tissues were not fully developed. Additionally,
MT4 colocalizes with the high Zn concentrations in
embryo and aleurone layers found during grain de-
velopment and at maturity (Lombi et al., 2011).

CONCLUSION

This study demonstrates that the barley MT family
is composed of at least eight, potentially 10, functional
metal-binding MTs. Protein data combined with het-
erologous MT gene expression in yeast showed that
MT metal-binding abilities cannot be predicted by
secondary protein structures alone, as putative MT
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paralogs perform in a variable manner in yeast. Fur-
thermore, MT3 and MT4 seem to play different physi-
ological roles during grain filling and in mature seeds,
with MT3 primarily acting as a Zn and Cu housekeeping
protein maintaining metal homeostasis, whereas MT4
coordinates Zn with a putative storage function. Immu-
nological data for MT3 and MT4 locate both MTs to the
embryo and aleurone layer of developing grains. MT
protein and transcript levels correlate well both over time
and space in developing grains. The physiological posi-
tion in grains and the high discriminative behavior to-
ward Zn and against Cd illustrated here by MT4
particularly make this MT an obvious candidate for
future biofortification approaches directed toward in-
creasing Zn seed concentrations for food and feed.

MATERIALS AND METHODS
Plant Material and Growth Conditions

Barley (Hordeum vulgare ‘Golden Promise’) was used for all experiments. For
cultivation on soil to maturity, plants were grown during autumn in a green-
house (20°C day/18°C night, relative humidity of 70%, 16-h photoperiod, with a
total light intensity of approximately 250 umol m2s™"). Individual spikes were
labeled at pollination and harvested for RT-qPCR and immunolocalization of
MTs at 7, 14, 21, and 28 dap. The elemental composition of the mature grains
from the central part of the spikelet was measured using ICP-MS with data
validation against certified reference material of durum wheat (Triticum aesti-
vumn) grains (Hansen et al., 2009). Iron, manganese, Cu, and Zn concentrations in
the mature grains were 27.1 = 1.9,24.9 = 22,63 + 03,and 284 + 2.1 ug g ™" dry
matter, respectively (n = 4).

Cloning of Barley MTs

BLAST searches with Arabidopsis (Arabidopsis thaliana) and rice (Oryza sativa)
MT sequences against barley EST data were performed against TIGR’s Barley
Gene Indices (http://compbio.dfciharvard.edu/tgi/; Lee et al, 2005). This
resulted in 10 unique EST sequences representing MT homologs. These MTs
were subsequently cloned from both genomic DNA and ¢cDNA purified from
the barley cv Golden Promise. Primers (Supplemental Table S2) were designed
to span the untranslated region bordering the MT open reading frame to obtain
maximal template specificity. Cloning was done using uracil excision-based
cloning into a user-compatible pYES2 vector designed according to Nour-Eldin
et al. (2006). To maximize and make uniform MT expression in yeast, each MT
open reading frame was subcloned into the p426 vector containing a Gal-
inducible promoter (Mumberg et al., 1994) using primers containing Bg/II/ Xhol
restriction sites directly bordering the open reading frame. As MT2b1 has an
endogenous Bg/II site, BamHI was used in the primer. As a positive control, the
yeast endogenous MT gene CUPI was cloned from BY4741 genomic DNA with
BgIII and Xhol restriction sites in the primers to facilitate expression from p426.
For protein expression in Escherichia coli, forward primers of MT3 and MT4
contained an Xmnl restriction site. MT3 and MT4 flanked by Xmnl/Xhol were
then subcloned into pMAL-c2 for N-terminal protein fusion to maltose-binding
protein (MBP; New England Biolabs). User PCRs were performed by PfuTurbo
Cx polymerase (Stratagene), whereas other proofreading PCRs were done using
LA Taq (Takara Bio). PCR products were verified by sequencing.

Phylogenetic Analysis

The phylogenetic tree was drawn with MEGA version 4.0 (http://www.
megasoftware.net; Tamura et al., 2007). Barley MT accession numbers are
presented below. Rice and Brachypodium distachyon MT homologs were
obtained through BLAST searches using barley MT1a, MT2a, MT3, and MT4
against EST databases of the individual species, whereas other MTs were
identified with general BLAST. Other MTs were presented by their species
abbreviations followed by cDNA accession numbers. Brachypodium MT4
(BAMT4) represents an intronless genomic sequence (Bd3.34663243-497). The
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ClustalW alignments of MT proteins presented in Figure 2 were performed in
T-COFFE (Notredame et al., 2000).

Yeast Complementation Experiments

The Saccharomyces cerevisiae strains used in this study were the Cu-regu-
lated transcription factor mutant acel (Mata his3A1 leu2A0 ura3A0 met15A0
YGL166w::kanMX4), the Cd-hypersensitive mutant ycfl (Mata his3A1 leu2A0
ura3A0 met15A0 YDR135c::kanMX4), the oxidative stress-regulated transcrip-
tion factor mutant skn7 (Mata his3A1 leu2A0 ura3A0 met15A0 YHR206w::
kanMX4), and the wild-type strain BY4741 (Mata his3A1 leu2A0 ura3A0
met15A0). All strains were purchased from Euroscarf (Brachmann et al., 1998).
The Zn-sensitive strain zrcIcotl in the BY4741 yeast background did not
produce conclusive results with the expression of barley MTs (data not
shown). As Euroscarf BY strains are derivatives of S288c, the endogenous
yeast MT CRS) is not expressed due to a stop codon in YOR031w (accession
no. NM_001183450). Vector p426 was used for Gal-inducible MT expression
and as a negative control. Yeast strains were transformed as described by
Gietz and Schiestl (2007). Selection medium with supplements was 2% Gal,
yeast nitrogen base without amino acids, and 3 mg L ™! Leu and Met. All yeast
strains contained the centromeric vector pRS313 with a functional copy of
HIS3 to avoid the use of His supplements. Yeast cells from fresh plates were
resuspended in water to a final optical density at 600 nm (ODy,) = 1.0 and
spotted in serial dilutions for drop tests.

MT Expression, Purification, and Identification

The pMAL-c2 vector containing N-terminal fusions of MT3 or MT4 to MBP
was expressed in E. coli strain BL21(DE3)pLysS (Novagen) by standard pro-
cedures. BL21 cultures in TBy, (1.2% tryptone, 2.4% yeast extract, 0.5% glyc-
erol, and 0.2% Glc) with or without metal were started at ODy, = 0.05. Metal
supplements were given as 50 um Zn, 50 um Cu, or 10 um Cd to yield final
concentrations of 120 um Zn, 52.5 um Cu, or 10 um Cd, respectively. After 2 h,
MT production was induced by isopropylthio-B-galactoside and allowed to
proceed for 3 h. Harvested cells were frozen at —80°C. Recombinant proteins
were affinity purified using amylose resin according to the manufacturer’s
recommendations (New England Biolabs). As column buffer, 20 mm Tris-HCl,
pH 7.4, and 200 mm NaCl were used. During cell sonication, protease activities
were inhibited by a protease inhibitor cocktail (Roche). To avoid ligand ex-
change and the loss of coordinated metal ions during purifications, EGTA,
dithiothreitol, and B-mercaptoethanol were omitted from the extraction
buffers. Recombinant proteins were documented by SDS-PAGE using Tris-
Tricine 8% gels and stained with PageBlue protein stain (Fermentas). MT was
cleaved from MBP using Factor Xa as recommended (New England Biolabs)
and concentrated using YM30 and YM3 microcon centrifugal filter devices
(Millipore) with 30- and 3-kD cutoffs, respectively. Desalting was done on
YMS filters using ultrapure degassed 25 mm Tris-HCl, pH 7.5. Purified MT
was stored at —80°C.

Antibody Design and Western Blotting

Polyclonal antibodies against MT proteins were obtained by immunization
of rabbits (Agrisera) with two synthetic peptides, H2NC-TEKSHLEVHE-
TAEN-CONH2 and H2NC-GREGTPSGRENRRS-CONH2, corresponding to
regions in the linker regions of barley MT3 and MT4 proteins, respectively
(Supplemental Fig. S2). The linker region-specific peptides used in antibody
production were selected to minimize cross-reactions to other MTs. Also, the
unique composition of the synthetic peptides was verified by BLAST analysis
against other barley proteins.

The specificity of the antibodies raised against the synthetic peptides was
tested using SDS-PAGE followed by western blotting of barley grain proteins or
purified MT3/MT4. Proteins were immobilized on a polyvinylidene difluoride
membrane (Millipore). The blotting was performed in phosphate-buffered
saline buffer, pH 6.8 (8 g L™ NaCl, 0.2 g L™ KCl, 1.44 g L' Na,HPO,-2H,0,
and 0.24 g L~! KH,PO,), using standard procedures. Primary MT3- and MT4-
specific antibodies were diluted 1:5,000.

RNA Purification, cDNA Synthesis, and RT-qPCR

Total RNA was isolated using the Fast RNA Pro Green Kit (MP Biomedicals)
and treated with TURBO DNase (Applied Biosystems). RNA was converted to
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cDNA with Moloney murine leukemia virus reverse transcriptase (New
England Biolabs), oligo(dT), random hexamer primers, and deoxyribonucle-
otide triphosphates as the manufacturer recommends. cDNA was normalized
by dilution and amplified by RT-qPCR using DyNAmo Flash Master Mix
and ROX Passive Reference dye from the DyNAmo Flash SYBR Green qPCR
Kit (Finnzymes) as the manufacturer recommends and run on an Mx3000P
Real-Time PCR System (Stratagene). Primers are presented in Supplemental
Table S1. The quantitative PCR program was as follows: 95°C for 7 min, then
40 cycles at 95°C for 10s, followed by 60°C for 30 s (SYBR Green kit; Finnzymes).
Samples were run in four biological replicates with two technical replicates
each. Quantifications of MT gene expression were done using HUGAPDH as
reference (Tauris et al.,, 2009). As positive controls LTP2 (TC258870), ITR1
(TC139046), and HOR2 (TC138699) were used (Kalla et al., 1994; Diaz et al.,
2005). Expression levels were calculated using primer-specific standard curves
and the Pfaffl equation (Pfaffl, 2001). Univariate statistical analysis was per-
formed using Student’s ¢ test on fold change mean values of biological repli-
cates with SAS version 9.1 (SAS Institute).

MT Identification and Speciation Analysis

The identities of the purified recombinant MT3 and MT4 peptides were confirmed
by their accurate masses using ESFTOF-MS (Micromass LCT; Waters). The total ESI-
TOF-MS spectra were acquired in the range from 100 to 2,000 D. The instrument was
calibrated with polyethylene glycol standards (Sigma). Recombinant proteins were
verified by ESI-TOF-MS using the calculated masses for MT3 and MT4. The
multiple charged ions for MT3 (6,866.68 D) were found as (mass-to-charge ratio):
1,720.96 [M+4H]*, 1,374.30 [M+5H]*", 1,144.75 [M+6H]*", 980.93 [M+7H]"*, 858.78
[M+8HI®, 763.18 [M+9H]’*, and 686.95 [M+10H]'"; those for MT4 (7,730.60 D)
were found as (mass-to-charge ratio): 1,546.95 [M+5H]™, 1,289.30 [M+6H]™,
1,105.25 [M+7H]™", 967.38 [M+8H]*, 859.73 [M+9H]*, 773.87 [M+10H]'*, and
703.71 [M+11H]'*.

The ionic compositions of the MT coordination complexes were analyzed
using SEC-ICP-MS-based state-of-the-art speciation analysis (Husted et al.,
2011). SEC was used to fractionate the metal ion-binding MTs from their apo
forms and labile cations. A cross-linked dextran agarose stationary phase
(Superdex Peptide 10/300 GL; Amersham Biosciences) was used to maintain
the integrity of the MT coordination complexes. The mobile phase was 50 mm
Tris (4 mmol of Trizma-HCl and 1 mmol of Trizma base; Sigma), pH 7.5, and
operated at a flow rate of 1 mL min ! (Persson et al., 2009). The SEC column
was mass calibrated by use of a Diode Array Detector at 214 nm and with
elemental detection using Cu/Zn superoxide dismutase (32 kD; containing
Zn, Cu, and sulfur), myoglobin (16.95 kD; containing iron and sulfur),
Zn,MT2a (6.59 kD; containing Zn and sulfur), vitamin B12 (1.36 kD; con-
taining cobalt and phosphorus), and myoinositol-2 monophosphate (0.46 kD;
containing phosphorus). A linear regression curve was constructed from the
retention times and the log-transformed molecular masses of the calibrants.

The ICP-MS device was operated in oxygen mode in order to increase
sulfur sensitivity, enabling simultaneous detection and quantification of all
elements of interest using a method based on the procedures described by
Persson et al. (2009). Initially, the ICP-MS device was tuned in standard mode,
the tune settings were extrapolated to helium mode using ChemStation soft-
ware (Agilent Technologies), and the flow rate of oxygen (10% in helium) to
the octopole reaction system was set to 0.5 mL min~'. Through analysis, the
following oxide and nonoxide ions were monitored: 850", ¥Co*, BCu*, SCu’,
%7Zn*, Zn*, and "*Cd*. In order to correct for plasma instability, vitamin B12
(cobalamine) was added as an internal standard to all extracts and monitored
as *Co". Before analysis, an eight-point external calibration was performed
using a commercial multielement standard (P/N 4400-132565; CPI Interna-
tional) by ICP-MS-based flow-injection analysis. The calibration was checked
on column (SEC-ICP-MS) using Cys and Zn,MT2a from rabbit liver (Bes-
tenbalt), and the quantified Zn-sulfur stoichiometries always deviated less
than 10% from the theoretical ratios.

Cytoimmunochemical Studies

Grains were fixed in 2% (w/v) paraformaldehyde and 0.15% (v/v) glu-
taraldehyde dissolved in sodium phosphate buffer, pH 7.4, for 12 h at 4°C. The
material was dehydrated in an ethanol series and embedded in LR White resin
(London Resin Co.). Polymerization was carried out in gelatin capsules at 52°
C. For structural investigations, thin sections of 1 um were stained by the
Periodic Acid Schiff's-Naphtol Blue-Black method as described (Sangwan
et al., 1992). For immunological studies using light microscopy, 1-um sections
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were treated as described by Kichey et al. (2005) but were incubated for 2 h at
room temperature with anti-MT3 or anti-MT4 rabbit serum diluted 1:200 in T1
buffer containing 1% bovine serum albumin. Labeling was silver enhanced as
described by British Biocell, and sections were back stained with 1% (w/v)
fuchsin before microscopic observations under bright-field plus epipolarized
light. In negative controls, MT preimmune rabbit sera were used.

Sequence data from this article can be found in the GenBank/EMBL da-
tabases under the following accession numbers: MT1la (JN997428), MT1b1
(JIN997429), MT1b2 (JN997430), MT1b3 (JN997436), MT2a (JN564040), MT2b1
(JN997431), MT2b2 (JN997432), MT2c (JN997433), MT3 (JN997434), and
MT4 (JN997435).
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The following materials are available in the online version of this article.

Supplemental Figure S1. Exon-intron gene organization of barley MT
genes.

Supplemental Figure S2. ClustalW alignments of MT3 (A) and MT4 (B)
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Supplemental Figure S3. Effect of barley MT expression on H,O, tolerance
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Supplemental Figure S4. Controls of grain sections observed in immuno-
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