5806 J. Agric. Food Chem. 2008, 56, 5806-5812

JOURNAL O

AGRICULTURAL AND
FOOD CHEMISTRY

Characterization of the High Molecular Weight
Cd-Binding Complex in Water Hyacinth (Eichhornia
crassipes) When Exposed to Cd

JIANN-SHING WU, ™#¥ Tzu-CHien Ho,"* HuNG-CHI CHIEN,"* Yu-JEN WU,}
SHYH-MIRN LIN," AND RONG-HUAY JUANG***

Department of Biochemical Science and Technology and Institute of Microbiology and Biochemistry,
National Taiwan University, Taipei, Taiwan 106, Department of Beauty Science, Meiho Institute of
Technology, Pingtung, Taiwan 912, and Department of Food Nutrition, Chung Hwa University of
Medical Technology, Tainan, Taiwan 717

Water hyacinth (Eichhornia crassipes) is a rapid-growing freshwater vascular plant that has been
used to remove heavy metals in contaminated water. But the transportation and distribution of the
absorbed heavy metal in the plant are not clear. In this study, water hyacinth was exposed to cadmium
(Cd, 10 uM, pulse) and then transferred to a Cd-free solution (chase). The Cd content in the tissues
was measured, and the Cd-binding complexes were isolated and identified. We found that (1) in two
days, up to 80% of the Cd in the solution was absorbed by the plant, and the Cd could not be released
back to the growth solution in the chase period; (2) approximately 1 mg of Cd was accumulated in
the water hyacinth/g of dry weight in this condition; (3) invading Cd was bound rapidly as the low-
molecular-weight (LMW) complex serving as the transient form for further sequestration; (4) the LMW
complex in water hyacinth contained no phytochelatins and was different from the LMW complex in
fission yeast; (5) the Cd absorbed in the plant was essentially stored in the high-molecular-weight
(HMW) form after 1 week; (6) a small fraction of the absorbed Cd was found in the upper part of the
plant (stem and leaves) in the form of complexes; (7) the HMW complex was composed of
phytochelatins PC3 and PC4 primarily, with only a small amount of PC,; (8) a rare PC-related peptide
was found in the HMW complex that might be derived from PCs. These observations contribute to
the further understanding of water hyacinth in serving as an efficient and reliable accumulator for

heavy metals.
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INTRODUCTION

Cadmium (Cd) is one of the transition metals with
incompletely filled d orbitals, which could form stable
compounds with the metabolites or proteins in the cell. This
binding capacity along with heavy industry pollution has
made Cd one of the most dangerous environmental threats
to living organisms. Facing the invading Cd, cells basically
produce defensive compounds that can bind to Cd im-
mediately and form a harmless complex that can be seques-
tered safely. These Cd-binding compounds include metal-
lothionein, a family of small proteins containing repeats of
the Cys-Cys motif (7, 2), and the phytochelatins (PCs), which
are short isopeptides found in fission yeast (3) or plant
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cells (4, 5). PCs have the general structure (yGlu-Cys),-Gly
(n = 2—11), which could bind with Cd and produce two
major complex forms. In fission yeast, a low-molecular-
weight complex (LMW) is formed first, which contains
several Cd atoms bound by shorter PCs (essentially PC, and
PC3). The LMW complex is then transported into the vacuole
for storage through a transporter on the membrane (6). During
this process, the Cd is incorporated with sulfide as CdS, and
the complex is rearranged to accommodate longer PCs
(essentially PC3 and PCy), and a stable high-molecular-weight
(HMW) complex is produced (7, 8). It was proposed that
cysteine sulfinate is the substrate in the purine biosynthesis
pathway to supply the sulfide in the HMW complex (9). PCs
are not translational products; instead they are synthesized
by the enzyme phytochelatin synthase (PCS), which has been
studied extensively in terms of molecular genetics, as well
as enzyme catalytic mechanism, in the past decade (I, 10-12).
Besides the heavy-metal binding peptides, plants also produce
antioxidants as an efficient way to protect themselves (73).
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Figure 1. (A) Water hyacinth was grown in a solution containing Cd (10
uM) for 5 days (pulse period), the plant was washed and then transferred
to the fresh growth solution free of exogenous Cd (B, chase period). The
Cd contents in the growth solution during this pulse—chase treatment
were monitored. Control in the pulse period was performed in which none
of the plants were cultivated in the growth solution. Water hyacinth tissues
were collected during the pulse—chase treatment of Cd and separated
into leaves (C), thick stalk (D), stem (E), and roots (F). The Cd content
and dry weight of each sample were measured to show the change of
Cd accumulation in plant tissues. DW, dry weight of the plant. Representa-
tive data are shown (n = 2).

Phytoremediation is an environmentally friendly process for
recovering contaminated areas in the presence of heavy metal.
Many plants are hyperaccumulators of toxic metals and have
been utilized extensively in the remediation of metal-contami-
nated soils (/4). On the other hand, contamination in rivers and
lakes by industrial waste might be worse, and various aquatic
plants are exploited for the same purpose. Water hyacinth is a
plant that floats on water with a large, freely hanging root
system, and it is notorious for its invasive growing rate (/5).
However, it is highly resistant to toxic environments and has
been used for the treatment of wastewater (/5) and the
sequestration of heavy metals (16, 17). Two decades ago, Fujita
examined the Cd-binding substances in water hyacinth (/8) and
concluded that these substances comprised cadystin (/9) which
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were known as phytochelatin in the plant (4). This research
contributed to the basic understanding of the Cd-binding
complexes in water hyacinth; however, detailed properties and
distribution of these complexes are still lacking.

In this study, we monitored the dynamic distribution of Cd
when absorbed into the plant body. In order to trace Cd in a
clear background, a “pulse and chase” mode was used in which
water hyacinth was exposed to Cd for 5 days (pulse) and then
changed to a Cd-free environment (chase). During these stages,
the Cd and its complexes with PCs were analyzed in different
tissues to reveal their dynamic distribution. The component of
HMW complex was further explored, and a rare derivative of
phytochelatin was found.

MATERIALS AND METHODS

Water hyacinth (Eichhornia crassipes) was obtained from a local
farm near Taipei. The plant was grown at room temperature (24~30
°C) in a plastic cylindrical pot (inner diameter 19 cm, height 23 cm)
containing 5 L of the growth solution (NaNOs, 1.7 mM; CaCl,, 170
uM; KHyPOy, 180 uM; MgSOs, 200 uM; KCl, 340 uM; FeSOs, 5 uM;
MnSOy, 10 uM). In the pulse experiment, CdCl, was added to 10 uM
growth solution. After the Cd treatment, the plants were removed from
the pot and washed thoroughly with fresh water. Tissues were collected
and separated into roots, thick stalk, stem, and leaves before extraction.
For large-scale isolation of the HMW complex from the roots, the water
hyacinth was exposed to 10 uM Cd for 15 days and then subjected to
the extraction procedure.

Extraction of Cd-Binding Complexes from Water Hyacinth.
Sample tissue (25 g) was mixed with 100 mL of cold extraction buffer
(50 mM Tris-HCI and 1% ascorbate, pH 8.0) and then homogenized
at 4 °C by 10 repeated blending (high speed, 10 s) and cooling (sitting
on an ice bath for 50 s). The homogenate was filtered through a four-
layer gauge, and the filtrate was clarified by centrifugation at 4 °C (40
min, 25000g). This crude extract was dried by lyophilization and stored
in a —20 °C freezer until use.

Purification of Cd-Binding Complexes. The Cd-binding com-
plexes were separated by gel filtration on a Sephadex G-50 column
(1.6 x 65 cm) equilibrated with Tris-HCI buffer (10 mM, pH 8.0,
containing 0.1 M NaCl) in a cold room (/8, 19). Crude extract (2.4
mL) from water hyacinth was applied to the column and then eluted
with the same buffer (flow rate 40 mL/h), and the eluent was
collected (2 mL/tube). Fractions were analyzed for Cd or protein
content. The HMW complex was further purified by ion exchange
(DEAE-Sephacel equilibrated in the same buffer, 2.6 x 5 cm). The
complex was adsorbed on the gel and eluted by a linear NaCl
gradient (0.1—1.5 M, 100 mL each).

Methods for Chemical Analysis. The protein content was deter-
mined by the dye-binding method (20) with the microassay system
from Bio-Rad (protein assay kit). Bovine serum albumin was used
as the standard. Cd was analyzed by atomic absorption spectropho-
tometry (Hitachi AAS 180—30). In the analysis based on dry weight,
the tissue was dried to a constant weight at 80 °C and then subjected
to incineration at 600 °C and digestion with 6 N HCI. The thiol
group was determined by reaction with Ellman’s reagent and
measurement of the absorbance at 410 nm (27). For the analysis of
phytochelatins, samples were dissolved in 0.05% trifluoroacetic acid
and then analyzed by reverse-phase HPLC (system, LC-9A, Shi-
madzu; column, Lichrospher 100RP-18, Merck) with a linear
gradient of 0—20% acetonitrile. Each single PC peak was collected
and identified by electron spray ionization mass spectrometry (ESI-
MS) from a commercial service.

Amino Acid Composition Analysis for Cd—Phytochelatin Com-
plexes. Since phytochelatin contains only Glu, Cys, and Gly, it is
convenient to identify PC by its amino acid composition. The ratio of
Glu/Gly specifies the number () of (yGlu-Cys) repeats in PC structure,
(yGlu-Cys),-Gly. The sample was dried completely in the test tube
and then dissolved in 0.6 mL of hydrolysis solution (HCl:trifluoroacetic
acid = 4:1). The air in the test tube was removed by a suction pump,
and then the tube was sealed carefully. It was then put into an oven
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Figure 2. Water hyacinth was pulsed with Cd for 5 days and then chased in Cd-free solution as in Figure 1. The extracts from roots (R), stem (S), thick
stalk (T), and leaves (L) were collected and subjected to gel filtration to reveal Cd-containing complexes (HMW and LMW).

and heated at 140 °C for 3 h. The hydrolysate was dried by
lyophilization and then analyzed by an amino acid analyzer (Beckman
6300).

RESULTS

Water Hyacinth Accumulated Cd Essentially in Its Roots,
but a Fraction of the Cd Was Transported Upwardly. Water
hyacinth was cultivated in the presence of 10 uM Cd for 5 days
in the pulse period. After being washing with clean water
thoroughly, the plants were transferred into the Cd-free solution
and cultured for 1 week. Figure 1 shows that the concentration
of Cd in the growth solution decreased rapidly during the first
2 days of pulse and then reached a concentration around 2 or 3
uM (Figure 1A). After changing to the Cd-free solution, the
Cd concentration remained at 2 M throughout the whole chase
period (Figure 1B). This observation indicates that water
hyacinth could absorb up to 80% of the Cd in the growth
solution and would not release much of the absorbed Cd back
to the environment.

The Cd contents in the tissues of the pulse—chase-treated
water hyacinth were further analyzed (Figure 1C—F). Cd was
accumulated in the roots very rapidly once the water hyacinth
was exposed to Cd but decreased when the plant was transferred
to the Cd-free growth solution (Figure 1F). The decrease might
be caused by the vigorous washing step between the pulse—chase
treatments (indicated with a vertical dotted line in Figure 1).
The stem had accumulated smaller amount of Cd (Figure 1E).
Thick stalk is a swollen round-shaped organ that connects the
stem and roots of water hyacinth. It is occupied by space and
clear fluid, which makes the water hyacinth float on the surface
of water. We cannot find significant amounts of Cd accumulated
in thick stalk during the whole period (Figure 1D). However,
Cd in the leaves began to appear after a longer incubation period
(11 days in Figure 1C), which made up the amount of Cd that
disappeared from the roots.

In order to monitor the distribution of Cd-binding complexes
in the plant body, samples from roots, stem, thick stalk, and
leaves during the chase periods were further analyzed by gel
filtration on Sephadex G-50 (Figure 2). After 5 days of pulse,
Cd-binding substances in the roots were distributed into two
peaks, the LMW and HMW complexes (R5—0, 5 days pulse
and 0 day chase). The LMW complex decreased rapidly during
the chase period (R5—2 and R5—4), but the HMW complex
kept increasing and became dominant (R5—6). Similarly, the
stem accumulated both the HMW and LMW complexes but on
a smaller scale (S5—0 through S5—6). Although thick stalk and
leaves showed relatively low Cd content throughout the whole
treatment, they eventually accumulated visible peaks of the two
complexes (T5—6 and L5—6). In all cases, the LMW complex
was produced prior to the HMW. In the final stages, both roots
and stem accumulated the HMW complex as the major storage
form.

Cd in the Roots Was Accumulated and Stored in the Form

of HMW Complex. To further investigate the dynamic change
of Cd-binding complexes, water hyacinth was grown continu-
ously in Cd for 15 days (no chase), and the roots extract was
analyzed by gel-filtration chromatography (Figure 3). There was
no detectable Cd in the roots before Cd treatment (blank, Figure
3A). Since all samples revealed very similar elution patterns
for the total proteins, only the blank protein profile is shown
on the chromatogram, which consisted of a major peak eluted
around the void volume. After 1 day of Cd treatment, the LMW
peak containing Cd showed up (Figure 3B) and then decreased
consistently in the following days. Since the LMW complex
contained neither phytochelatin nor thiol compound (data not
shown), it has not been investigated further in this study. On
the other hand, after 5 days of incubation, the HMW peak
emerged and then remained through the whole experiment
(Figure 3C—E). This HMW peak was isolated and then
subjected to further analysis as described below (Figure 4). The
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Figure 3. Water hyacinth was continuously cultivated in 10 «M Cd solution
for 15 days, and then its root extract was examined to show the change
in Cd-containing complexes (B—E). Controls (F) were performed by mixing
the root extract of Cd-free water hyacinth with CdCl, before chromatog-
raphy (peak I) or by immersing the roots of a fresh plant into the Cd
solution briefly (5 s) and then washing and extracting immediately (peak
). (G) Molecular weight standards: carbonic anhydrase (29 000),
cytochrome ¢ (12 400), aprotinin (6500), and a synthetic peptide (1100).
FW, fresh weight of the plant.
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molecular mass of the HMW complex ranged from 5 to 8 kDa
as estimated from the calibration line (Figure 3G).

Two control experiments were designed to eliminate the
possibility that these Cd-binding complexes were formed by
nonspecific adsorption during the extraction procedure and not
as a physiological response to the invading Cd. First, the fresh
extract of Cd-free water hyacinth roots was added to CdCl,
before it was applied to the gel-filtration column. The major
Cd peak appeared very late on the chromatogram near the LMW
complex (peak I in Figure 3F). Second, a fresh Cd-free plant
was immersed in Cd solution briefly (5 s) and then washed
immediately; the crude extract of its roots was analyzed as well.
The Cd peak appeared even later (peak II in Figure 3F), which
corresponded to the elution volume of free CdCl,. Both control
experiments showed no HMW complex on the chro-
matogram.

HMW Complex Composed of Phytochelatins and a Rare
Derivative. The HMW complex collected from gel-filtration
chromatography in Figure 3 was further purified by DEAE ion
exchange (Figure 4A). A peak containing Cd, sulfhydryl group,
and sulfide appeared when the column was eluted with a linear
gradient of NaCl. It was collected and analyzed by reverse-
phase HPLC and was resolved into four major peaks (Figure
4B) that contained sulfhydryl compound (inset in Figure 4B).
Peaks 1, 3, and 4 were identified as phytochelatins PC,, PCs,
and PC4, respectively, by analysis of the amino acid composition
(Table 1) and electron spray ionization-mass spectrometry (data
not shown). The intensity of these peaks on the HPLC
chromatogram revealed that the HMW complex consisted of
mostly PC3; and PC4 and only a small amount of PC,.

Peak 2 showed a Glu/Gly ratio of 2.1, indicating it was related
to PC, in the basic structure. However, it contained a relative
high percentage of Cys, and one additional Cys residue might
be incorporated in the backbone of PC, as estimated from its
amino acid composition (Table 1). Indeed, when peak 2 was
further analyzed by ESI-MS (Figure 4C), it revealed a signal
at m/z 643, corresponding to the molecular mass of the isoform
Cys-(yGlu-Cys),-Gly, which might be derived from PC; by
removal of the N-terminal yGlu.

DISCUSSION

The pulse—chase experiment in this study showed that water
hyacinth effectively accumulated Cd from the environment.
Observations suggested that Cd was absorbed readily and stored
in the roots, but a fraction was transported to the stem and to
the leaves in 2 weeks. Once it entered the plant, the heavy metal
was chelated by binding complexes and apparently would not
be released back to the growth solution (Figure 1). This feature
renders water hyacinth an ideal plant for the remediation of
contaminated waters. Under our experimental conditions, the
Cd concentration of growth solution was significantly reduced
from 10 uM to 2 uM in 5 days. Cadmium was accumulated
essentially in the roots, and a fraction of invading Cd was
transported upwardly to the leaves through the stem. In total,
the water hyacinth can absorb as much as 1 mg of Cd/g dry
weight of the plant, which could be regarded as a high
accumulator as compared to the normal composition of trace
element in plants (0.05 ug/g for Cd) (22). The maximum
absorption capacity depends on plants and the concentration of
environmental heavy metals. When Thlaspi caerulescens is used
as the hyperaccumulator, the roots accumulate as much as 4
mg of Cd/g dry weight in Cd solutions up to 50 uM (23).
Notably, phytochelatin might not be responsible for Cd tolerance
in T. caerulescens (23). Instead, Cys and other LMW thiols
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Figure 4. HMW complex in the roots isolated from gel filtration was further purified by ion exchange (A). A peak containing Cd, thio group, and sulfide
was eluted by a linear NaCl gradient (0.1—1.5 M, arrow marks the beginning of the gradient). It was further analyzed by reverse- phase HPLC (B), which
revealed four peaks containing thiol group (inset in B). Peaks 1, 3, and 4 were identified as phytochelatins PC,, PCs, and PCy, respectively (Table 1).
Peak 2 was further analyzed by ESI-MS (C) and showed fragments that might be derived from a PC-related peptide, Cys-(yGlu-Cys).-Gly (m/z = 643).

might be involved (24). Interestingly, both LMW complexes
found in 7. caerulescens and water hyacinth seem different from
the LMW from fission yeast in their composition. The LMW
complex in fission yeast contains short PCs and is incorporated
into HMW complex in the form of CdS and transported into
the vacuole for storage (8, 25).

We examined the accumulation and distribution of HMW and
LMW complexes in various tissues of water hyacinth after pulse
with Cd (Figure 2). It is evident that the Cd, or its complex
form, was transported from the roots to the upper part of the
plant. In roots, the LMW complex was produced very rapidly
at the beginning and then disappeared gradually. Since the LMW
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Table 1. Amino Acid Compositions of Phytochelatins in the HMW Complex
of Cd-Treated Water Hyacinth

percentage of amino acid residues

amino acid peak 1 peak 2 peak 3 peak 4
Asp 1.1 1.2 1.8 1.6
Thr 0.3 04 0.5 0.6
Ser 1.0 0.7 1.6 1.2
Glu 24.9 26.6 31.0 37.1
Pro 0.1 0.0 0.1 0.2
Gly 9.6 12.7 111 10.1
Ala 0.5 1.0 0.9 1.3
Cys-Cys 11.8 155 9.9 16.0
Val 0.2 0.2 0.3 0.4
Met 0.0 0.0 0.0 0.0
lle 0.1 0.2 0.3 0.2
Leu 0.3 0.3 04 04
Tyr 0.1 0.0 0.0 0.0
Phe 0.1 0.1 0.0 0.0
His 0.1 0.1 0.2 0.3
Lys 04 0.6 04 0.6
Arg 0.2 0.1 0.2 0.3
Glu/Gly ratio 2.6 2.1 2.8 3.7

identified as PC,
structure

PC derivative PCs PCq4
C-(yE-C)G (yE-C)eG  (yE-C)sG

complex from water hyacinth contained no phytochelatin, how
Cd was bound to produce this LMW complex is not clear.
Nevertheless, we assumed that the LMW complex in water
hyacinth might serve as a transient form for prompt relief of
the invading Cd, which will be transformed into the stable HMW
form eventually. Parallel to the accumulation of Cd (Figure
1), these two complexes appeared slowly in the upper part of
the plant during later stages of the chase. Gong et al. (26) have
shown that PCs can be transported from roots to shoots in a
PC-deficient mutant of Arabidopsis that has been specifically
transferred with a root-targeted PC synthase gene from wheat.
Our results obtained from direct observations on water hyacinth
are in agreement with their conclusions from the molecular
genetic manipulations in the model plant. Recently, Chen et al.
(27) also reported that PCs are transported over long distances
from shoots to roots. However, the exact chemical structure for
the Cd transportation from one tissue to another is still unclear.
Since the LMW complex has a small molecular mass and could
be converted into the HMW complex easily, it might be a
possible candidate for the transportation. Besides, the dynamic
changing patterns of the complexes (Figure 2) showed that all
tissues accumulated the LMW complex at first and then
gradually lost it in the later stages. This observation implied an
“in-and-out” tendency for the LMW complex moving around
the tissues. Nevertheless, the preliminary attempt to characterize
the LMW complex on the basis of current knowledge was not
successful in our laboratory. Together with the observations in
T. caerulescens (24), it was suggested that the LWM complex
might be produced through an unknown mechanism waiting to
be discovered.

The HMW complex contained sulfide and phytochelatins,
mostly PC3 (Figure 4B), in a composition very similar to the
HMW complex found in fission yeast (8). Notably, water
hyacinth produced only a small amount of PC,. Instead, a
derivative of PC3 was found in which the N-terminal yGlu was
lacking (Table 1 and Figure 4). Chassaigne et al. (28) have
identified PC-related peptides in maize seedlings prepared
enzymatically in vitro by mixing phytochelatin synthase with
glutathione; they found yGlu-lacking phytochelatins in the
reaction mixture. They proposed that these peptides might
originate from enzymatic cleavage of yGlu. Apparently the PCs-
related peptide in our study might be produced by a similar
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mechanism. However, the cleavage should be a natural process
in water hyacinth but not an artificial in vitro reaction during
the extraction procedure, since HMW is a stable sulfide-
containing complex that holds its PCs tightly (7), and any
enzymatic modification or spatial rearrangement of its compo-
nents will be relatively difficult. Furthermore, if any nonspecific
enzyme did exist and catalyze the cleavage, then a mixture of
yGlu-lacking PC,, PC3, and PC4 should be found. However,
we could only detect the yGlu-lacking PCs in the HPLC analysis
(Figure 4B). This derivative contained an extra unit of Cys,
which might enhance the binding capacity against Cd and
contribute to the high heavy metal resistance of water hyacinth.
The biosynthesis mechanism and the physiological significance
of this isoform remain to be elucidated.

Putting all together, by tracing the absorption and sequestra-
tion of the pulsed Cd and the distribution patterns of the two
complexes in various tissues, we concluded that water hyacinth
is an efficient and reliable heavy metal accumulator in phy-
toremediation. It is reliable because water hyacinth will not
release the absorbed Cd back to the environment but will store
the invaded Cd in a stable HMW form of complex around its
tissues.
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