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Abstract

Background: Developing methods for protecting organisms in metal-polluted environments is contingent upon our
understanding of cellular detoxification mechanisms. In this regard, half-molecule ATP-binding cassette (ABC) transporters
of the HMT-1 subfamily are required for cadmium (Cd) detoxification. HMTs have conserved structural architecture that
distinguishes them from other ABC transporters and allows the identification of homologs in genomes of different species
including humans. We recently discovered that HMT-1 from the simple, unicellular organism, Schizosaccharomyces pombe,
SpHMT1, acts independently of phytochelatin synthase (PCS) and detoxifies Cd, but not other heavy metals. Whether HMTs
from multicellular organisms confer tolerance only to Cd or also to other heavy metals is not known.

Methodology/Principal Findings: Using molecular genetics approaches and functional in vivo assays we showed that HMT-
1 from a multicellular organism, Caenorhabditis elegans, functions distinctly from its S. pombe counterpart in that in addition
to Cd it confers tolerance to arsenic (As) and copper (Cu) while acting independently of pcs-1. Further investigation of hmt-1
and pcs-1 revealed that these genes are expressed in different cell types, supporting the notion that hmt-1 and pcs-1
operate in distinct detoxification pathways. Interestingly, pcs-1 and hmt-1 are co-expressed in highly endocytic C. elegans
cells with unknown function, the coelomocytes. By analyzing heavy metal and oxidative stress sensitivities of the
coelomocyte-deficient C. elegans strain we discovered that coelomocytes are essential mainly for detoxification of heavy
metals, but not of oxidative stress, a by-product of heavy metal toxicity.

Conclusions/Significance: We established that HMT-1 from the multicellular organism confers tolerance to multiple heavy
metals and is expressed in liver-like cells, the coelomocytes, as well as head neurons and intestinal cells, which are cell types
that are affected by heavy metal poisoning in humans. We also showed that coelomocytes are involved in detoxification of
heavy metals. Therefore, the HMT-1-dependent detoxification pathway and coelomocytes of C. elegans emerge as novel
models for studies of heavy metal-promoted diseases.
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Introduction

Heavy metals are metallic elements with densities exceeding

5 g/cm3. Some heavy metals (e.g. copper [Cu], zinc [Zn] and iron

[Fe]) at low concentrations serve as micronutrients, but are toxic

when in excess [1,2]. Nonessential heavy metals and metalloids

(e.g. cadmium [Cd], arsenic [As] and mercury [Hg]) are toxic even

at low concentrations [2–4]. The chronic exposure of humans to

heavy metals either from occupational hazard, or from food and

air, leads to their accumulation in tissues and causes various

diseases, including neurodegenerative conditions, dysfunction of

vital organs, and cancer [2–6]. Therefore, developing methods for

protecting and detoxifying organisms in metal-polluted environ-

ments is contingent on our understanding of the effective cellular

detoxification mechanisms.

In this regard, half-molecule ATP-binding cassette (ABC)

transporters of the HMT-1 subfamily (heavy metal tolerance

factor 1) and phytochelatin (PC) synthases, (c-glutamylcysteinyl-

transferases; EC 2.3.2.15), are acutely required for detoxification

of Cd [7–14]. It was suggested that HMTs act after PCSs by

sequestering Cd coordinated to products of PCS-1 activity,

phytochelatins (PC) into the vacuole, a lysosomal-like compart-

ment of plant and fungi cells [15]. Our genetic studies in C. elegans,

however, have shown that pcs-1 and hmt-1 do not act in a linear

metal detoxification pathway [8]. These observations were further

supported by our biochemical studies in S. pombe showing that
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SpHMT1 is not a primary Cd?PC transporter, and that an HMT-

1 from Drosophila, an organism that lacks PC synthase homologs in

its genome, is involved in Cd detoxification [16]. Furthermore,

Preveral et al., also observed that SpHMT1 confers Cd tolerance in

a PC-independent manner [17]. Interestingly, of heavy metals

tested, SpHMT1 conferred tolerance only to Cd, but not to As,

Cu, Hg, Ag and Sb [16,17].

Here, we tested if HMT-1 from the multicellular organism, C.

elegans, would confer tolerance only to Cd, or unlike SpHMT1, to

other heavy metals as well. Since C. elegans has highly differentiated

muscular, nervous, digestive and reproductive systems, and yet is

comprised of only 959 optically transparent somatic cells, we

determined the spatial distribution of hmt-1 expression and related

it to the expression pattern of its homolog in humans.

We established that unlike SpHMT1, CeHMT-1 conferred

tolerance to As and Cu in addition to Cd. Consistent with the notion

that pcs-1 and hmt-1 operate in distinct metal detoxification pathways,

double pcs-1;hmt-1 mutant worms were more sensitive to these metals

than single pcs-1 or hmt-1 knock-out worms. In addition, hmt-1 and

pcs-1 were expressed in distinct tissues, but co-expressed in

coelomocytes, which are cells that are distributed in the pseudocoe-

lom (body cavity) of C. elegans [18]. The latter finding was intriguing

because the biological role of coelomocytes in C. elegans is not known

[18]. However, because coelomocytes actively and continuously

endocytose fluid and macromolecules from the pseudocoelom and

because the pseudocoelomic fluid serves as the circulatory system for

nutrients that are secreted into the pseudocoelom by the intestinal

cells, it has been suggested that coelomocytes may act as liver cells by

reprocessing and detoxifying pseudocoelomic fluid from harmful

ingested substances [18,19]. Since pcs-1 and hmt-1 function in

detoxification of heavy metals and are also co-expressed in

coelomocytes, we hypothesized that coelomocytes may be needed

for heavy metal detoxification. By testing heavy metal sensitivity of a

coelomocyte-deficient, NP717, strain, we uncovered the essential role

of these cells in the detoxification of Cd, As and Cu. Since the

coelomocytes deficiency did not increase the sensitivity of worms to

hydrogen peroxide, we concluded that these cell types detoxify heavy

metals, but not the oxidative stress, a consequence of many stresses as

well as heavy metal toxicity. We also showed that although hmt-1 may

function in coelomocytes, it acts mainly outside these cell types in

metal detoxification.

Given that the HMT-1 counterparts in mammals, HsABCB6

and RnABCB6, are involved in homeostasis of the essential heavy

metal Fe or confer tolerance to Cu, respectively, and that HsABCB6

is expressed in similar tissues in humans as HMT-1 in C. elegans [20–

22], the HMT-1-dependent metal detoxification pathway of C.

elegans emerges as a novel model for studies of heavy metal-related

diseases, such as neurodegenerative conditions similar to Parkin-

son’s disease, dysfunction of digestive tract, and cancer [1,2,5,6].

Results and Discussion

Analyses of hmt-1 Deletion Alleles of C. elegans
Previous reverse genetic studies of hmt-1 and pcs-1 in C. elegans

relied on expression knockdown by RNAi [7,8]. Here, we used

hmt-1 deletion alleles, gk155 and gk161, and pcs-1(tm1748) allele. At

the onset of our studies, we determined the position of deletions by

sequencing gDNAs isolated from hmt-1(gk155), hmt-1(gk161) and

pcs-1(tm1748) worms.

Sequencing analysis revealed that hmt-1(gk155) has a 416 bp

deletion, encompassing the 1st exon and part of the 1st intron

(Figure 1A). An in-frame start codon is present downstream of the

deletion breakpoint, at the beginning of the 2nd exon. RT-PCR

analysis disclosed the presence of a truncated transcript (data not

shown), therefore, a truncated, Mr 87,900, polypeptide lacking two

cytosolic loops and a transmembrane domain of the NTE (N-

terminal extension) could be generated in hmt-1(gk155) (Figure 1A).

Nevertheless, given that the NTE is necessary for the activity of

some full-molecule ABC transporters, we suspect that even if a

truncated polypeptide were generated in this mutant allele, it

would not be functional [23,24]. Consistent with this suggestion,

we established that although hmt-1(gk155) worms were indistin-

guishable from the wild type worms in a medium devoid of heavy

metal, they were hypersensitive to Cd (Figure. 1C).

Allele gk161 is a 2149 bp deletion of the 5th, 6th and 7th exons

(Figure 1A). PCR analysis using oligos that are specific for the

internal part of the deletion verified that the deleted region is

absent (data not shown). Sequencing analysis established that the

transcriptional fusion of the 4th and 8th exons introduced a

premature stop codon. Therefore, if a translated truncated

polypeptide (Mr 22,800) were stable, it would lack the TMD and

NBD. These domains, however, are essential for ABC transporters

function [25]. Therefore, we suggested that gk161 is a null allele of

hmt-1. Consistent with this suggestion, hmt-1(gk161) worms were

hypersensitive to Cd (Figure 1C; Table S1).

We did not find significant differences in the sensitivity of gk155

and gk161 alleles to Cd (Figure 1C; Table S1). Since the HMT-1

polypeptide of gk161 allele lacked TMD and NBD that are

required for the function of ABC transporters, we used this strain

in our studies.

Analyses of pcs-1 Deletion Alleles of C. elegans
Sequencing analysis of gDNA from pcs-1(tm1748) worms

revealed a 588 bp deletion and 3 bp insertion that have led to

the removal of a part of the 59 untranslated region and exons 1

and 2 of the predicted splice variant PCS-1a, or a part of 59

untranslated region and exon 1 of the predicted splice variant PCS-

1b (Figure 1B). An in-frame start codon is present downstream of

the deletion breakpoint, at the beginning of the 3rd exon in PCS-1a

(or 2nd, in PCS-1b) that generated a stable transcript (data not

shown). Nevertheless, if a truncated 35 kDa polypeptide in this

allele were stable, it would not be functional since the deletion

removed an essential Cys57 residue of the catalytic triad that is

located in the conserved N-terminal part of PC synthases

(Figure 1B, [26–28]). Consistent with this suggestion was finding

that pcs-1(tm1748) worms were hypersensitive to Cd (Figure 1C;

Table S1). Furthermore, a comparison of concentrations at which

pcs-1(tm1748) and hmt-1(gk161) worms were able to reach adult

stage after 4 days of culturing disclosed that pcs-1(tm1748) worms

were much more sensitive to Cd than hmt-1(gk161) worms

(Figure 1C; Table S1).

Finally, pcs-1(tm1748) worms failed to accumulate PC when

cultured in medium supplemented with Cd. Reverse-phase HPLC

analysis of non-protein thiols in lysates from Cd-cultured wild-type

N2 worms revealed prominent peaks whose migration properties

were indistinguishable from those of PC2, PC3 and PC4 standards

(Figure 1D). The aggregate content of PC-thiols in N2 worms was

17 nmol/mg protein. In contrast, the content of PC-related thiols

in lysates from Cd-cultured pcs-1(tm1748) worms was below the

limit of detection (not shown).

Based on the position of the deletion, the acute hypersensitivity

of pcs-1(tm1748) worms to Cd and their failure to synthesize PCs,

we concluded that tm1748 is a null allele of pcs-1.

In Addition to Cd, CeHMT-1 Confers Tolerance to As and
Cu

Previous studies showed that SpHMT1 confers tolerance only to

Cd [16,17]. To determine if CeHMT-1 is involved in detoxifica-
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tion of other heavy metals, we tested the sensitivity of hmt-1(gk161)

worms to As and Cu. In doing so we established that unlike

SpHMT1, CeHMT-1 conferred tolerance to As and Cu in

addition to Cd (Figure 2, Tables S2, S3). Indeed, hmt-1(gk161)

worms were 1.6- and 5-fold more sensitive to the lowest (800 mM)

and highest (2000 mM) concentrations of As than wild-type worms

were (Figure 2A, Table S2).

Increasing concentrations of Cu, also affected the development

of hmt-1(gk161) worms (Figure 2C, Table S3). At 200 mM of Cu,

92.462.76% of N2 worms reached the adult stage, whereas only

73.866.9% of hmt-1(gk161) worms were adults. At the highest

concentration of Cu (300 mM), 80.564.35% of wild-type worms

have reached the adult stage, whereas only 67.265.3% of hmt-

1(gk161) worms were adults (Figure 2C, Table S3). Comparison

between the percentage of hmt1(gk161) worms that have reached

the adult stage in the medium with highest concentrations of As or

Cu revealed that hmt-1(gk161) worms were 3.8-fold more sensitive

to As than to Cu (Tables S2, S3).

It is noteworthy that the HMT-1 homolog from a mammal,

RnABCB6, confers tolerance to Cu as well [22]. These data, along

with our results showing that unlike SpHMT-1, CeHMT-1 confers

tolerance to multiple heavy metals and that HMT1 of S. pombe

groups separately from HMTs of C. elegans and mammals in the

HMT-1 subcluster when their polypeptide sequences are subjected

to phylogenetic analysis [16], suggest that the function of HMTs in

multicellular organisms have diverged from SpHMT1.

PCS-1 Is Also Required for Detoxification of Arsenic and
Copper

PCS-1 of C. elegans confers Cd tolerance by catalyzing synthesis of

heavy metal-binding Cys-rich peptides, phytochelatins (Figure 1D,

[7,29]). Since PCSs of S. pombe and Arabidopsis confer tolerance to

multiple heavy metals [12–14,30], we hypothesized that in addition

to Cd, CePCS-1 would confer tolerance to other heavy metals too.

As predicted, pcs-1(tm1748) worms were hypersensitive not only to

Cd, but also to As and Cu (Figure 2A–C, Tables S2, S3).

Similar to Cd (Figure 1C), pcs-1(tm1748) mutant worms were

more sensitive to As and Cu compared to hmt-1(gk161) mutants

(Figure 2A, B, Tables S2, S3). Based on the percentage of worms

that have reached the adult stage in the medium where heavy

metals left N2 worms unaffected (As [1000 mM] or Cu [200 mM]),

pcs-1(tm1748) worms were 1.3-fold more sensitive to As and 2-fold

more sensitive to Cu than hmt-1(gk161) and 2- and 1.2-fold more

sensitive than N2 worms.

Arsenic Affects Viability of Worms
To determine whether chronic exposure to Cd, As or Cu affects the

viability of worms that have reached adult stage after 4 days of

Figure 1. Molecular and functional analyses of hmt-1 and pcs-1 deletion alleles. A. Structure of the hmt-1 gene, location of deletion
mutations and domains of CeHMT-1 polypeptide. The black boxes depict regions encoding the N-terminal extension (NTE), light gray boxes depict
regions encoding the transmembrane domain (TMD), and white boxes depict regions encoding the nucleotide-binding domain (NBD). The positions
of gk155 and gk161 deletions are represented as lines above the genomic structure. B. Structure of the pcs-1 gene, location of the deletion mutation
and domains of the PCS-1 polypeptide. The grey boxes represent regions that encode a conserved N-terminal part of PCS-1. An asterisk indicates a
catalytic Cys57 residue of the conserved catalytic triad of the PCS-1 polypeptide. PCS-1a and PCS-1b are predicted splice variants of PCS-1. In A and B,
the exons and the introns are depicted as boxes and as connecting lines, respectively. C. Cd hypersensitivity of hmt-1 and pcs-1 deletion mutants.
Wild-type N2 (#), hmt-1(gk155) (N), hmt-1(gk161 (%) and pcs-1(tm1748) (&) adult hermaphrodites were placed individually onto NGM plates with
indicated concentrations of Cd and allowed to lay eggs. Shown are the percentages of the progeny that had reached adulthood 4 days after
hatching. The total number of worms used for each strain and condition, and statistical significance of measurements are shown in Table S1. D.
Reverse-phase HPLC analysis of phytochelatins in lysates prepared from Cd-grown N2 wild-type worms. The peaks designated ‘‘PC2’’, ‘‘PC3’’ and ‘‘PC4’’
were identified on the basis of their co-migration with the in vitro synthesized PC standards [41].
doi:10.1371/journal.pone.0009564.g001

Coelomocytes Detoxify Metals

PLoS ONE | www.plosone.org 3 March 2010 | Volume 5 | Issue 3 | e9564



culturing, we analyzed them after an additional 24 h (corresponding to

5 days of culturing in the presence of heavy metals). Chronic exposure

of wild-type, pcs-1(tm1748) and hmt-1(gk161) mutants to Cd or Cu did

not affect the viability of worms that have reached adult stage (not

shown). However, the viability of adult worms in the medium with As

was significantly affected (Figure 2B, Table S2). When the viability of

worms was compared at the highest used concentration of As

(2000 mM), hmt-1(gk161) and pcs-1(tm1748) worms were 3.8- and 4.5-

fold more sensitive respectively than N2 worms.

pcs-1 and hmt-1 Do Not Act in a Linear Pathway in
Detoxification of As or Cu

We previously showed that hmt-1 and pcs-1 do not act in concert

to detoxify Cd [8,16]. To determine if they would share the same

or distinct pathways in detoxifying As and Cu, we compared heavy

metal sensitivity of single and double knockout animals. Our

expectation was that if hmt-1 acts in a distinct pathway in

detoxifying As and/or Cu, its loss-of-function in conjunction with

pcs-1 may increase Cd hypersensitivity of hmt-1 mutants (i.e. due to

additive effects of two compromised detoxification pathways). On

the other hand, if hmt-1 acts in the same pathway as pcs-1, heavy

metal hypersensitivity may not increase.

Our studies showed that a double pcs-1(tm1748);hmt-1(gk161)

knockout was more sensitive to As and Cu than single pcs-

1(tm1748) or hmt-1(gk161) knockouts regardless whether worms

were scored as a number of individuals that have reached the adult

stage, or as the number of adults that have died in the medium

with As (Figure 2A–C). When scored as the percentage of worms

that have reached the adult stage in the medium with the lowest

concentration of As (800 mM), pcs-1(tm1748);hmt-1(gk161) worms

were 1.2-, 1.4- and 1.8-fold more sensitive than hmt-1(gk161), pcs-

1(tm1748), or N2 worms respectively. When scored as the

percentage of worms that have reached the adult stage when

cultured in the medium with the lowest concentration of Cu

(100 mM), pcs-1(tm1748);hmt-1(gk161) worms were 1.6-, 1.7-, and

1.8-fold more sensitive than pcs-1(tm1748), hmt-1(gk161) or N2

worms respectively.

These data are consistent with our previous genetic and

biochemical studies of the HMT-1-dependent heavy metal

detoxification pathway [8,16] and show that hmt-1 and pcs-1 do

not act in a linear pathway for the detoxification of other heavy

metals as well as Cd.

hmt-1 and pcs-1 Are Expressed in Distinct Cell Types of C.
elegans, but Are Co-Expressed in Coelomocytes

To study the expression patterns of hmt-1 and pcs-1 and

determine which tissues and cell types might be involved in the

detoxification of heavy metals, we generated transgenic worms

expressing GFP under the control of hmt-1 or pcs-1 promoters

(phmt-1::GFP and ppcs-1::GFP, respectively). We chose the VF1.1

line from five independent transgenic lines exhibiting the same

pattern of phmt-1::GFP-derived fluorescence and the VF15.1 line

from nine independent transgenic lines exhibiting the same

pattern of ppcs-1::GFP-derived fluorescence for subsequent studies.

Analysis of the distribution of GFP-mediated fluorescence in the

VF1.1 line disclosed the hmt-1 promoter activity in intestinal cells

and head and tail neurons (Figure 3). Expression of hmt-1 in

intestinal cells, but not in head and tail neurons was also observed

by Zhao et al [31]. This discrepancy could be due to the absence

of some regulatory elements in a construct that was used for

generating transgenic animals in Zhao et al [31]. We recently

confirmed the pattern of hmt-1-expression observed in our study

using a rescuing hmt-1 genomic fragment (Kim, S., Sharma, A.,

Vatamaniuk, O.K. in preparation).

Analysis of the distribution of the GFP-mediated fluorescence in

the VF15.1 strain showed the pcs-1 promoter activity in the

hypodermis, the pharyngeal grinder, the pharyngeal-intestinal

valve, and the bodywall and vulval muscles, but not in tissues and

cell types expressing hmt-1 (Figure 4). This observation is consistent

with the suggestion that pcs-1 and hmt-1 act in distinct tissues and

agrees with our genetic studies showing that hmt-1 and pcs-1

function in distinct detoxification pathways.

Although the bulk of the GFP expression, driven by hmt-1 or pcs-

1 promoters was found in distinct tissues, we also detected GFP in

coelomocytes of both, phmt-1::GFP and ppcs-1::GFP transgenic

animals. Coelomocytes are large, ovoid mesodermal cells that are

distributed as three pairs in the pseudocoelom (body cavity) and

continuously and nonspecifically endocytosing pseudocoelomic

fluid (Figure 5A, [18]). Coelomocytes have been regarded to

function as a primitive liver, although toxin-mediated ablation of

Figure 2. hmt-1 is required for As and Cu tolerance and acts independently from pcs-1. Wild-type N2 (#, N2), hmt-1(gk161) (N, hmt-1), pcs-
1(1748) (%, pcs-1) and pcs-1(tm1748);hmt-1(gk161) (&, pcs-1;hmt-1) adult hermaphrodites were placed individually onto NGM plates with indicated
concentrations of As (A, B) or Cu (C). As and Cu sensitivities were analyzed in the progeny after 4 days of culturing at 20uC. The percentages of
worms that had reached adulthood 4 days after hatching are shown in A and C. The percentages of adult worms that had survived on medium with
As after 5 days of culturing are shown in B. The total number of worms used for each strain and condition, and statistical significance of
measurements are shown in Tables S2, S3.
doi:10.1371/journal.pone.0009564.g002
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coelomocytes results in viable animals under standard laboratory

conditions [18]. Therefore, the function of coelomocytes in C.

elegans is still unknown.

Coelomocyte-Deficient Worms Are Sensitive Mainly to
Heavy Metals, but Not to Oxidative Stress

Finding that genes required for heavy metal detoxification, hmt-

1 and pcs-1, were expressed in coelomocytes raised the intriguing

possibility that coelomocytes, whose function was unknown, might

be involved in heavy metal detoxification. To test the function of

coelomocytes in heavy metal detoxification, coelomocyte-deficient

worms were assayed for sensitivity to Cd, Cu and As.

The coelomocyte-deficient strain, NP717, was generated by

expressing a variant of the Diphtheria toxin A fragment (E148D) in

worms under the control of the coelomocyte-specific unc-122

promoter as described previously [18,32,33]. In addition, the

NP717 strain was engineered to express ssGFP that is secreted into

the pseudocoelom from bodywall muscles [18]. If coelomocytes are

present and functional, the ssGFP is taken-up and degraded by

coelomocytes as shown for strain GS1912 (Figure 5B, [18]). The lack

of coelomocytes function in NP717 worms was confirmed by the

accumulation of ssGFP in the pseudocoelom (Figure 5B, C, [18]).

Analysis of heavy metal sensitivity showed that the development

of coelomocyte-deficient worms was prematurely arrested or

delayed in medium supplemented with heavy metals (Figure 6,

Table S4). At 50 mM of Cd, only 38.564.3% of NP717 worms

had reached adult stage, whereas 100% of GS1912 and N2 control

worms were egg-laying adults (Figure 6A, Table S4). At higher

concentration of Cd (75 mM), only 15.964.6% of NP717 worms

had reached adult stage, whereas 99.660.4% of GS1912 and

100% of N2 worms were young adults (Figure 6A, Table S4). We

also observed a pronounced sensitivity of NP717 worms to Cu.

The highest concentration of Cu used in this experiment (200 mM)

allowed 100% of N2 wild-type worms to reach adulthood

compared to 37.266.9% of NP717 worms (Figure 6B, Table

S4). Increasing concentrations of As in the medium affected

developmental rates and viability of NP717 worms as well

(Figure 6C, D; Table S4).

To test if the observed Cd, As and Cu sensitivity of coelomocyte-

deficient worms is specific to metals, we examined the response of

NP717 worms to oxidative stress, an inevitable consequence of

many stresses as well as heavy metal toxicity [2]. Response to

oxidative stress was evaluated by comparing the ability of NP717

and wild-type worms to survive in the presence of a reactive oxygen

species (ROS), hydrogen peroxide (H2O2). Results showed that the

viability of NP717 worms was indistinguishable from wild-type

worms when cultured on NGM plates lacking H2O2 (Figure 6E).

Addition of H2O2 to the medium significantly affected the survival

of N2 and NP717 worms (p = 0.016, and p = 0.005 respectively).

Although the viability of NP717 worms in the presence of H2O2

appeared to be lower than of wild-type worms, this difference was

not statistically significant (p = 0.829). Therefore, we concluded that

coelomocytes are mainly involved in detoxification of heavy metals,

but not of oxidative stress.

hmt-1 Acts Primarily outside Coelomocytes
To determine whether hmt-1 acts via coelomocytes, we

generated coelomocyte-deficient hmt-1(gk161) worms (VF14 strain)

Figure 3. Fluorescence (A, C, E) and differential interference contrast (DIC [B, D, F]) microphotographs showing the expression
pattern of hmt-1. Expression of hmt-1 was analyzed by following the distribution of GFP-mediated fluorescence in transgenic animals expressing
GFP from the hmt-1 promoter. For visualizing neurons, we used worms at the L2 larval stage (A, B), while we used adults for visualizing GFP-mediated
fluorescence in other tissues and cell types (C, D, E, F). Worms were immobilized in 20 mM NaN3. Epifluorescence micrographs were captured using
the GFP-specific filter set and an AxioCam MRc camera interfaced with the Zeiss Axioscope 2 plus microscope. Tissues expressing phmt-1::GFP are
indicated with arrows.
doi:10.1371/journal.pone.0009564.g003
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and compared their Cd sensitivity with sensitivities of hmt-1(gk161)

worms and of coelomocyte-deficient, NP717, worms. If hmt-1 acts

in coelomocytes, their absence may not increase heavy metal

sensitivity of hmt-1(gk161) worms. In contrast, if hmt-1 does not act

in coelomocytes, Cd sensitivity of coelomocyte-deficient hmt-

1(gk161) worms might increase (due to an additive effect of a

compromised hmt-1-dependent and coelomocyte-dependent de-

toxification pathway).

Comparison of Cd sensitivity of hmt-1(gk161), coelomocyte-

deficient, and coelomocyte-deficient hmt-1(gk161) worms yielded

the following observations: 1) at heavy metal concentrations

required for about 50% decrease in the number of worms that

have reached adulthood, hmt-1(gk161) worms were about 20-fold

more sensitive to Cd than coelomocyte-deficient worms (Figure 7,

Table S5); 2) ablation of coelomocytes in hmt-1(gk161) worms did

not increase Cd sensitivity of hmt-1 mutants (Figure 7, Table S5).

Figure 4. Fluorescence (A, C, E, G) and DIC (B, D, F, H) images showing the expression pattern of pcs-1. Transgenic adult worms
expressing GFP from the pcs-1 promoter were immobilized in 20 mM NaN3 and analyzed by DIC and epifluorescence microscopy. Cell types
expressing ppcs-1::GFP are indicated with arrows.
doi:10.1371/journal.pone.0009564.g004
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Figure 5. Visualizing the coelomocyte deficiency. A schematic drawing of a worm shows that fluids secreted into the pseudocoelom from
surrounding tissues accumulate in coelomocytes (A, modified from Fares and Greenwald, 2001 [18]). Epifluorescence micrographs of GS1912 (B) and
NP717 (C) worms. In GS1912, ssGFP is expressed in body wall muscles from myo-3 promoter, secreted into the pseudocoelom and accumulated in
coelomocytes [18]. White arrows indicate accumulation of GFP in coelomocytes (cc, B). As a result of coelomocytes ablation in NP717, GFP
accumulates in the pseudocoelom [18] (C).
doi:10.1371/journal.pone.0009564.g005

Figure 6. Coelomocyte-deficient worms are sensitive mainly to heavy metals, but not to oxidative stress. N2 wild-type (N2), GS1912
(GS) and NP717 (NP) adult hermaphrodites were placed onto NGM plates supplemented with indicated concentrations of CdCl2 (A), CuCl2 (B) or
NaAsO2 (C, D). The percentages of worms that had reached adulthood 4.5 days after hatching are shown in A, B and C. The percentages of adult
worms that had survived on the medium with As after 5.5 days of culturing are shown in D. The asterisks indicate statistically significant differences
(*p#0.05, **p#0.01). Numbers of worms analyzed for each strain and condition are presented in Table S4. E. N2 (#) or NP717 (%) adult worms were
incubated on standard NGM plates (0 mM H2O2). N2 or NP717 worms, incubated on plates with 4 mM H2O2 (4 mM H2O2) are indicated as N and &

respectively. Sixty worms were tested for each condition and each stain. p-values are indicated in the main body of the manuscript.
doi:10.1371/journal.pone.0009564.g006
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The latter observation is consistent with hmt-1 acting, at least in

part, via coelomocytes. Nevertheless, considering that hmt-1(gk161)

worms with or without coelomocytes were much more sensitive to

Cd than coelomocyte-deficient worms having functional hmt-1, we

concluded that hmt-1 acts mainly outside coelomocytes, but may

act in part in coelomocytes. Our future analysis of the effect of the

cell-type specific expression of HMT-1 in transgenic hmt-1(gk161)

worms on their heavy metal sensitivity will identify tissues and cell

types requiring HMT-1 for heavy metal detoxification.

Concluding Remarks
Four central conclusions can be derived from these investiga-

tions. First, CeHMT-1 is distinct from its S. pombe counterpart in

that it confers tolerance not only to Cd, but also to other heavy

metals and metalloids, As and Cu. These data along with

observations that RnABCB6 provides Cu tolerance [22] and our

previous phylogenetic analysis showing that SpHMT1 clusters

separately from HMTs from C. elegans, Drosophila and mammals

[16] suggest that the functions of HMTs in multicellular organisms

have diverged from their counterpart in the unicellular organism

S. pombe. Second, results of the genetic analysis of the relationship

between hmt-1 and pcs-1 and the expression patterns of hmt-1 and

pcs-1 substantiate our previous observations that these genes do not

act in a simple linear heavy metal detoxification pathway. Third,

although coelomocytes have been regarded to act as a primitive

liver, their role in C. elegans was unknown. The findings reported

here represent the first demonstration of the function of

coelomocytes of C. elegans: these cell types are essential for

detoxification of heavy metals, but not of ROS, which are by

products of multiple stresses as well as heavy metal toxicity.

Whether in addition to heavy metals coelomocytes detoxify other

toxins, and whether these toxic substances accumulate in

coelomocytes, merits in-depth investigation. Fourth, we showed

that hmt-1 is expressed in coelomocytes, head neurons, and

intestinal cells. Given that HMT-1 counterpart of humans,

ABCB6, is expressed in similar tissues and cell types, and since

these tissues are affected by heavy metals [1,2,20,21,34,35], future

studies of the hmt-1 pathway in C. elegans may lead to the

development of novel models for studies of heavy metal-caused

neurodegenerative conditions and diseases of the digestive tract.

Materials and Methods

C. elegans Culture Conditions and Strains
C. elegans strains were maintained at 20uC on solid Nematode

Growth medium (NGM) using the E. coli OP50 strain as a food

source [36]. Heavy metals or H2O2 were added to the nematode

growth medium (NGM) at the concentrations indicated and

sensitivity tests were performed as described below.

We used the following C. elegans strains in our studies:

Bristol N2 (wild-type, and parent of all mutant strains)

DP38: unc-119 (ed3)III

VF1: unc-119(ed3)III;gfEx1[phmt-1::GFP;unc-119(+)]

VF2: pcs-1(tm1748)II

VF3: hmt-1(gk161)III

VF8: hmt-1(gk155)III

VF9: pcs-1(tm1748)II;hmt-1(gk161)III

VF14: hmt-1(gk161)III;arls37;cdls32(pcc1::DT-A(E148D);unc-119-

pmyo-2::GFP)

VF15: unc-119(ed3)III; gfEx2[ppcs-1::GFP; unc-119(+)]

NP717: unc-119(ed3); arls37; cdls32(pcc1::DT-A(E148D); unc-

119(+) pmyo-2::GFP)

GS1912: dpy-20(e1282); arls37(pmyo-3::ssGFP). In the GS1912

strain 79 amino acids from SEL-1, including a signal sequence, are

fused to GFP (ssGFP). ssGFP is expressed in body wall muscles

from the myo-3 promoter. The GFP that is secreted into the

pseudocoelom is endocytosed and is accumulated in coelomocytes

[18].

Prior to analyses, pcs-1(tm1748), hmt-1(gk161) and hmt-1(gk155)

alleles were backcrossed six times to N2 using standard genetic

techniques. Deletions were confirmed by PCR and gel electro-

phoresis. The boundaries of deletions were determined by

sequencing gDNA isolated from mutant worms. The following

primer pairs were used for PCR and sequencing:

hmt-1(gk155):

59-CCACGATCCACGTAATTTAG

39-CAGACATTTCCGCTTTCAAC

hmt-1(gk161):

59-TGAGCGGTGTGTAGAGTTGG

39-TTCACTGGCTTTTGCCTTCT

pcs-1(tm1748):

59- TTTCGAATGGCCACGCTATG

39- CATGCCGACTCGAGCTGTTA

pcs-1 and hmt-1 are located on chromosome II and III

respectively. To create double mutants hmt-1(gk161) was mated

to pcs-1(tm1748) using standard genetic techniques [36]. The

presence of hmt-1(gk161) and pcs-1(tm1748) deletions in the

generated VF9 pcs-1 (tm1748)II; hmt-1(gk161)III strain was

confirmed by PCR and gel electrophoresis.

Generation of the Coelomocyte-Deficient Worms
The coelomocyte deficiency of worms (NP717 strain) was

achieved by toxin-ablation due to the expression the Diphtheria

toxin A fragment (E148D), which possesses 1.6% of the wild-type

activity, under the control of a coelomocyte-specific promoter

[18,32]. Specifically, pJF143 plasmid (expressing the Diphtheria

toxin A fragment bearing an E148D substitution replacing GFP in

plasmid pcc1) and pHD137 plasmid (expressing both wild-type

unc-119 and GFP in pharyngeal cells) were introduced into the

Figure 7. Cadmium sensitivity of coelomocyte-deficient hmt-
1(gk161) mutant worms. Wild- type (N2), coelomocyte-deficient
(NP717), hmt-1(gk161) (hmt-1), and coelomocyte-deficient hmt-
1(gk161) (VF14) adult hermaphrodites were placed on the NGM
medium supplemented with indicated concentrations of CdCl2. Worms
were analyzed for heavy metal sensitivity after 4.5 days of culturing at
20uC. Shown are the percentages of worms that had reached adulthood
4.5 days after hatching. The asterisks indicate statistically significant
differences (*p#0.05, **p#0.01). Numbers of worms analyzed for each
strain and condition are presented in Table S5.
doi:10.1371/journal.pone.0009564.g007
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strain NP660 [unc-119(ed3); arIs37(pmyo-3::ssGFP)] by ballistic

transformation [18,33,37].

To ablate coelomocytes in hmt-1(gk161) worms, hmt-1(gk161)

males were crossed to NP717 hermaphrodites. Coelomocyte-

deficient hmt-1(gk161) worms (VF14 strain) were selected in F2

based on acute Cd sensitivity resulting from hmt-1 deficiency

(Figure 1C, [8] and accumulation of GFP in the pseudocoelom,

resulting from the coelomocytes deficiency [18].

Heavy Metal and Oxidative Stress Sensitivities Tests
For analysis of heavy metal sensitivity, adult worms (P0) were

placed individually on NGM plates with or without heavy metals

(two adults/plate) and allowed to lay eggs for 4–5 h at 20uC before

the adult worms were removed and laid eggs were counted. The

effect of heavy metals on hatching was analyzed after 24 h. Heavy

metals in concentrations used did not appear to affect hatching of

wild-type or mutant strains. Instead, heavy metal sensitivity of

mutant strains was manifested as larval arrest or delay in larval

stages. Therefore, we evaluated heavy metal sensitivity by assessing

the percentage of worms from the total number of hatched worms

that have reached the adult stage in media with heavy metals. We

assessed heavy metal sensitivity after 4.0 or 4.5 days (for NP717

and VF14) of culturing, when hatched worms have reached the

adult stage in control (without heavy metals) conditions. We

evaluated the viability of worms after additional 24 h of culturing

in the presence of heavy metals. Worms were considered dead if

they would not move on a plate and would not respond to a gentle

touch with a worm pick. Since we started these assays with

synchronous population (eggs), all N2 worms and all worms of

some of mutant strains were adults after 4 days of culturing in

control (without heavy metals) conditions.

The sensitivity of NP717 to oxidative stress was tested by

evaluating the viability of worms during culturing in the presence

of hydrogen peroxide (H2O2). Freshly-made NGM plates with or

without 4 mM H2O2 were seeded with E. coli OP50. After

bacterial loan has dried-out, young adults of NP717 or N2 wild-

type worms were placed on plates (10 worms/plate). The viability

of worms was evaluated every hour. Worms were considered dead

if they would not move on a plate and would not respond to a

gentle touch with a worm pick.

The results represent mean values of at least three independent

experiments each of which had three experimental replicates.

Statistical significance of measurements was determined using

ANOVA Single Factor Analysis. The total number of worms used

in each experiment and condition is indicated in Tables S1–S5.

The absence of standard error (S.E.) bars in some parts of some

figures indicates that either all of worms had reached the adult

stage or survived at the particular condition, or that the S.E. values

were very low and thus S.E. bars were behind symbols.

Measurement of PC Content in Worms
Adult hermaphrodites were collected from NGM plates with

M9 medium and washed free from E.coli OP50 by three rounds of

centrifugation (3,5006g for 2 min) and resuspension in M9

medium. Collected worms were inoculated at a concentration of

30 worms/100 ml into 250 ml of liquid S-medium with Fe-HBED

as the Fe source and E. coli OP50 as the food source. Worms were

cultured for 5 days before CdCl2 was added to a final

concentration of 100 mM for the activation of PC synthesis. After

24 h of incubation in the presence of Cd, worms were collected,

washed free from bacteria in S-buffer and resuspended in lysis

buffer containing 50 mM TRIS-HCl, pH 7.8, 10 mM 2-mercap-

toethanol and 1 mM phenylmethylsulfonyl fluoride (PMSF), and

1 mg/ml each of leupeptin, aprotinin, and pepstatin. Worms were

broken by sonication at 4uC in lysis buffer and worm debris was

cleared by centrifugation at 3,5006g for 10 min. PCs were

analyzed in the supernatant by reverse-phase high-performance

liquid chromatography (RP-HPLC) as described [7].

Generation of Transgenic Worms Expressing phmt-1::GFP
To generate the transcriptional reporter, phmt-1::GFP, a 2.1 kb

region of the genomic sequence immediately upstream of the

start of the hmt-1 coding sequence was PCR-amplified using 59-

CCCAG2GGGCCGCGGAAACTAGTTTTTTAAATTAATA-

AATT and 39-AAGCCCATGGTACCGGATTTTTTGGCCT-

GAAAATCTATAA primer pairs, designed to introduce SacII and

KpnI restriction enzyme recognition sites at the 59 and 39ends

respectively. After restriction digestion, the PCR product was fused

with the gfp gene of the pPD117.01 vector [38]. The resulting

pPD117.01-phmt-1::GFP construct was co-injected at 80 ng/ml with

the selectable marker, a plasmid carrying a functional unc-119 gene

(unc-119(+), 100 ng/ml) into the gonadal syncytium of severely

paralyzed (uncoordinated, Unc) unc-119(ed3) adult hermaphrodites

[39,40]. Non-unc transgenic animals exhibiting GFP-mediated

fluorescence were selected using Leica MZ16FA automated

fluorescence stereozoom microscope with Leica EL6000 metal

halide illuminator. One line, VF1.1, of five independently-derived

transgenic lines showing the same GFP expression pattern, was

used for subsequent analyses.

Generation of ppcs-1::GFP Expressing Transgenic Worms
The transcriptional reporter ppcs-1::GFP was constructed by

placing the PCR-amplified 1589 bp genomic DNA fragment

upstream of 59 of the start of pcs-1 into SphI/KpnI sites of the

pPD117.01 vector [38]. The primer pairs for PCR-amplification

of the pcs-1 promoter were: 59-CTCCAGAAGCATGCC-

TATTGTCCTGGGTGCGATATTCT and 39- CCGACAT-

GGTACCTTTTGAAGTGTCTGCAATTAT. The resulting pP-

D117.01-ppcs1::GFP construct (80 ng/ml) was co-injected with a

plasmid, carrying a functional unc-119 (100 ng/ml) into the

gonadal syncytium of unc-119 (ed3) animals [39,40]. Non-unc

transgenic animals exhibiting GFP-mediated fluorescence were

selected using Leica MZ16FA automated fluorescence stereozoom

microscope equipped with Leica EL6000 metal halide illuminator.

Nine independent transgenic lines exhibited a similar pattern of

GFP-mediated fluorescence. One line, VF15.1, was used for

subsequent analyses.

Microscopy
Worms were mounted onto 2% agarose pads, immobilized in

20 mM NaN3 and viewed with a Zeiss Axioscope 2 plus

microscope equipped with differential interference contrast

(DIC), polarization, and fluorescence optics. As determined by

comparing GFP-mediated fluorescence in mobile worms and

NaN3-immobilized worms, this anesthetic did not affect the

expression pattern of GFP. Micrographs were captured using a

Zeiss AxioCam MRc camera and Zeiss AxioVision 4.6 software.

Supporting Information

Table S1 Cadmium sensitivity of pcs-1 and hmt-1 knockout

worms. Two adult hermaphrodites were placed per NGM plate

with the indicated concentration of Cd and allowed to lay eggs for

4–5 h at 20uC before the adult worms were removed. Shown are

the percentages of the progeny that had reached adulthood 4 days

after hatching. Statistically significant difference between the mean

values of N2 wild-type and mutant strains (p#0.01) is indicated as

*. Statistically significant difference between the mean values of
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pcs-1(tm1748) and each of an hmt-1 knockout allele (p#0.01) is

indicated by the section sign.

Found at: doi:10.1371/journal.pone.0009564.s001 (0.04 MB

DOC)

Table S2 Arsenic sensitivity of different knockout alleles. Adult

hermaphrodites were placed on NGM plate with the indicated

concentration of As and allowed to lay eggs for 4–5 h at 20uC
before the adult worms were removed. Shown are the

percentages of the progeny that had reached adulthood 4 days

after hatching. The viability of worms was evaluated after

additional 24 h of culturing in the presence of As. The number of

worms analyzed at different concentrations of As was: N2: 0 mM -

435; 800 mM - 362; 1000 mM - 222; 1500 mM - 128; 2000 mM -

146; pcs-1(tm1748): 0 mM - 433; 800 mM - 142; 1000 mM - 98;

1500 mM - 96; 2000 mM - 91; hmt-1(gk161): 0 mM - 392; 800 mM

- 209; 1000 mM - 312; 1500 mM - 100; 2000 mM - 98; pcs-

1(tm1748); hmt-1(gk161): 0 mM - 382; 800 mM - 152; 1000 mM -

189; 1500 mM - 101; 2000 mM - 98. Statistically significant

difference between the mean values of N2 and mutant strains

(p#0.05) is indicated as *. Statistically significant difference

between the mean values of double pcs-1(tm1748);hmt-1(gk161)

mutants and each of a pcs-1 or hmt-1 knockout allele (p#0.05) is

indicated by the section sign.

Found at: doi:10.1371/journal.pone.0009564.s002 (0.04 MB

DOC)

Table S3 Copper sensitivity of pcs-1 and hmt-1 knockout alleles.

Two adult hermaphrodites were placed per NGM plate with the

indicated concentration of Cu and allowed to lay eggs for 4–5 h at

20uC, before the adult worms were removed. Shown are the

percentages of the progeny that had reached adulthood 4 days

after hatching. The number of worms analyzed at different

concentrations of CuCl2 was as follows: N2: 0 mM - 204; 100 mM -

155; 200 mM - 144; 300 mM - 152; pcs-1(tm1748): 0 mM - 222;

100 mM - 120; 200 mM - 178; 300 mM - 96; hmt-1(gk161): 0 mM -

135; 100 mM - 109; 200 mM - 95; 300 mM - 86; pcs-1(tm1748);hmt-

1(gk161): 0 mM - 153; 100 mM - 165; 200 mM - 83; 300 mM - 104.

Statistically significant difference between the mean values of N2

wild-type and mutant strains (p#0.05) is indicated as *.

Statistically significant difference between the mean values of

pcs-1(tm1748) and hmt-1 or pcs-1;hmt-1 knockout worms (p#0.05) is

indicated by the section sign. Statistically significant difference

between the mean values of hmt-1(gk161) allele and pcs-1(tm1748)

or pcs-1;hmt-1 knockout alleles (p#0.05) is indicated as ".

Found at: doi:10.1371/journal.pone.0009564.s003 (0.04 MB

DOC)

Table S4 Heavy metal sensitivity coelomocyte-deficient worms

(NP717 strain). Two adult hermaphrodites from each strain were

placed per NGM plate with the indicated concentration of heavy

metal and allowed to lay eggs for 4–5 h at 20uC. Shown are the

percentages of the progeny that had reached adulthood 4.5 days

after hatching. Statistically significant difference between the mean

values of N2 wild-type and mutant strains is indicated as *

(p#0.05) or ** (p#0.01).

Found at: doi:10.1371/journal.pone.0009564.s004 (0.04 MB

DOC)

Table S5 Cadmium sensitivity of hmt-1(gk161) (VF3 strain),

coelomocyte-deficient worms (NP717 strain) and coelomocyte-

deficient hmt-1(gk161) worms (VF14 strain). Two adult hermaph-

rodites from each strain were placed per each NGM plate with the

indicated concentration of Cd and allowed to lay eggs for 4–5 h at

20uC before the adult worms were removed. Shown are the

percentages of the progeny that had reached adulthood 5 days

after hatching. Statistically significant difference between the mean

values of N2 wild-type and mutant strains is indicated as *

(p#0.05) or ** (p#0.01).

Found at: doi:10.1371/journal.pone.0009564.s005 (0.04 MB

DOC)

Acknowledgments

Some nematode strains used in this work were provided by the C. elegans

Genetic Center, which is funded by the National Institutes of Health’s

National Center for Research Resources; the C. elegans Knockout

Consortium and the Mitani laboratory (National Bioresource Project,

Tokyo Women’s Medical University, Japan). We thank Drs. Phil Rea,

Meera Sundaram (University of Pennsylvania), Kelly Liu (Cornell

University) and Sheena Gayomba and Sugjin Kim (Cornell University)

for advising on the manuscript.

Author Contributions

Conceived and designed the experiments: OV. Performed the experiments:

MSS JLB DSS AKS AGYC OV. Analyzed the data: MSS JLB DSS AKS

OV. Contributed reagents/materials/analysis tools: HD HF OV. Wrote

the paper: OV.

References

1. Uriu-Adams JY, Keen CL (2005) Copper, oxidative stress, and human health.
Mol Aspects Med 26: 268–298.

2. Valko M, Morris H, Cronin MT (2005) Metals, toxicity and oxidative stress.

Curr Med Chem 12: 1161–1208.

3. Hyman MH (2004) The impact of mercury on human health and the
environment. Altern Ther Health Med 10: 70–75.

4. Vallee BL, Ulmer DD (1972) Biochemical effects of mercury, cadmium, and
lead. Annu Rev Biochem 41: 91–128.

5. Takeda A (2003) Manganese action in brain function. Brain Research Reviews

41: 79–87.

6. Waalkes MP (2000) Cadmium carcinogenesis in review. J Inorg Biochem 79:
241–244.

7. Vatamaniuk OK, Bucher EA, Ward JT, Rea PA (2001) A new pathway for

heavy metal detoxification in animals. Phytochelatin synthase is required for
cadmium tolerance in Caenorhabditis elegans. J Biol Chem 276: 20817–20820.

8. Vatamaniuk OK, Bucher EA, Sundaram MV, Rea PA (2005) CeHMT-1, a
putative phytochelatin transporter, is required for cadmium tolerance in

Caenorhabditis elegans. J Biol Chem 280: 23684–23690.

9. Grill E, Loffler S, Winnacker EL, Zenk MH (1989) Phytochelatins, the heavy-
metal-binding peptides of plants, are synthesized from glutathione by a specific

gamma-glutamylcysteine dipeptidyl transpeptidase (phytochelatin synthase).

Proc Natl Acad Sci U S A 86: 6838–6842.
10. Hanikenne M, Matagne RF, Loppes R (2001) Pleiotropic mutants hypersensitive

to heavy metals and to oxidative stress in Chlamydomonas reinhardtii. FEMS

Microbiol Lett 196: 107–111.

11. Ortiz DF, Kreppel L, Speiser DM, Scheel G, McDonald G, et al. (1992) Heavy

metal tolerance in the fission yeast requires an ATP-binding cassette-type

vacuolar membrane transporter. EMBO J 11: 3491–3499.

12. Vatamaniuk OK, Mari S, Lu YP, Rea PA (1999) AtPCS1, a phytochelatin

synthase from Arabidopsis: isolation and in vitro reconstitution. Proc Natl Acad

Sci U S A 96: 7110–7115.

13. Howden R, Andersen CR, Goldsbrough PB, Cobbett CS (1995) A cadmium-

sensitive, glutathione-deficient mutant of Arabidopsis thaliana. Plant Physiol 107:

1067–1073.

14. Clemens S, Kim EJ, Neumann D, Schroeder JI (1999) Tolerance to toxic metals

by a gene family of phytochelatin synthases from plants and yeast. EMBO J 18:

3325–3333.

15. Ortiz DF, Ruscitti T, McCue KF, Ow DW (1995) Transport of Metal-binding

Peptides by HMT1, A Fission Yeast ABC-type Vacuolar Membrane Protein.

J Biol Chem 270: 4721–4728.

16. Sooksa-Nguan T, Yakubov B, Kozlovskyy VI, Barkume CM, Howe KJ, et al.

(2009) Drosophila ABC transporter, DmHMT-1, confers tolerance to cadmium.

DmHMT-1 and its yeast homolog, SpHMT-1, are not essential for vacuolar

phytochelatin sequestration. J Biol Chem 284: 354–362.

17. Preveral S, Gayet L, Moldes C, Hoffmann J, Mounicou S, et al. (2009) A

Common Highly Conserved Cadmium Detoxification Mechanism from

Bacteria to Humans: Heavy metal tolerance conferred by the ATP-binding

cassette (ABC) transporter SpHMT1 requires glutathione but not metal-

chelating phytochelatin peptides. J Biol Chem 284: 4936–4943.

Coelomocytes Detoxify Metals

PLoS ONE | www.plosone.org 10 March 2010 | Volume 5 | Issue 3 | e9564



18. Fares H, Greenwald I (2001) Genetic analysis of endocytosis in Caenorhabditis

elegans: coelomocyte uptake defective mutants. Genetics 159: 133–145.
19. Fares H, Grant, B (2002) Deciphering endocytosis in Caenorhabditis elegans.

Traffic 3: 11–19.

20. Krishnamurthy PC, Du G, Fukuda Y, Sun D, Sampath J, et al. (2006)
Identification of a mammalian mitochondrial porphyrin transporter. Nature

443: 586–589.
21. Mitsuhashi N, Miki T, Senbongi H, Yokoi N, Yano H, et al. (2000) MTABC3, a

Novel Mitochondrial ATP-binding Cassette Protein Involved in Iron Homeo-

stasis. J Biol Chem 275: 17536–17540.
22. Abdul Jalil Y, Ritz V, Jakimenko A, Schmitz-Salue C, Siebert H, et al. (2008)

Vesicular localization of the rat ATP-binding cassette half-transporter rAbcb6.
Am J Physiol Cell Physiol 294: C579–590.

23. Mason DL, Michaelis S (2002) Requirement of the N-Terminal Extension for
Vacuolar Trafficking and Transport Activity of Yeast Ycf1p, an ATP-binding

Cassette Transporter. Mol Biol Cell 13: 4443–4455.

24. Fernandez-Mateus SB, Holla Z, Kern A, Bakos E, Fischer PA, et al. (2002) Role
of the N-terminal Transmembrane Region of the Multidrug Resistance Protein

MRP2 in Routing to the Apical Membrane in MDCKII Cells. Journal of
Biological Chemistry 277: 31048–31055.

25. Rea PA (2007) Plant ATP-binding cassette transporters. Annu Rev Plant Biol 58:

347–375.
26. Vatamaniuk OK, Mari S, Lang A, Chalasani S, Demkiv LO, et al. (2004)

Phytochelatin Synthase, a Dipeptidyltransferase That Undergoes Multisite
Acylation with c-Glutamylcysteine during Catalysis: stoichiometric and site-

directed mutagenic analysis of arabidopsis thaliana pcs1-catalyzed phytochelatin
synthesis. J Biol Chem 279: 22449–22460.

27. Romanyuk ND, Rigden DJ, Vatamaniuk OK, Lang A, Cahoon RE, et al. (2006)

Mutagenic Definition of a Papain-Like Catalytic Triad, Sufficiency of the N-
Terminal Domain for Single-Site Core Catalytic Enzyme Acylation, and C-

Terminal Domain for Augmentative Metal Activation of a Eukaryotic
Phytochelatin Synthase. Plant Physiol 141: 858–869.

28. Vivares D, Arnoux P, Pignol D (2005) A papain-like enzyme at work: Native and

acyl-enzyme intermediate structures in phytochelatin synthesis. Proceedings of
the National Academy of Sciences of the United States of America 102:

18848–18853.

29. Hughes SL, Bundy JG, Want EJ, Kille P, Sturzenbaum SR (2009) The

Metabolomic Responses of Caenorhabditis elegans to Cadmium Are Largely

Independent of Metallothionein Status, but Dominated by Changes in

Cystathionine and Phytochelatins. Journal of Proteome Research 8: 3512–3519.

30. Ha SB, Smith AP, Howden R, Dietrich WM, Bugg S, et al. (1999) Phytochelatin

synthase genes from Arabidopsis and the yeast Schizosaccharomyces pombe. Plant Cell

11: 1153–1164.

31. Zhao Z, Sheps JA, Ling V, Fang LL, Baillie DL (2004) Expression Analysis of

ABC Transporters Reveals Differential Functions of Tandemly Duplicated

Genes in Caenorhabditis elegans. Journal of Molecular Biology 344: 409–417.

32. DeLange RJ, Williams LC, Drazin RE, Collier RJ (1979) The amino acid

sequence of fragment A, an enzymically active fragment of diphtheria toxin. III.

The chymotryptic peptides, the peptides derived by cleavage at tryptophan

residues, and the complete sequence of the protein. J Biol Chem 254:

5838–5842.

33. Schaheen L, Patton G, Fares H (2006) Suppression of the cup-5 mucolipidosis

type IV-related lysosomal dysfunction by the inactivation of an ABC transporter

in C. elegans. Development 133: 3939–3948.

34. Nordberg GF, Nogawa K, Nordberg M, Friberg L (2007) Handbook on the

Toxicology of Metals.

35. Bressler JP, Olivi L, Cheong JH, Kim Y, Maerten A, et al. (2007) Metal

transporters in intestine and brain: their involvement in metal-associated

neurotoxicities. Human and Experimental Toxicology 26: 221–229.

36. Brenner S (1974) The genetics of Caenorhabditis elegans. Genetics 77: 71–94.

37. Wilm T, Demel P, Koop HU, Schnabel H, Schnabel R (1999) Ballistic

transformation of Caenorhabditis elegans. Gene 229: 31–35.

38. Fire A, Kondo K, Waterston R (1990) Vectors for low copy transformation of C.

elegans. Nucleic Acids Res 18: 4269–4270.

39. Mello C, Fire A (1995) DNA transformation. Methods Cell Biol 48: 451–482.

40. Maduro M, Pilgrim D (1995) Identification and cloning of unc-119, a gene

expressed in the Caenorhabditis elegans nervous system. Genetics 141: 977–988.

41. Vatamaniuk OK, Mari S, Lu YP, Rea PA (2000) Mechanism of Heavy Metal

Ion Activation of Phytochelatin (PC) Synthase. Blocked thiols are sufficient for

pc synthase-catalyzed transpeptidation of glutathione and related thiol peptides.

J Biol Chem 275: 31451–31459.

Coelomocytes Detoxify Metals

PLoS ONE | www.plosone.org 11 March 2010 | Volume 5 | Issue 3 | e9564


