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Phytochelatin (PC) synthase has been assumed to be
a y-glutamylcysteine dipeptidyl transpeptidase (EC
2.3.2.15) and, more recently, as exemplified by analyses of
the immunopurified recombinant enzyme from Arabidop-
sis thaliana (AtPCS1-FLAG), has been shown to catalyze a
PC synthetic reaction with kinetics that approximates a
bisubstrate-substituted enzyme mechanism in which mil-
limolar concentrations of free GSH and micromolar con-
centrations of heavy metal-GSH thiolates (e.g.
cadmium-GS,) or millimolar concentrations of S-alkylglu-
tathiones serve as cosubstrates. Here, we show, by direct
analyses of the stoichiometry of AtPCS1-FLAG-catalyzed
PC synthesis, the kinetics and stoichiometry of acylation
of the enzyme and release of free glycine from y-Glu-Cys
donors, and the effects of the Cys-to-Ser or -Ala and Ser-
to-Ala substitution of conserved residues in the catalytic
N-terminal half of the enzyme, that PC synthase is indeed
a dipeptidyltransferase that undergoes y-Glu-Cys acyla-
tion at two sites during catalysis, one of which, in accord
with a cysteine protease model, likely corresponds to or is
at least tightly coupled with Cys®%. The identity of the
second site of enzyme modification remains to be deter-
mined, but it is distinguishable from the first Cys®¢-de-
pendent site, which is amenable to y-Glu-Cys acylation by
free GSH, because its acylation not only depends on the
provision of Cd2* or GSH with a blocked, S-alkylated thiol
group, but is also necessary for net PC synthesis. We con-
clude that des-Gly-PCs are not generated as an immediate
by-product, but rather that the enzyme catalyzes a dipep-
tidyl transfer reaction in which some of the energy liber-
ated upon cleavage of the Cys-Gly bonds of the y-Glu-Cys
donors in the first phase of the catalytic cycle is con-
served through the formation of a two site-substituted
v-Glu-Cys acyl-enzyme intermediate whose hydrolysis
provides the energy required for the formation of the new
peptide bond required for the extension of PC chain
length by one y-Glu-Cys repeat per catalytic cycle.
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First discovered in the fission yeast Schizosaccharomyces
pombe and termed cadystins (1), phytochelatins (PCs)! (poly-
(y-Glu-Cys),-Xaa polymers) have since been found in all plant
species investigated, a few fungal species, and some marine
diatoms (2), where they act as high affinity metal chelators and
facilitate the vacuolar sequestration of heavy metals, most
notably Cd2" ions. PC-dependent vacuolar Cd2" sequestration
is perhaps best understood in S. pombe, in which the hm#1™
gene product, a PC-selective ATP-binding cassette transporter,
pumps cadmium-PC complexes and apo-PCs from the cytosol
into the vacuole at the expense of ATP (3, 4).

All known PCs fall into five main classes. These are canon-
ical PCs, homo-PCs (iso-PC(B-Ala)), hydroxymethyl-PCs (iso-
PC(Ser)), iso-PCs (iso-PC(Glu)), and des-Gly-PCs, containing n
v-Glu-Cys repeats capped C-terminally by a Gly, B-Ala, Ser,
Glu, or no residue, respectively (5). With the exception of ca-
nonical PCs and possibly des-Gly-PCs, the latter of which are
found in both plants and fungi, including cadmium-treated
grasses (6—8), Rubia tinctorum root cultures (9), Candida gla-
brata (10), and copper-treated S. pombe (11), the species dis-
tributions of these classes differ (12).

PCs are synthesized post-translationally. PC synthases (so-
called y-glutamylcysteine dipeptidyl transpeptidases, EC
2.3.2.15) catalyze the net synthesis of PCs from GSH, from
GSH and previously synthesized PCs, or from previously syn-
thesized PCs alone to generate polymers containing 2-11
v-Glu-Cys repeats. Although it has been almost 15 years since
pioneering investigations by Grill et al. (13) yielded partially
purified preparations of an enzyme capable of catalyzing these
reactions, it is only in the last several years that its molecular
identity was determined by the independent cloning and char-
acterization of genes encoding PC synthases (14-16). Origi-
nally isolated from Arabidopsis thaliana (AtPCS1), S. pombe
(SpPCS), and wheat (Triticum aestivum; TaPCS1), these genes
encode 50-55-kDa polypeptides bearing 40—50% sequence sim-
ilarity to each other (14—16). By all criteria (genetic, molecular,
and biochemical), all of these genes encode PC synthases. Ara-
bidopsis cadl mutants, which are cadmium-hypersensitive and

! The abbreviations used are: PCs, phytochelatins; AtPCS1, A. thali-
ana phytochelatin synthase-1; SpPCS, S. pombe phytochelatin syn-
thase; TaPCS1, T. aestivum phytochelatin synthase-1; cadmium-GS,,
bis(glutathionato)cadmium; PC,,, phytochelatin containing n y-Glu-Cys
repeats; NEM-GS, S-N-ethylmaleimidylglutathione; RP-HPLC, re-
verse-phase high pressure liquid chromatography; DTNB, 5,5'-dithio-
bis(2-nitrobenzoic acid); NEM-PC, N-ethylmaleimidylphytochelatin;
NEM, N-ethylmaleimide; BTP, 1,3-bis[tris(thydroxymethyl)methyl-
amino]propane; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfo-
nic acid.

22449

0102 ‘8 JaqWIaA0ON Uo ‘anbiwouoiBy ayoiayday | ap [euoiieN 1Mnsul YN e B10°0gl Mmm wolj papeojumod


http://www.jbc.org/

22450

PC-deficient (17), are mutated in AtPCS1 (14); SpPCS gene
disruptants are hypersensitive to heavy metals and deficient in
cellular PCs (14); and heterologous expression of AtPCS1I in
Saccharomyces cerevisiae, an organism that lacks PCS ho-
mologs and does not otherwise synthesize PCs, confers in-
creased heavy metal tolerance concomitant with Cd®"-depend-
ent intracellular PC accumulation (16). The capacity of cell-free
extracts from AtPCS1I- or SpPCS-transformed cells of Esche-
richia coli (14) and immunopurified epitope-tagged AtPCS1 to
mediate the heavy metal-activated synthesis of both short- and
long-chain PCs from GSH in vitro (16) establishes that AtPCS1
and SpPCS (and by implication, TaPCS1) and their equivalents
from the same or different sources, e.g. AtPCS2 (18), are not
only necessary, but also sufficient for PC biosynthesis. To the
inventory of functionally defined PC synthase genes identified
can be added ce-pcs1 from an animal source, the model nema-
tode Caenorhabditis elegans (19, 20), whose translation prod-
uct is likewise not only sufficient for the synthesis of PCs in
vitro, but is also necessary for the detoxification of heavy met-
als in the intact organism (20). This was completely unexpected
because never before had the involvement of PCs in heavy
metal detoxification in animals been even cursorily speculated.

The facility with which recombinant PC synthases, as exem-
plified by AtPCS1, can now be purified to apparent homogene-
ity to yield PC synthase preparations with catalytic activities
exceeding those of previous preparations from plant sources
(13) by >103-fold (16, 22) for detailed mechanistic analyses has
exposed some basic deficiencies in our understanding of PC
biosynthesis. Notable among these is the realization that heavy
metals do not bind directly to the enzyme to activate PC bio-
synthesis, but instead act as substrate ligands for a bisub-
strate-substituted enzyme transpeptidation reaction in which
free GSH and its corresponding heavy metal thiolate are co-
substrates (22). Although AtPCS1 is primarily activated post-
translationally in the intact plant and the purified enzyme is
able to bind heavy metals directly, metal binding per se is not
responsible for catalytic activation (22). As illustrated by Cd2*-
and Zn?"-dependent AtPCS1-mediated catalysis, the kinetics
of PC synthesis approximate a substituted enzyme mechanism
in which micromolar concentrations of a heavy metal-GS thio-
late (e.g. bis(glutathionato)cadmium (cadmium-GS,) or bis(glu-
tathionato)zinc) and millimolar concentrations of free GSH act
as low and high affinity cosubstrates, respectively. Further-
more, as demonstrated by the capacity of AtPCS1 to mediate
the net synthesis of S-alkyl-PCs from S-alkylglutathiones with
biphasic kinetics, consistent with the sufficiency of S-alkylglu-
tathiones as both high and low affinity substrates in media
devoid of metals, even heavy metal thiolates are dispensable
for core catalysis.

On the one hand, these findings reveal that the dependence
of AtPCS1 and other PC synthases on the provision of heavy
metal ions for activity in media containing GSH and other thiol
peptides is a reflection of this enzyme’s requirement for GSH-
like peptides containing blocked thiol groups for activity. On
the other hand, they highlight two other major shortcomings in
our understanding of PC biosynthesis. The first is that it is not
known unequivocally if PC synthase is a dipeptidyl- or tripep-
tidyltransferase. The second, which is related to the first, is
that the identity of the substituted intermediate formed by the
enzyme during catalysis has not been defined. Whether PC
synthases are dipeptidyl- or tripeptidyltransferases is not only
of relevance for understanding the catalytic mechanism of this
class of transpeptidase, but may also be critical in determining
the types of PCs these enzymes are capable of synthesizing.

In most studies of partially purified preparations of the en-
zyme, PC synthase-catalyzed GSH-dependent PC synthesis
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has been considered to proceed by the transpeptidation of a
v-Glu-Cys unit from one GSH molecule to another to form PC,
and, after the accumulation of sufficient (substrate) levels of
PCs, by the transpeptidation of a y-Glu-Cys unit from GSH to
a PC (PC,,) molecule to generate PC, ., (13, 23). Appropriately,
PC synthase has been defined as a y-glutamylcysteine dipep-
tidyl transpeptidase and presumed to catalyze a reaction of the
type shown in Equation 1,

(y-EC)G + (y-EC),,G — (y-EC)(v-EC),,G + G (Eq. 1)

in which chain extension proceeds from the C to N terminus
with cleavage of the Cys—Gly peptide bond of the donor, not the
acceptor. However, inspection of the literature reveals that the
notion that PC synthase is a tripeptidyl transpeptidase is
equally tenable. There are no published data to refute a scheme
in which PC synthase catalyzes the transfer of y-Glu-Cys-Gly
units in a reaction of the type shown in Equation 2,

(y-EC)G+(y-EC),,G — (y-EC),(v-EC)G + G (Eq. 2)

in which case, chain extension would proceed from the N to C
terminus, not from the C to N terminus, after cleavage of the
Cys—Gly peptide bond of the acceptor, not the donor.

An implication of the possibility that PC synthases are trip-
eptidyl transpeptidases, when combined with their capacity to
synthesize PCs from other PCs without the direct participation
of GSH is a simple mechanism for the synthesis of des-Gly-PCs
(see Fig. 1). If y-Glu-Cys is construed as the limiting case of a
des-Gly-PC (des-Gly-PC;) and GSH as the limiting case of a PC
(PC,), Equation 1 assumes the general form (see Fig. 1A)
shown in Equation 3,

PC, + PC,, —PC, ., + PC,,_; (Eq. 3)

and Equation 2 assumes the general form (see Fig. 1B) shown
in Equation 4.

PC, + PC,, - PC,.; + des-Gly-PC,,_; + G (Eq. 4)

It is not known if a by-product model of the type shown in
Equation 4 and Fig. 1B could be the sole mechanism for the
synthesis of des-Gly-PCs, one that might account for the syn-
thesis of this class of thiol peptides in vivo, but two properties
of des-Gly-PCs are at least consistent with such a possibility.
The first is the seemingly broad distribution of this PC subclass
in that it has been detected in many species of plants and fungi
after long-term exposure to heavy metals (see above). This
might indicate, as would be predicted from the by-product
model, that most organisms able to synthesize PCs also syn-
thesize des-Gly-PCs. The second property is that the levels of
des-Gly-PCs, in the few cases in which they have been deter-
mined, increase most appreciably after several days of expo-
sure to heavy metals, after the initial burst of PC, and PCgq
accumulation (7). This would be expected if, as implied by the
by-product model, des-Gly-PCs arise as a result of the synthesis
of longer chain PCs from previously synthesized shorter chain
PCs.

The formation of a covalent enzyme intermediate during
catalysis is implicit in the finding that the steady-state kinetics
of AtPCS1-catalyzed PC synthesis from GSH in media contain-
ing heavy metals approximate a scheme in which heavy metal
thiolate and GSH interact via a substituted enzyme interme-
diate, not via a ternary complex, to form PC, (22). Specifically,
given that at least one peptide bond must be cleaved and that
at least one new peptide bond forms for each molecule of PC,
synthesized, regardless of whether the PC synthase is a dipep-
tidyl- or tripeptidyltransferase (Equation 1 or 2; see above),
and that the initial attack on the carbonyl carbon of the peptide
bond to be cleaved must be by a nucleophile, it is almost
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inevitable that the substituted enzyme intermediate is a y-Glu-
Cys acyl intermediate. If correct, two important corollaries
follow. The first is that the initial nucleophilic attack on the
scissile bond is by an enzyme hydroxyl-derived oxyanion or
thiol-derived thiolate anion to generate an enzyme y-Glu-Cys
oxyester or thioester, respectively. The second, a consideration
that has been neglected in the literature despite the status of
PC synthase as both a peptidase and a peptide synthase, is that
at least some of the energy required for subsequent condensa-
tion of the two substrate molecules is derived from acylation of
the enzyme coincident with cleavage of the first substrate. A
mechanism for PC synthase analogous to those of serine pro-
teases (24), cysteine proteases (25), and cysteine hydrolases
(26-28) is therefore invoked, except that, instead of mediating
a dissipative hydrolysis reaction, at least some of the energy
required for condensation of the y-Glu-Cys unit from one sub-
strate with the other substrate during the second PC synthetic
phase of the catalytic cycle is derived from an enzyme oxyester
of intermediate energy or an enzyme thioester of high energy
formed during the first phase of the cycle.

In this study, we have described investigations directed at
determining whether AtPCS1 is a dipeptidyl or tripeptidyl
transpeptidase and elucidation of the identity of the substi-
tuted enzyme intermediate formed during catalysis. In so do-
ing, we have established that PC synthase is a dipeptidyl-
transferase that undergoes y-Glu-Cys acylation by GSH at
two sites during catalysis concomitant with the release of
Gly. Free GSH alone was capable of acylating the first site on
the enzyme, but not the second unless Cd?* was added to the
reaction medium. Of the two conserved Ser and five con-
served Cys residues in the catalytic N-terminal half of
AtPCS1, only one (Cys®®) appears to be essential for catalysis
and acylation of the first site by free GSH. We propose that
the energy required for each cycle of PC chain extension is
derived from the formation of an enzyme cysteinyl thioester
at position 56 and presumably a non-seryl, non-cysteinyl
oxyester at another position upon the Cys—Gly bond cleavage
of at least two incoming GSH molecules.

MATERIALS AND METHODS

Heterologous Expression of AtPCS1-FLAG—The mutant S. cerevisiae
yefIA strain DTY167 (MAT« ura3-52 leu2-3,112 his-A200 trp1-A901
lys2-801 suc2-A9 ycfl::hisG), deficient in vacuolar Cd?* sequestration
(29), was employed for the studies of heterologously expressed wild-type
and in vitro mutated AtPCS1-FLAG. In all cases, AtPCS1 engineered to
contain a C-terminal FLAG epitope tag fusion (AtPCS1-FLAG) was
constitutively expressed from the E. coli yeast shuttle vector pYES3 as
described (16). For assays of the capacity of heterologously expressed
wild-type and mutant AtPCS1-FLAG to suppress Cd®>" hypersensitiv-
ity, S. cerevisiae strain DTY167 was transformed with wild-type or
mutant pYES3-AtPCS1-FLAG and grown at 30 °C to A4, ~ 1.8 in AHC
medium supplemented with glucose and tryptophan before inoculating
aliquots into 2-ml volumes of the same medium containing different
concentrations of CdCl,. Agy, was measured after growth for an addi-
tional 24 h. To ensure that the effects seen were attributable to the
AtPCS1 inserts, empty vector (pYES3) controls were employed. For the
purification of wild-type or mutant AtPCS1-FLAG for in vitro assays of
PC synthetic activity and/or acylation by radiolabeled GSH, the soluble
fractions from DTY167/pYES3-AtPCS1-FLAG cells were prepared by
the disruption of spheroplasts (16), and the FLAG-tagged protein was
purified by immunoaffinity chromatography of the soluble fraction on
an anti-FLAG antibody M2 affinity gel column (Sigma) according to the
manufacturer’s recommendations, except that the wash and elution
buffers contained 10% (v/v) glycerol in addition to 150 mm NaCl and 50
mM Tris-HC1 (pH 7.4) and 0.1 M glycine HCI (pH 3.5), respectively.
When necessary, free Gly was removed from the purified enzyme prep-
arations by ultrafiltration.

Site-directed Mutagenesis of AtPCSI1—Site-directed mutagenesis of
AtPCS1 was performed directly on the pYES3-AtPCS1-FLAG vector. In
all cases, the mutagenic oligonucleotides were designed to singly sub-
stitute each conserved Ser or Cys codon in the catalytic N-terminal half
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of AtPCS1 with an Ala codon or a Ser or Ala codon, respectively. The
sequences of the 12 mutagenic oligonucleotides (with the positions of
the conserved Ser and Cys codons shown in boldface) were as follows:
S21A, GCCATTGACTTTTCTGCTGCCGAAGGGAAG; S164A, GGGA-
ATGGTCACTTTGCTCCTATTGGTGGC; C56S, TCCGAACCTGCGTA-
TAGTGGTTTGGCTAGTC; C90S, GAATCAATGTTGGATAGCTGCG-
AA-CCTCTGG; C91S, TCAATGTTGCATTGCAGCGAACCTCTGG-
AAG; C109S, TTTGGAAAAGTTGTCAGTTTGGCTCATTGTT; C113S,
GTCTGTTTGGCTCATAGTTCAGGAGCAAAAG; C56A, CCGAACCT-
GCGTATGCTGGTTTGGCTAGTCTC; C90A, GAATCAATGTTGGAT-
GCTTGCGAACCTCTGG; C91A, GAATCAATGTTGGATTGCGCTGA-
ACCTCTGGAAG; C109A, CATTTGGAAGAGTTGTCGCTTTGGCTCA-
TTGTTC; and C113A, GTCTGTTTGGCTCATGCTTCAGGAGCAAAA-
GTTG. Uracilated single-stranded template DNA was isolated from
pYES3-AtPCS1-FLAG-transformed E. coli CJ236, and the site-directed
mutations were introduced by second strand synthesis from the tem-
plate using mutant oligonucleotides (30, 31). In all cases, mutagenesis
was confirmed by sequencing the coding sequence encompassing the
mutation before yeast transformation.

Measurement of PC Synthase Activity and PCs—PC synthase activity
was assayed routinely in reaction medium containing purified wild-type
or mutant AtPCS1-FLAG and the indicated concentrations of GSH,
S-N-ethylmaleimidylglutathione (NEM-GS), PCs and/or CdCl, in 100
mM HEPES/BTP buffer (pH 8.0) (22). For RP-HPLC, the reactions were
made 5% (w/v) with sulfosalicylic acid and centrifuged before loading
aliquots of the supernatants onto a Varian Microsorb C,3 RP column
(250 X 4.6 mm). The column was developed with a linear (20 min)
gradient of water and 0.05% (v/v) phosphoric acid to acetonitrile and
0.05% phosphoric acid at a flow rate of 1 ml/min. For the quantitation
of PCs, thiols were estimated spectrophotometrically at 412 nm by
reacting aliquots (500 ul) of the column fractions with 0.8 mm 5,5'-
dithiobis(2-nitrobenzoic acid) (DTNB; 500 ul) dissolved in 250 mM phos-
phate buffer (pH 7.6) (33). For the quantitation of NEM-PCs, free amino
groups were estimated fluorometrically by reacting aliquots of the col-
umn fractions with 0.4 M sodium borate (pH 9.7) (200 ul) and fluores-
camine (20 ul of a 3 mg/ml solution dissolved in acetone) (32). Fluores-
cence was measured at excitation and emission wavelengths of 390 and
475 nm, respectively, as described (22). Calibration was with GSH. The
PC contents of yeast whole cell extracts were determined by RP-HPLC
analysis of spheroplast extracts as described (16).

Purification of PC,—For the studies of AtPCS1-FLAG-catalyzed PC
synthesis from PC, and GSH, PC, was synthesized by incubating At-
PCS1-FLAG (1 pg) in 1 ml of 200 mm HEPES/BTP buffer (pH 8.0)
containing 20 mM GSH, 14 mM 2-mercaptoethanol, and 100 um CdCl, at
30 °C for 1 h. After terminating the reaction with 5% (w/v) sulfosalicylic
acid, PC, was purified semipreparatively by RP-fast protein liquid
chromatography of the supernatant on a 100 X 6.4-mm Resource RPC
column (Amersham Biosciences). The column was developed with a
linear (40 min) gradient of water and 0.05% (v/v) phosphoric acid to 10%
(v/v) acetonitrile and 0.05% (v/v) phosphoric acid at a flow rate of 0.8
ml/min. Thiol detection was as described for the routine assays, except
that only 50-ul aliquots of the column fractions were reacted with 50 ul
of DTNB in 96-well plates. The fractions corresponding to PC, were
pooled, neutralized with 1 M Tris, lyophilized, and stored at —80 °C
until used.

Synthesis of [’H]Gly-labeled NEM-GS—For investigations of PC syn-
thesis and glycine release from S-alkylglutathione derivatives, [*H]Gly-
labeled GSH was S-alkylated with N-ethylmaleimide (NEM) to gener-
ate [*H]Gly-labeled NEM-GS. After removal of the antioxidant
(dithiothreitol) in which [*H]Gly-labeled GSH was shipped by extrac-
tion with acidic ethyl acetate immediately before use and its combina-
tion with unlabeled GSH to yield a 100 mMm solution in 100 mm HEPES/
BTP buffer (pH 8.0), [*H]Gly-labeled NEM-GS was synthesized by the
addition of an equimolar concentration of NEM to the solution and
reaction on ice for 1 h. Upon completion of the reaction, as assessed from
the exhaustion of DTNB-reactive free thiols, the reaction mixture was
diluted to a final [*H]Gly-labeled NEM-GS concentration of 25 mm and
purified by RP-fast protein liquid chromatography on a C,3 PepRPC
HR5/5 column (Amersham Biosciences). Elution was at 0.8 ml/min with
water and 0.1% (v/v) phosphoric acid (solvent A) to acetonitrile and
0.1% phosphoric acid (solvent B) using a three-phase gradient: 0—20
min, 0-17% solvent B; 20—25 min, 30% solvent B; and 25-30 min, 0%
solvent B. The concentration of [*H]Gly-labeled NEM-GS in the column
fractions was estimated by liquid scintillation counting, and the quan-
titation of free amino groups was with fluorescamine using GSH as a
calibration standard as described (22).

Measurements of [?H]Gly Release from [*H]Gly-labeled GSH and
[’PH]Gly-labeled NEM-GS—For assays of AtPCS1-FLAG-catalyzed Gly
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release and PC synthesis from GSH, purified enzyme (10 pg) was
incubated with 3 mm [*H]Gly-labeled GSH (600 mCi/mol) in 100 mMm
HEPES/BTP buffer (pH 8.0) at 30 °C for the times indicated before
terminating the reactions. After subjecting the deproteinized superna-
tants to RP-HPLC, [*H]Gly in the fractions was determined by liquid
scintillation counting. For assays of AtPCS1-FLAG-catalyzed [*H]Gly
release and NEM-PC synthesis from [*H]Gly-labeled NEM-GS, purified
enzyme (10 pg) was incubated with 3 mm [*H]Gly-labeled NEM-GS
before terminating the reactions and subjecting the deproteinized sam-
ples to RP-HPLC and liquid scintillation counting as described above
for [*H]Gly-labeled GSH.

Measurement of Acyl-enzyme Intermediate Formation—Two methods
were employed for measuring the acylation of AtPCS1-FLAG. In the
first, radioincorporation of the 3°S or ®H label from [**S]Cys-labeled
GSH or [*H]Gly-labeled GSH, respectively, into AtPCS1-FLAG was
monitored by gel-filtration chromatography. AtPCS1-FLAG (0.5-1.0
nmol) was incubated in 200-ul reaction volumes containing either 3 mm
[5S]Cys-labeled GSH (2 mCi/mol) or 3 mm [*H]Gly-labeled GSH (2
mCi/mol) with or without 50 um CdCl, in 100 mMm buffer at 30 °C for 15
min, after which time the reaction was terminated, and the acyl inter-
mediate was stabilized by the addition of 1 ml of 100 mM sodium acetate
buffer (pH 4.0) containing 6 M guanidine HCI. To measure the radiola-
bel associated with AtPCS1-FLAG, the terminated reactions were ap-
plied to a 1 X 25-cm column packed with Sephadex G-50, which was
developed with 100 mM sodium acetate buffer (pH 4.0) containing 4 M
guanidine HCI at a flow rate of 0.7 ml/min. Fractions of 1.5 ml were
collected, and the ®°S or ®H label was determined by counting aliquots
in the liquid scintillation mixture. To determine the distribution of the
AtPCS1-FLAG polypeptide, aliquots of the column fractions were dia-
lyzed against 10 mm HEPES/BTP buffer (pH 8.0) in mini-dialysis units
(M, cutoff of 10,000; Pierce) for 16 h, lyophilized, and reconstituted in
fresh HEPES/BTP buffer. Aliquots of the samples were separated by
SDS-PAGE and subjected to Western analysis with anti-FLAG anti-
body M2 (Sigma) following standard procedures (16). Immunoreactive
bands were visualized by ECL (Amersham Biosciences).

In the second method, radioincorporation into AtPCS1-FLAG was
estimated by a modification of the membrane filter binding procedure
described by Chaparian and Evans (34). AtPCS1-FLAG (0.1-1.0 nmol)
was incubated with 0.1-10.0 mum [**S]Cys-labeled GSH (2 mCi/mol) or 3
muM [*H]Gly-labeled GSH (2 mCi/mol) with or without CdCl,, (50 uM) in
100 mm HEPES/BTP buffer (pH 8.0) in 200-ul volumes. At the times
indicated, the reactions were stopped by the addition of 1 ml of ice-cold
sodium acetate buffer (pH 4.0) containing 6 M guanidine HCI and rapid
vacuum filtration through Immobilon-P transfer membrane disks
(0.45-pum pore size, 25 mm in diameter; Millipore) supported on glass
microanalysis filter disks (25 mm; Fisher). To maximize protein bind-
ing, the Immobilon filters were presoaked first in methanol, as recom-
mended by the manufacturer, and then in 100 mm HEPES/BTP buffer
(pH 8.0) immediately before use. The filters were each washed with 50
ml of ice-cold 100 mM sodium acetate buffer before subjecting the top
filters to liquid scintillation counting as described above. For each
concentration of substrate, the counts retained by the filters were
corrected by subtraction of the counts obtained from controls termi-
nated with 6 M guanidine HCl/acetate buffer before the addition of
radiolabeled substrate.

Protein Estimations—Protein was estimated routinely by the dye
binding method (35). For precise enumeration of the stoichiometry of
acylation of AtPCS1-FLAG by [**S]Cys-labeled GSH, the absolute
amount of protein labeled was determined by applying a correction to
the dye binding assays based on the results of analyzing the total amino
acid composition of aliquots of the same batch of protein. For this,
aliquots of AtPCS1-FLAG were taken to dryness in pyrolyzed glass
tubes and hydrolyzed in gas-phase 6 N HCI for 20 h at 110 °C before
ion-exchange chromatography, post-column derivatization with
o-phthalaldehyde, and fluorescence detection and quantitation of amino
acid derivatives (32). The correction factor of 1.2 = 0.2 determined in
this way for converting the protein concentrations estimated routinely
by the dye binding method to absolute amounts of AtPCS1-FLAG was
applied whenever the stoichiometry of acylation was to be enumerated.

Chemicals—[**S]Cys-labeled GSH (30—40 Ci/mmol) and [*H]Gly-la-
beled GSH (20-50 Ci/mmol) and the liquid scintillation mixture used in
these experiments (CytoScint) were purchased from PerkinElmer Life
Sciences and ICN, respectively. All of the general reagents were ob-
tained from Fisher, Research Organics, Inc., and Sigma.

Dipeptidyl Acylation of Phytochelatin Synthase

RESULTS AND DISCUSSION
AtPCS1 Is a Dipeptidyltransferase

The question of whether AtPCS1-FLAG is a dipeptidyl- or
tripeptidyltransferase was addressed in two ways: by deter-
mining whether the Gly residue of GSH is or is not retained
during the synthesis of PC; from PC, and GSH (Method 1) and
by determining whether des-Gly-PCs are or are not an imme-
diate by-product of PC synthesis from PCs (Method 2).

Method 1—If AtPCS1-FLAG is a dipeptidyltransferase, the
3H label on Gly should undergo elimination during the synthe-
sis of PC; from unlabeled PC, and [?H] Gly-labeled GSH (Equa-
tion 5).

(y-EC),G + y-EC[*HIG — (y-EC)sG + [*HIG (Eq. 5)

By contrast, if AtPCS1-FLAG is a tripeptidyltransferase, the
3H label of [*H]Gly-labeled GSH should undergo stoichiometric
incorporation into the PC; product (Equation 6).

(y-EC),G + y-EC[*HIG — (y-EC),[*HIG + G (Eq. 6)

To distinguish between these two alternatives, unlabeled PC,
was incubated with [*H]Gly-labeled GSH, and the elimination
or incorporation of [*H]Gly into PC; was determined by RP-
HPLC separation and liquid scintillation counting of the reac-
tion products.

It is important to note that, although this is ostensibly the
most direct way to determine whether GSH incorporation into
the product is conservative or semi-dispersive, there are poten-
tial complications. Principal among these would be the rapid
incorporation of [*H]Gly-labeled GSH into the PC, pool during
the incubations and the synthesis of radiolabeled PC; from this
and/or net synthesis of PC5 from PC, without the direct par-
ticipation of GSH. The former complication would result in the
net synthesis of [*H]Gly-labeled PC, regardless of whether
AtPCS1-FLAG is a dipeptidyl (Equation 7) or tripeptidyl
(Equation 8) transpeptidase.

(y-EC),[’HIG + y-EC[PHIG — (y-EC)(v-EC),[*HIG + [*HIG (Eq. 7)

(y-EC),[’HIG + y-EC[PHIG — (y-EC),(y-EC)[*HIG + [PHIG (Eq. 8)

The second complication would result in the net synthesis of
unlabeled PC; regardless of whether AtPCS1-FLAG is a dipep-
tidyl (Equation 9) or tripeptidyl (Equation 10) transpeptidase.

(y-EC),G + (y-EC),G — (y-EC);G + y-ECG (Eq. 9)

(y-EC),G + (y-EC),G — (y-EC)G + yEC + G (Eq. 10)

These complications were minimized and enumerated by meas-
uring initial PC; synthesis (synthesis before the incorporation
of [®H]Gly into the PC, pool from [*H]Gly-labeled GSH, which
was also measured) by adding a 10-fold molar excess of
[?H]Gly-labeled GSH over PC,, to favor the formation of PCq
from PC, plus GSH rather than from PC, alone and by per-
forming parallel experiments using [3°S]Cys-labeled GSH in-
stead of [°H] Gly-labeled GSH as a donor to measure the incor-
poration of y-Glu-Cys units into the PC, and PC4 backbones.
The results of these analyses were conclusive (see Fig. 2).
First, it was determined that when incubated in medium con-
taining 1 mm GSH, 100 um PC,, and 100 um Cd%*, purified
AtPCS1-FLAG catalyzed the net synthesis of PC5; with no de-
tectable time lag, implying that the bulk of the synthesis meas-
ured was from the PC, and GSH initially added to the assay
system and not indirectly from PC, derived from the GSH
added. Second, it was determined that for incubation times of
<6 min, 33% of the thiols in the PC, product were 3°S-labeled
when synthesis was from [*°S]Cys-labeled GSH and unlabeled
PC,. Third, it was determined that when the precursors were
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FiG. 1. PC synthase-catalyzed synthesis of PC; from PC, by dipeptidyl (A) or tripeptidyl (B) transfer. In dipeptidyl transfer (4), PC
chain extension proceeds in the C- to N-terminal direction and is not associated with the production of des-Gly-PCs according to the general
equation PC, + PC,, — PC,, + PC,,_;, where PC; = GSH. In tripeptidyl transfer (B), PC chain extension proceeds in the N- to C-terminal
direction and is associated with the production of des-Gly-PCs according to the general equation PC, + PC,, —PC, ., + des-Gly-PC,, ; + G, where

des-Gly-PC; = y-Glu-Cys.

[*H]Gly-labeled GSH and PC,, the PC, product was unlabeled
over the same time span.

This pattern of synthesis and radioincorporation is uniquely
attributable to a dipeptidyl transpeptidation reaction. The
dipeptidyl model predicts that the net synthesis of PCy4 from
PC, and [*H]Gly-labeled GSH would result in the total elimi-
nation of radiolabel concomitant with the liberation of free
[®H]Gly, whereas the initial synthesis of PC4 from PC, and
[35S]Cys-labeled GSH would result in a 1:1 molar ratio of
[3®S]Cys to PC,, indicating that one in three of the thiols in the
product are labeled. This is precisely what was found for the
shorter incubation times. By contrast, the tripeptidyl transpep-
tidase model predicts a 1:1 stoichiometric incorporation of
PHIGly from [*H]Gly-labeled GSH and of [*°S]Cys from
[3°S] Cys-labeled GSH into PC4 concomitant with the liberation
of unlabeled Gly from the outset of the reaction.

The incorporation of [*H]Gly into the PC, pool from the
combination of [PH]Gly-labeled GSH with itself was evident
from the outset, whereas the incorporation of [?H] Gly into the
PC; pool was a later event (see Fig. 2), implying that the
incorporation of [*H|Gly into PC; is contingent on its synthesis
from a [®H]Gly-labeled PC, backbone. Thereafter, the [*H]Gly/
PC,, [*HIGly/PC,, and [**S]Cys/Cys in PC, ratios approached
limiting values of 1.0 (see Fig. 2).

Method 2—The abstraction of a y-Glu-Cys unit from any PC,,
by dipeptidyl transfer would yield another PC (PC, _,) (Equa-
tion 3 and Fig. 1A), whereas the abstraction of a GSH unit from

any PC,, by tripeptidyl transfer would yield a des-Gly-PC (des-
Gly-PC,,_,) (Equation 4 and Fig. 1B). Despite the potential of
tripeptidyl transfer as a simple mechanism for the synthesis of
des-Gly-PCs, in no case were these PC derivatives detectable
when AtPCS1-FLAG catalyzed the synthesis of PCs from PCs
in vitro, whether it was the synthesis of PC, (and PC,) from
PC; or PC; (and PCsy) from PC, (data not shown). This obser-
vation, in combination with the results of the stoichiometric
analyses of [?H]Gly-labeled GSH and [*°S]Cys-labeled GSH
incorporation into PCs (Fig. 2), substantiates the dipeptidyl-
transferase model and refutes the tripeptidyltransferase
model.

AtPCS1 Undergoes y-Glu-Cys Acylation

A logical extension of the demonstration that AtPCS1 is a
dipeptidyltransferase and the notion of a substituted enzyme
mechanism for the reaction catalyzed is the probable formation
of a y-Glu-Cys acyl-enzyme intermediate. That this is indeed
the case is evident from the results shown in Figs. 3 and 4.
Incubation of purified AtPCS1-FLAG with [3°S]Cys-labeled
GSH yielded radiolabeled protein, which, upon acid stabiliza-
tion with 100 mm sodium acetate buffer (pH 4.0) and denatur-
ation with 6 M guanidine HCI, eluted in the void volume after
Sephadex G-50 gel-filtration chromatography (Fig. 3). As de-
termined by SDS-PAGE and Western analysis of the column
fractions with anti-FLAG monoclonal antibody M2, the 58-kDa
AtPCS1-FLAG protein strictly comigrated with the 35S label in
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the void volume at an approximate [3°S]Cys/AtPCS1-FLAG
ratio of 0.75 mol of y-Glu-Cys/mol of AtPCS1-FLAG.
Incorporation of the 2°S label into AtPCS1-FLAG was evi-
dent regardless of whether or not Cd?" was included in the
reaction medium, but omission of AtPCS1-FLAG or substitu-
tion of [>°S]Cys-labeled GSH with [*H]Gly-labeled GSH with or
without Cd?* did not yield radiolabeled protein (Fig. 3). The
dispensability of Cd?* for labeling with [*°S]Cys-labeled GSH,
despite its capacity to increase labeling to yield a ratio of ~0.96
mol of y-Glu-Cys/mol of AtPCS1-FLAG (Fig. 3), implies that
this metal ion is not an obligate requirement for primary acy-
lation. The inability of [*H]Gly-labeled GSH to substitute for
[35S]Cys-labeled GSH implies, as would be predicted for a
dipeptidyltransferase reaction, that the intermediate gener-

[3H|Gly/PC,

=
g PRIy ys s B
=
~ G i
= |
S 4t -
ﬁ i o 0.98 +0.02
i 0.78 +0.07 [PH|Gly/PC,
2 0.49 + 0.06
0.0
0 ! | 1 1 1 J
0 2 4 6 8 10 12

Time (min)

FiG. 2. Synthesis of PC, from PC, and radiolabeled GSH. At the
outset, the reaction medium contained 1 mm GSH, 100 um PC,, 10 um
CdCl,, 1 ug AtPCS1-FLAG, and 6 uCi of either [*°S]Cys-labeled GSH or
[*H]Gly-labeled GSH. At the times indicated, PC, (o) and PC , (O) were
separated by RP-HPLC and quantitated as thiol equivalents by reaction
with DTNB. Radioactivity was determined by liquid scintillation count-
ing. Numbers labeled [*HIGly/PC, and [*HIGly/PC; denote moles of
[PHIGly per PC, or PC; molecule, respectively; numbers labeled
[**S]Cys/Cys in PC, denote moles of [**S]Cys per mole of Cys in PC,.
Values shown are means = S.E. (n = 3-5).

0.4

Fic. 3. Sephadex G-50 gel-filtration
chromatography of AtPCS1-FLAG af-
ter incubation with radiolabeled
GSH. Purified AtPCS1-FLAG (58 ug) was
incubated in 100 mm HEPES/BTP buffer
(pH 8.0) containing either [*°S]Cys-la-
beled GSH (3 mm) with (e) or without (O)
CdCl, (50 um) or [*H]Gly-labeled GSH (3
mM) with (H) or without ((J) CdCL, (50 um)
for 15 min before terminating the reaction
by the addition of 100 mM sodium acetate
buffer (pH 4.0) containing 6 M guanidine
HCI and chromatography of the samples
in 100 mM sodium acetate buffer (pH 4.0)
containing 4 M guanidine HC1. Shown are
the [*°S]Cys and [*H]Gly contents of the
column fractions (in nanomoles), the void
volume of the column matrix (V,)), and the 0
distribution of the 58-kDa AtPCS1-FLAG
polypeptide as determined by SDS-PAGE
and Western analysis. The immunoreac-
tive band shown was the only reactive
band detected.
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ated is a y-Glu-Cys acyl-enzyme derivative, not a y-Glu-Cys-
Gly or Cys-Gly derivative.

Application of a methodology with increased time resolution,
the membrane filter binding procedure, showed that the con-
centration of [3°S]Cys-labeled GSH necessary for half-maximal
acylation of AtPCS1-FLAG (2.95 * 0.35 mM) is commensurate
with the K, gsp) for the low affinity site for steady-state PC,
synthesis by the same preparation (13.6 + 3.3 mm) (22). Under
these conditions, when the time between the removal of the
enzyme from the reaction medium and the enumeration of
bound radiolabel was minimized by rapid filter binding of the
samples, the apparent stoichiometry for acylation by free
[25S]Cys-labeled GSH approached a value of 1 (0.95 *+ 0.35 mol
of y-Glu-Cys/mol of AtPCS1-FLAG) (Fig. 4).

Cd?* Increases the Stoichiometry of y-Glu-Cys Acylation

Despite their dispensability for the primary acylation of At-
PCS1-FLAG by [?°S]Cys-labeled GSH, heavy metal ions such
as Cd®" were nevertheless required for net PC synthesis and
maximal acylation of the enzyme. When measured against
time, the stoichiometry of labeling of AtPCS1-FLAG with 3 mm
free [2°S]Cys-labeled GSH approached a value of 1 with only
very low net PC synthesis (<0.1 nmol/mg), but the addition of
50 um CdCl, to the same medium increased the stoichiometry
of labeling to a value of >1.5 concomitant with the onset of PC
synthesis (Fig. 5).

Two alternative schemes for AtPCS1-catalyzed PC synthesis
are consistent with these results. In the first of these (Scheme
A), acylation of the enzyme with y-Glu-Cys by the low affinity
substrate (free GSH), which is not accompanied by appreciable
net PC synthesis, is considered to yield enzyme acylated at a
single site that is not competent in net PC synthesis unless a
second site undergoes covalent modification (y-Glu-Cys acyla-
tion or otherwise) by the high affinity substrate (cadmium-GS,)
upon the addition of Cd®" to the reaction medium. In the
second scheme (Scheme B), by extension of the analogy with
the catalytic mechanism of serine and cysteine proteases, it is
envisaged that the provision of cadmium-GS, promotes the net
synthesis of PCs by direct condensation of the incoming (3°S-
labeled) GSH molecule with the acyl-enzyme substituent to
form a doubly 2°S-labeled y-Glu-Cys/y-Glu-Cys tetrahedral
intermediate.

These two schemes are most readily distinguished by deter-
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Fic. 4. Concentration dependence of y-glutamylcysteinylation
of AtPCS1-FLAG by GSH. Aliquots of purified AtPCS1-FLAG (27.3
ng) were incubated for 10 min with the indicated concentrations of
[**SICys-labeled GSH in 100 mm HEPES/BTP buffer (pH 8.0). After
termination of the reaction by the addition of 100 mM sodium acetate
buffer (pH 4.0) containing 6 M guanidine HCI, radioactivity associated
with the enzyme was determined by membrane filter binding and liquid
scintillation counting. The radioincorporation data were fitted to a
rectangular hyperbola, and the concentrations of GSH required for
half-maximal (K;) and maximal (B,,) labeling were estimated by
nonlinear least-squares analysis (40). Values shown are means = S.E.
(n = 3-5).
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Fic. 5. Time dependence of acylation of AtPCS1-FLAG by GSH
and net synthesis of PCs in the absence (O) or presence (e) of 50
pM CdCl,. Aliquots of purified AtPCS1-FLAG (27.3 ug) were incubated
with [*®*S]Cys-labeled GSH (3 mm) in 100 mm HEPES/BTP buffer (pH
8.0) lacking CdCl, throughout the 20-min incubation period (O) or for 10
min before and 10 min after the addition of CdCl, (50 um) (e). At the
times indicated, the reactions were terminated, and the amount of 3°S
label (as y-Glu-Cys) incorporated into AtPCS1-FLAG (O, e) was esti-
mated as described in the legend to Fig. 3. Net PC synthesis in the
absence ((J) or presence (M) of Cd®>" was estimated in parallel samples
treated in the same way, except that [**S]Cys-labeled GSH was substi-
tuted with unlabeled substrate, and the reactions were terminated by
the addition of 5% (w/v) sulfosalicylic acid before the estimation of PCs
in the deproteinized supernatants by RP-HPLC and the assay of thiols
by reaction with DTNB. Values shown are means = S.E. (n = 3).

mining whether the provision of [*H]Gly-labeled GSH instead
of [3®°S]Cys-labeled GSH results in the labeling of enzyme at a
1:1 ratio in the presence (but not absence) of Cd?*. Second site
v-Glu-Cys acylation (Scheme A) would not result in labeling by
[®H]Gly-labeled GSH, but the condensation of [*H]Gly-labeled
GSH with y-Glu-Cys on the first site (Scheme B) would. When
this criterion was applied, the outcome predicted from Scheme
A was obtained. AtPCS1-FLAG did not undergo radiolabeling
by [’H]Gly-labeled GSH whether Cd?" was or was not present
in the medium throughout the incubation (Fig. 2) or was added
10 min after the start of the incubation with [3H]Gly-1abeled
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Fic. 6. AtPCS1-FLAG-catalyzed cleavage of glycine from GSH.
Aliquots of purified AtPCS1-FLAG (10 png) were incubated with
[*H]Gly-labeled GSH (3 mm) in 100 mm HEPES/BTP buffer (pH 8.0) in
the presence (A and B) or absence (C) of CdCl, (50 um). At the times
indicated, the reactions were terminated, and the amounts of free
[*H]Gly generated (A and C) and the thiol contents of the GSH/y-Glu-
Cys and PC,, pools (B) were estimated by liquid scintillation counting
and by reaction with DTNB, respectively, after RP-HPLC. Values
shown are means * S.E. (n = 3-5).

GSH when the enzyme had already undergone acylation with
v-Glu-Cys at the first site in medium lacking metal ions
(Fig. 5).

AtPCS1-catalyzed Substrate Deglycylation

Cd2"-elicited acylation of the enzyme with y-Glu-Cys and net
PC synthesis were accompanied by accelerated deglycylation of
the substrate. Provision of 3 mum free [*H]Gly-labeled GSH as
the sole substrate resulted in little or no net PC, synthesis and
only relatively low levels of AtPCS1-FLAG-dependent [*H]Gly
release (the equivalent of 25.6 nmol of [*’H]Gly/nmol of enzyme
after 10 min), at which point, further release approached a
limit despite retention of >91.6 * 2.5% of the [SH]Gly-labeled
GSH added (Fig. 6C). In marked contrast, provision of the same
concentration of [*H]Gly-labeled GSH plus 50 um Cd?* resulted
in a >100-fold increase in the liberation of [°H]Gly, which
approached a limit only after the consumption of >89.0 = 3.5%
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Fic. 7. Tentative model for the multisite y-Glu-Cys acylation of AtPCS1 concomitant with the generation of free Gly, y-Glu-Cys,
and PC,. The first step is the Cd?*-independent formation of enzyme acylated with y-Glu-Cys at one site coincident with the cleavage of Gly from
the first molecule of GSH. The second step is the Cd?>*-dependent (or blocked thiol-dependent) y-Glu-Cys acylation of the enzyme at a second site
coincident with the cleavage of Gly from a second molecule of GSH (or PC,). In the third step, which may or may not depend on the provision of
Cd?* (or a thiol peptide with a blocked thiol group), one of the y-Glu-Cys units from the disubstituted enzyme intermediate is transferred to a third
molecule of GSH (or PC,,) to generate the product, PC, (or PC,,. ) containing one additional y-Glu-Cys repeat. In all three steps, one or more of the
y-Glu-Cys acyl-enzyme intermediates can undergo uncoupled hydrolysis to liberate y-Glu-Cys and to yield free Gly in excess of the amount
specifically required for PC chain extension. In the third step, the simple transfer of one of the two enzyme y-Glu-Cys acyl groups to water is
considered to contribute to the free energy input required for the formation of a new Cys—Glu peptide bond between the other enzyme-bound

v-Glu-Cys unit and GSH (or PC,) in the PC,, (or PC,,,,) product.

of the [°H]Gly-labeled GSH added (the equivalent of 2732 nmol
of [*H]Gly/nmol of enzyme), at which point, net PC, synthesis
ceased (Fig. 6A). Clearly, not all of the GSH that underwent
deglycylation when Cd2" was added to the reaction medium
was incorporated into the PC, product. For the net synthesis of
~26 nmol of PC, during the first 30 s, 67 nmol of thiol equiv-
alents were abstracted from the GSH pool (the 2:1 stoichiom-
etry expected), yet ~120 nmol of Gly were released, indicating
that for every PC, synthesized, three or more GSH molecules
were deglycylated. Similarly, for the net synthesis of ~55 nmol
of PC,, during the first 60 s, the amounts of GSH thiol equiva-
lents consumed and Gly residues liberated were 80 and 188
nmol, respectively, which are also consistent with the deglycy-
lation of three or more GSH molecules/PC, synthesized. This is
the minimal condition, however, albeit one that is consistent
with the y-Glu-Cys acylation of at least two sites on the enzyme
when Cd2" is provided. For longer incubation times, the ratio of
Gly released per PC, synthesized increased from 3.20 after 30 s
to 3.43, 4.92, 5.65, and 5.62 after 60, 150, 300, and 600 s,
respectively. The disparity between Gly release and PC syn-
thesis, the fact that not all of the GSH that underwent de-
glycylation contributed materially to PC synthesis, is attrib-
uted to the instability of the y-Glu-Gly acyl-enzyme intermedi-
ates formed and their susceptibility to hydrolysis at neutral
pH. As depicted in Fig. 7, in each of the first two steps of
AtPCS1-catalyzed PC synthesis (the two enzyme acylation
steps), a fraction of the y-Glu-Cys acyl intermediates generated
were considered to undergo uncoupled hydrolysis to liberate
v-Glu-Cys and to yield free Gly in excess of the amount specif-
ically required for PC chain elongation.

As would be predicted from the substrate requirements for
PC synthesis (22), the reaction shown in Fig. 7 is not obligato-
rily dependent on the provision of heavy metal ions. Other
GSH-based peptides, e.g. S-alkylglutathiones such as NEM-
GS, will suffice. Not only was [°PH]Gly-labeled NEM-GS incor-
porated into NEM-PC,, by AtPCS1-FLAG in medium devoid of
metal ions, but this reaction was also accompanied by the
liberation of [’H]Gly in excess of that expected from the simple
combination of two NEM-GS molecules/molecule of NEM-PC,
generated (Fig. 8). Indeed, as would be expected if NEM-GS
goes through the same reaction pathway as GSH and
cadmium-GS,, but with a lower efficiency of transfer of NEM-
v-Glu-Cys to the NEM-GS acceptor versus water, the molar
ratio of Gly released to NEM-PC, synthesized was consistently
>6 (Fig. 8).

Cys®® Is Essential for First Site Acylation and
Net PC Synthesis

A corollary of the finding that the time and concentration
dependence of PC synthesis approximates substituted enzyme
kinetics and that AtPCS1 is a dipeptidyl transpeptidase that
forms a y-Glu-Cys acyl intermediate during catalysis is the
notion that the overall biosynthetic reaction is initiated by
cleavage of the Cys—Gly bond of the first substrate. Nucleo-
philic attack on the scissile bond of the first substrate by an
enzyme hydroxyl-derived oxyanion or thiol-derived thiolate an-
ion and formation of an enzyme y-Glu-Cys oxyester or thioester
is therefore supposed.

Subsumed in this model is the principle that it is the highly

0102 ‘8 JaqWIaA0ON Uo ‘anbiwouoiBy ayoiayday | ap [euoiieN 1Mnsul YN e B10°0gl Mmm wolj papeojumod


http://www.jbc.org/

Dipeptidyl Acylation of Phytochelatin Synthase

>

600
500
400
300

200

[*H]Glycine (nmol)

100

=

600

500

400

300

Amino groups (nmol)

NEM-PC, %
|

0 100 200 300 400 500 600
Time (s)

Fic. 8. AtPCS1-FLAG-catalyzed cleavage of glycine from NEM-
GS. Aliquots of purified AtPCS1-FLAG (10 ug) were incubated with
[*H]Gly-labeled NEM-GS (3 mM) in 100 mm HEPES/BTP buffer (pH 8.0)
lacking CdCl,. At the times indicated, the reactions were terminated,
and the amounts of free [*H]Gly generated (A) and the amounts of
NEM-GS/NEM-v-Glu-Cys and NEM-PC,, (B) were estimated by liquid
scintillation counting and the determination of N-terminal amino
groups by reaction with fluorescamine, respectively, after RP-HPLC.
Values shown are means = S.E. (n = 3-5).

sequence-conserved N-terminal half of AtPCS1 and other PC
synthases that catalyzes the core reaction, whereas the more
divergent C-terminal half participates in the heavy metal-me-
diated, but not obligatory augmentation of catalytic activity
associated with the direct binding of metals to the enzyme (22).
On this basis and the working hypothesis that the mechanism
of formation of the acyl intermediate is analogous to those of
serine and cysteine proteases, the mutagenesis experiments
were directed at determining which Ser or Cys residues (if any)
in this segment of the overall sequence might participate in the
initial nucleophilic attack on the y-Glu-Cys donor. Toward this
end, each of the five Cys (Cys®%, Cys®, Cys®!, Cys!®, and
Cys'1®) and two Ser (Ser?! and Ser!®*) residues in the N-
terminal half of AtPCS1 that are conserved between this pro-
tein and the other PC synthase clones (SpPCS, AtPCS2,
TaPCS1, C. elegans PCS1, Brassica juncea PCS1 (GenBank™
EBI accession number CAC37692), Glycine max PCS1 (36), and
Athyrium yokoscense PCS1 (accession number BAB64932))
were singly substituted. In all cases, the Cys residues were
singly substituted with Ser and the Ser residues with Ala; and
whenever an effect was not seen with the Cys-to-Ser substitu-
tions, Cys-to-Ala substitutions were also introduced at the
same positions to determine whether, in some instances, a
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Fic. 9. Effect of heterologously expressed wild-type and Cys-
to-Ser mutant-substituted AtPCS1-FLAG on the Cd®>* hypersen-
sitivity (A) and PC synthetic capacity (B) of mutant S. cerevisiae
yefIA strain DTY167. Strain DTY167 was transformed with the
pYES3-AtPCS1-FLAG vector encoding wild-type (WT) AtPCS1 (O) or
mutant AtPCS1 in which the Cys residue at position 56 ((J), 90 (H), 91
(0), 109 (@), or 113 (A) had been substituted with Ser or with the
empty pYES3 vector (o). To assess Cd >* hypersensitivity (A), the trans-
formants were grown at 30 °C to A4y, ~ 1.8 in AHC medium supple-
mented with glucose and tryptophan before inoculating aliquots into
2-ml volumes of the same medium containing the indicated concentra-
tions of CdCL,. A4y, was measured after growth for 24 h. To assess PC
synthetic activity (B), the nonprotein thiols from the soluble fractions
extracted from the same transformants after 24 h of growth in liquid
medium containing CdCl, (50 um) were fractionated by RP-HPLC and
quantitated spectrophotometrically after reaction with DTNB. Values
shown are means = S.E. (n = 3-5). Also shown are the results of
SDS-PAGE and Western analysis of wild-type and mutant AtPCS1-
FLAG after heterologous expression. Aliquots (20 pg of protein) of the
soluble fractions from the transformants were electrophoresed, electro-
transferred to nitrocellulose membranes, and probed with anti-FLAG
monoclonal antibody M2. The 58-kDa polypeptide was the only anti-
FLAG antibody-immunoreactive band detected in the extracts.

> & ©
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seryl hydroxyl group could substitute at least in part for a
cysteinyl sulthydryl group.

To delineate the necessity of one or more of these residues for
catalysis, pYES3-AtPCS1-FLAG constructs containing wild-
type or mutant A¢PCS1 were transformed into the Cd®*-hyper-
sensitive yeast ycfIA strain DTY167 and probed at four levels:
(1) by determining whether the pYES3-AtPCS1-FLAG con-
struct in question suppresses the Cd2*-hypersensitive pheno-
type of yeast strain DTY167, (ii) by determining whether ex-
posure of the yeast transformants to Cd2' elicits the
intracellular accumulation of PCs, (iii) by determining
whether, in those cases in which neither Cd2?" tolerance nor
Cd?"-dependent PC accumulation is conferred on the transfor-
mants, the capacity to synthesize PC in vitro is also abolished,
and (iv) by determining whether, in those cases in which all of
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the foregoing are impaired, in vitro enzyme acylation is also
affected.

These manipulations demonstrated that substitution of only
one of this group of seven conserved residues had an apprecia-
ble effect on the PC synthetic activity of AtPCS1-FLAG and
that this effect was essentially all or none. None of the Cys-to-
Ser (or -Ala) or Ser-to-Ala substitutions, except for the C56S
and C5H6A substitutions, decreased the capacity of heterolo-
gously expressed AtPCS1-FLAG to confer Cd?" tolerance or to
mediate PC synthesis (Figs. 9 and 10). C90S, C91S, C109S, and
C113S mutant AtPCS1-FLAG conferred similar degrees of
Cd2" tolerance on DTY167 cells as their wild-type equivalent
(Fig. 9A), and this was associated with the Cd?"-dependent
accumulation of near wild-type levels of intracellular PCs (Fig.
9B). The same was seen for C90A, C91A, C109A, and C113A

ODgoonm
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Fic. 10. Effect of heterologously expressed wild-type and Ser-
to-Ala mutant-substituted AtPCS1-FLAG on the Cd®>* hypersen-
sitivity of mutant S. cerevisiae ycfIA strain DTY167. Strain
DTY167 was transformed with the pYES3-AtPCS1-FLAG vector encod-
ing wild-type AtPCS1 (O) or mutant AtPCS1 in which the Ser residue at
position 21 ([J) or 164 (M) was singly substituted with Ala or with the
empty pYES3 vector (e). Cd?" hypersensitivity was assessed as de-
scribed in the legend to Fig. 9.

Dipeptidyl Acylation of Phytochelatin Synthase

mutant AtPCS1-FLAG (data not shown). In strict contrast,
C56S AtPCS1-FLAG conferred a degree of Cd2™" tolerance only
marginally greater than that of the empty pYES3 vector con-
trol (Fig. 9A) and elicited negligible intracellular PC accumu-
lation (Fig. 9B).

The loss of activity associated with the C56S substitution is
not attributable to a decrease in the amount, stability, or in-
tegrity of the translation product. The DTY167/pYES3-At-
PCS1-FLAG transformants containing the C56S mutant con-
tained wild-type steady-state levels of the FLAG-tagged 58-
kDa polypeptide as judged by SDS-PAGE and Western analysis
of whole cell extracts with anti-FLAG monoclonal antibody M2,
and the only mutant to exhibit a decrease in the steady-state
levels of this polypeptide (C90S) achieved intracellular PC lev-
els similar to those obtained with the wild-type controls (Fig.
9B). In no case was there any evidence of a change in the
electrophoretic mobility of the anti-FLAG antibody-reactive
band as a result of mutagenesis (Fig. 9B). Neither of the Ser-
to-Ala substitutions (at positions 21 and 164) appreciably di-
minished the Cd%* tolerance conferred by heterologously ex-
pressed AtPCS1-FLAG (Fig. 10), excluding these residues from
further consideration in this context.

In vitro assays of the capacity of immunoaffinity-purified
C56S mutant AtPCS1-FLAG to mediate Cd?*-dependent PC
synthesis from GSH verified that this amino acid substitution
abolished catalytic activity (Fig. 11). Whereas wild-type At-
PCS1-FLAG synthesized PC, and PC; at an aggregate rate of
32.1 + 8.9 umol/mg/min when assayed in medium containing
3.3 mm GSH and 50 um CdCl, assays of C56S mutant AtPCS1-
FLAG under the same conditions yielded rates below the limits
of detection (<0.01 umol/mg/min) (Fig. 11). In combination,
these results indicate that Cys®® (but none of the other con-
served Cys residues or either of the conserved Ser residues in
the N-terminal half of AtPCS1) satisfies the requirements of an
active site residue.

A critical property of C56S mutant AtPCS1-FLAG that rein-
forces the contention that first site y-Glu-Cys acylation of the
wild-type enzyme is necessary for net PC synthesis is its in-
ability to form this intermediate (Fig. 11). Unlike the wild-type
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7 S 2
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AtPCS1-FLAGWT AtPCS1-FLAG C56S

Fic. 11. In vitro PC synthetic activity and susceptibility of wild-type and C56S-substituted AtPCS1-FLAG to y-Glu-Cys acylation.
PC synthetic activity ((J) was assayed by incubating immunoaffinity-purified wild-type AtPCS1-FLAG (WT; 1 ug/ml) or C56S-substituted
AtPCS1-FLAG (1 pg/ml) with GSH (3.3 mM) and CdCl, (50 um) at 30 °C for 10 min. Acylation of purified wild-type and C56S-substituted
AtPCS1-FLAG by GSH in the absence (E) or presence (M) of Cd®>" was assayed by incubation of enzyme (27.3 ug) with [**S]Cys-labeled GSH (3 mm)
in 100 mm HEPES/BTP buffer (pH 8.0) with or without CdCl, (50 um) for 15 min before terminating the reaction and measuring enzyme acylation

as described in the legend to Fig. 4.
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enzyme, which underwent v-Glu-Cys acylation by free
[35S]Cys-labeled GSH at a stoichiometry of 0.75 + 0.10 mol of
v-Glu-Cys/mol of AtPCS1-FLAG, the C56S-substituted enzyme
underwent little or no y-Glu-Cys acylation (stoichiometry <
0.13 = 0.02 mol of y-Glu-Cys/mol of AtPCS1-FLAG) (Fig. 11).
Significantly, however, although abolition of this enzyme mod-
ification was strictly associated with abolition of PC synthetic
activity, it was not accompanied by abolition of acylation at the
second site. Incubation of C56S mutant AtPCS1-FLAG in me-
dium containing both GSH and 50 um Cd?* resulted in acyla-
tion of the enzyme at a stoichiometry of 0.51 = 0.05 mol of
v-Glu-Cys/mol of AtPCS1-FLAG, a value commensurate with
the increment (0.78 mol of y-Glu-Cys/mol of AtPCS1-FLAG)
upon the addition of Cd®" to enzyme that had already under-
gone acylation by free [2°S]Cys-labeled GSH. The implication is
that the initial Cys®6-dependent, Cd?"-independent first site
acylation is not a prerequisite for the subsequent Cys®6-inde-
pendent second site acylation of AtPCS1, but is essential for
net PC synthesis, which, in turn, might imply that the conden-
sation of enzyme-bound y-Glu-Cys with GSH for the synthesis
of PC, is contingent on acylation of the enzyme at both sites.

CONCLUSIONS

Five central conclusions can be derived from these investi-
gations. The first, which is shown directly for the first time
rather than by indirect implication, is that PC synthase is a
dipeptidyltransferase (not a tripeptidyltransferase) that cata-
lyzes the net transfer of a y-Glu-Cys unit from one thiol peptide
to another or to a previously synthesized PC molecule to me-
diate chain extension in the N- to C-terminal direction. The
second, which is a corollary of the first, is that des-Gly-PCs are
not generated as immediate by-products of PC synthase action,
or if they are, it is neither an automatic nor necessary conse-
quence of de novo PC synthesis. The third, which is predicted in
part from the substituted enzyme kinetics exhibited by AtPCS1
and in part from the necessity for an energy source for the
formation of a new peptide bond during each cycle of PC chain
extension, is that the enzyme undergoes y-Glu-Cys acylation at
two sites during catalysis. Acylation at both sites is necessary
for net PC synthesis, but the requirements for each acylation
reaction are distinguishable. The provision of free GSH in
media devoid of metal ions is sufficient for acylation of the first
site, a reaction that is not accompanied by appreciable net PC
synthesis, whereas acylation of the second site necessitates the
provision of heavy metal ions, as exemplified by Cd®*, and is
accompanied by the net synthesis of PCs. If the contention that
AtPCS1 catalyzes a bisubstrate reaction in which free GSH and
cadmium-GS, act as low and high affinity cosubstrates, respec-
tively (22), is generally applicable, it is likely that acylation of
the first site is by GSH and that of the second site is by
cadmium'GS,. The fourth conclusion is that the first site of
acylation corresponds to or is at least tightly coupled with
Cys®6. Of the five conserved Cys residues in the putative cat-
alytic sector of AtPCS1, only one (Cys®®), when substituted
with a Ser or Ala residue, abolishes the capacity of heterolo-
gously expressed AtPCS1-FLAG to suppress the Cd%2* hyper-
sensitivity of yeast strain DTY167 concomitant with the aboli-
tion of both in vivo and in vitro PC synthetic activity and the
amenability of the enzyme to direct acylation by free GSH.
Cys®® therefore satisfies the requirements of an active site
residue responsible for the initial nucleophilic attack on the
scissile bond of the GSH (or PC) y-Glu-Cys donor, in accord
with the cysteine protease model, such that AtPCS1-mediated
catalysis is initiated by the formation of a high energy thioester
intermediate. Acylation at this site, although apparently re-
quired for net PC synthesis, does not seem to be a prerequisite
for Cd%*-dependent acylation of the second site in that C56S
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and C56A mutant AtPCS1-FLAG will incorporate y-Glu-Cys at
this site, albeit at lower efficiency compared with wild-type
enzyme. Evidently, since mutation of either of the conserved
Ser residues in the N-terminal half of AtPCS1 has little or no
effect on the enzyme, conserved residues other than Cys and
Ser, e.g. Thr and Tyr residues capable of forming oxyanions,
participate in acylation of the second site.

In drawing these conclusions, it is important to take account
of an alternative role proposed for Cys residues in the catalytic
mechanism of PC synthases. This is the possibility, based on
the scheme originally presented by Grill et al. (13) and elabo-
rated by Cobbett (38), that the activation of catalysis depends
on the binding of heavy metal ions such as Cd®>" to essential
Cys-containing metal-binding sites in the N-terminal catalytic
sector of the enzyme. In support of this possibility, Maier et al.
(87) provide two classes of finding. The first is that, when
synthetic libraries consisting of overlapping 13-residue pep-
tides whose sequences are based on those of SpPCS and
TaPCS1 are screened for °°Cd?* binding, several clusters of
contiguous peptides with binding activity are discernible. Of
particular relevance to the studies we have described here,
most of the sequences that the contiguous overlapping peptides
delimit, so-called “core peptides,” encompass the Cys residues
that are subject to conservation between different PC synthase
sequences. These are the SpPCS and TaPCS1 equivalents of
AtPCS1 Cys®%, Cys®, Cys®!, Cys'®, and Cys'!®. And, in at
least a subset of these core peptides, the Cys residues con-
cerned are capable of contributing to binding in so far as Cys-
to-Ala substitutions at these positions abolish or diminish
1090 d2* binding in vitro. The second class of finding is that
single substitutions of each of four of five of the conserved Cys
residues in the N-terminal sector (Cys®®, Cys®’, Cys®!, and
Cys'® in AtPCS1 and their equivalents in SpPCS) with Ala
residues yields enzyme that, when expressed in S. pombe Apcs
strain Sp27, exerts little or no suppression of the Cd2*-hyper-
sensitive phenotype whether assayed at the level of both cell
growth and intracellular PC accumulation in media containing
Cd2* in the case of SpPCS or at the level of cell growth in media
containing Cd%" alone in the case of AtPCS1. The implication is
obvious. These residues behave as if not only essential for
metal binding, but also for catalysis, which, in turn, implies
that metal binding is an essential prerequisite for catalysis.

Although elegant and in many ways informative, the full
significance of the investigations of Maier et al. (37) remains to
be determined. At the level of mapping the distribution of
metal-binding motifs, it cannot be decided from the results
presented whether the Cd®>* binding detected would or could be
operative under the conditions that prevail in vivo or even in
vitro when PC synthetic activity is maximum because the ex-
periments were performed at free Cd%* concentrations (10 um)
far in excess of those that are achieved cytosolically under
physiological conditions or that can be achieved when GSH is
present at the millimolar concentrations necessary for net PC
synthesis. Given that, in a standard PC synthase reaction
medium containing 25 um CdCl, and 3.3 mM GSH, >98% of the
total Cd®" is complexed with GSH as cadmium-GS,, such that
the concentration of free Cd?* is only of the order of 107 * M
(22), a value some 8 orders of magnitude lower than that used
for the peptide binding assays (and one that is probably an
overestimate of the free concentration in the cytosol, which is
replete with soft metal-reactive thiols), it is unlikely that free
Cd?" concentrations in the micromolar range simulate the
conditions optimal for PC synthase action. Likewise, although
intact AtPCS1-FLAG binds '°°Cd?* at high capacity (B,,., =
7.09 = 0.94) (incidentally, at a stoichiometry congruent with
the total of seven putative binding sites identified by the pep-
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tide mapping studies of TaPCS1 under identical buffer condi-
tions (37)), the ligand binding constant (K;, = 0.54 = 0.21 pum)
is 6 orders of magnitude too high to account for activation of the
enzyme under standard conditions (22). More probable, there-
fore, is the possibility that the binding detected in the screens
of the PC synthase peptide libraries is instead attributable to
the propensity of most free cysteinyl thiols for rapid reaction
with soft ions such as Cd?" to generate metal thiolates. We
suspect that the Cd%2* binding measured by Maier et al. (37) is
more a reflection of the capacity of heavy metals to augment PC
synthase activity in the presence of substrate-active S-alkyl
derivatives rather than a strict requirement for heavy metals
for core catalysis (22). This would reconcile at least in part our
findings with those of Maier et al. (37).

Where there seem to be insuperable difficulties, however, is
in reconciling the two sets of mutagenesis results. Although
Maier et al. (37) found that Cys-to-Ala mutagenesis of each of
the residues at positions 56, 90, 109, and 113 yields enzyme
that, when expressed heterologously in S. pombe, confers little
or no increase in Cd?* tolerance over that conferred by empty
expression vector, suggesting that all four residues are required for
catalysis, we found that Cys-to-Ala or -Ser mutagenesis of only one
of these residues (Cys®®) abolished the suppression of Cd?>" hyper-
sensitivity and Cd?"-dependent intracellular PC accumulation
otherwise conferred by the heterologous expression of wild-type
AtPCS1-FLAG in S. cerevisiae. We have repeated our experiments
many times, repeatedly double-checked the fidelity of the con-
structs used by direct sequencing, and consistently obtained the
same results. That said, closer inspection of the results published
by Maier et al. (37) does, however, reveal that of the four loss-of-
function phenotypes noted, that of the C56A mutant is the most
striking. Although the C90A, C109A, and C113A mutants confer
less tolerance than the wild-type enzyme when expressed in
S. pombe, they nevertheless confer some tolerance versus expres-
sion of the C56A mutant or transformation with empty expression
vector.

If substrate peptide bond cleavage is to be the sole source of
energy for PC synthetic peptide bond formation, a minimum of
two enzyme acylations per catalytic cycle is necessitated. Un-
like the two post-translational peptide synthetic reactions im-
mediately upstream, the synthesis of y-Glu-Cys and GSH cat-
alyzed by y-glutamylcysteine synthetase and GSH synthetase,
respectively, both of which consume 1 mol of ATP/mol of prod-
uct generated (L-Glu + L-Cys + ATP — y-Glu-Cys + ADP + P,,
v-Glu-Cys + 1-Gly + ATP — GSH + ADP + P,), PC synthase-
catalyzed PC synthesis is neither sensitive nor subject to direct
energization by ATP in vitro (data not shown). It is therefore
presumed that, since the energy required for the formation of a
peptide bond is ~20 kdJ/mol (39) and the thermodynamic effi-
ciency of most biochemical reactions is 30-60%, PC synthase
must harness the energy from the deglycylation of a minimum
of two GSH molecules for each y-Glu-Cys unit that is added to
the N terminus of the growing PC chain. This would explain
the necessity for the y-Glu-Cys acylation of two sites on the
enzyme per y-Glu-Cys unit incorporated per catalytic cycle. To
account for GSH deglycylation in excess of this amount, it is

Dipeptidyl Acylation of Phytochelatin Synthase

assumed that, in all steps of the enzyme y-Glu-Cys acylation
cycle, water can serve the role of y-Glu-Cys acceptor, liberating
v-Glu-Cys and free Gly in excess of the amounts required for
PC chain extension, a process that is accelerated by the provi-
sion of metal-GSH thiolates or S-alkyl-GS derivatives contain-
ing blocked thiol groups as exemplified by cadmium-GS, and
NEM-GS, respectively.
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