Volume 284, number 1, 66—-69

ADONIS 001457939100513B

FEBS 09804
© 1991 Federation of European Biochemical Societies 00145793/91/%83.50

June 1991

Reactivation of metal-requiring apoenzymes by phytochelatin—metal
complexes

Josef Thumann!, Erwin Grill!, Ernst-L. Winnacker? and Meinhart H. Zenk!

 Lehrstuhl fiir Pharmazeutische Biologie, Universitdt Miinchen, Karlstr. 29, 8000 Miinchen 2, Germany and 2Genzentrum der
Universitit Miinchen, Am Klopferspitz 3, 8033 Martinsried, Germany

Received 8 April 1991

The enzymatically inactive, metal-requiring apoforms of diamino oxidase and of carbonic anhydrase were reactivated by copper— and zinc—phyto-

chelatin complexes, respectively. The level and the rate of reactivation effected by metal complexes consisting of poly(y-glutamylcysteinyl)glycine

as well as by the respective free metal ion were compared. An efficient transfer of zinc and copper from phytochelatin-complexes to apoenzymes
was observed in vitro.
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1. INTRODUCTION

We have postulated that metal-binding phytoche-
latins (PCs) are involved in heavy metal detoxification
and homeostasis of essential ions such as zinc and cop-
per in plants [1,2]. PCs are sulfur-rich peptides of the
general structure (y-Glu-Cys),-Gly, n = 2-11 [1,3]
which are induced by a variety of heavy metal ions and
appear to complex these ions by thiolate coordination.
The peptides are synthesized by transpeptidation of
glutamylcysteine residues from glutathione catalyzed by
the metal-activated and constitutive enzyme phyto-
chelatin-synthase [4]. A role of PCs in metal detoxifica-
tion was inferred from experiments in which PC biosyn-
thesis was inhibited [2,3,5] and from the analysis of
mutants with reduced capacity to synthesize PCs [6]
and a consequent hypersensitivity towards heavy metal
ions. Furthermore, plant cells selected for increased
cadmium tolerance were found to synthesize higher
levels of the heavy metal-binding peptides [3].

In addition, PCs appear to be part of a homeostatic
system which reguiates the availability of zinc and cop-
per ions in the plant cell. Thus, even the low levels of
zinc and copper ions required for cultivation of plant
cells in nutrient solutions provoke the induction of PCs
(7). The metal-PC complexes are subject to turnover
since the PC level strongly decreases during onset of cell
growth implying a release of zinc and copper ions [7].
Putative acceptor sites for the ions are inter alia apo-

Abbreviation: PC,, phytochelatin of n glutamyleysteinyl residues.
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forms of metal-requiring enzymes and zinc-finger-
forming proteins, while a metal transfer to the vacuole
may also occur [8]. A transfer of a metal ion from the
metal-PC complex to a metal-requiring enzyme has up
to now not been demonstrated and the question is ad-
dressed in this paper.

2. MATERIALS AND METHODS

2.1. Chemicals

Diethyldithiocarbamate and dipicolate were from Sigma, all other
hemicals were of the highest purity available from Merck, Sigma or
Boehringer Mannheim,

2.2. Apo-metalloenzymes
Residual metal ions were removed from all buffers and glassware
used for isolation and reactivation of apoenzymes as described [9].

2.2.1. Diamine oxidase

The diamine oxidase was isolated from leaves and stems of 9-day-
old Pisum sativurn seedlings (1.1 kg) according to [10]. The metal-
free apoform of the copper enzyme was obtained by overnight incuba-
tion of the isolated protein (2 mg) in 1 ml of S0 mM potassium-
phosphate buffer, pH 7.0, supplemented with 100 mM diethyl-
dithiocarbamate (DIECA). The insoluble metal-DIECA complex
was removed by centrifugation (13000 x g, 15 min) and the superna-
tant chromatographed on a Sephadex G-25 column (Pharmacia,
PD-10 column) cquilibrated with 50 mM potassium-phosphate buf-
fer, pH 7.0. The protein fraction, as indicated by its UV absorption
at 280 nm, was collected and used for subsequent reactivation ex-
periments.

2.2.2. Carbonic anhydrase

The carbonic anhydrase isolated from bovine erythrocytes was ob-
tained from a cc mmercial source (Sigma, Munich). The zine ion of
the metallo-enzyme (I mg/ml) was removed by successive ultrafiltra-
tion in the presence of 100 mM dipicolate in 200 mM potassium-
phosphate buffer, pH 7.5, as described {11}, The concentrated en-
zyme solution was finally chromatographed on a column as deseribed
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above except that 100 mM Tris-HC! buffer, pH 7.5, was used. The
apo-enzyme was stored at ~20°C.

2.3, Metal-phytochelatin complexes

The individual metal-free PC peptides (2—4 mg) were isolated and
reconstituted with zinc and copper ions as described previously [12]
with the exception that the metal/sulfhydryl ratio was 1:4, The PCs
bound all the provided metal ions under these conditions, and the
complexes were chromatographed on a Sephadex G-25 column (25 x
1.5 cm) in 5§ mM Tris-HC! buffer, pH 7.5. Elution of the zin¢c- and
copper-complexes was monitored at 230 nm and 250 nm, respec-
tively.

2.4, Reactivation of metalio-engymes

2.4.1. Diamine oxidase

The reconstitution of the apoform of the oxidase to the en-
zymatically active holoenzyme was monitored spectrophotometrically
using putrescine as a substrate and recording the formation of
chinazoline at 435 nm and at 25°C [13]. T'{e assay was performed in
the presence of 4 mM 2-aminobenzaldeliyde, 2 mM putrescine,
0.01 mg purified enzyme reconstituted in the presence of varying
levels of either free or complexed copper ions in 50 mM potassium
phosphate buffer, pH 7.5. The reaction was started by addition of
100 41 enzyme solution which had been preincubated with the copper
source for 30 min, unless otherwise stated. The total volume of the in-

cubation mixture was 1 ml.

2.4.2. Carbonic anhydrase

The activity of the carbonic anhydrase was determined spec-
trophotometrically at 400 nm [14] following the cleavage of p-
nitrophenyl acetate to p-nitrophenol and acetate according to [14].
The assay mixwure consisted of 5 mM p-nitrophenyl acetate, 4 4g
apoenzyme, varying levels of either free or complexed zinc ions in a
volume of 1 ml 100 mM Tris-HCI, pH 7.5. The specific activity of the
untreated holo-enzyme was 37 nkat/mg protein.

3. RESULTS AND DISCUSSION

3.1. Reactivation of copper-requiring diamino oxidase

The copper-containing diamine oxidase was purified
300-fold from pea seedlings as described [10] with a
48% vyield of activity (990 nkat). The metal chelator
DIECA was used to specifically remove the copper ions
from the enzyme (specific activity 45.1 nkat/mg)
resulting in a residual specific activity of 0.9 nkat/mg
protein, i.e. 2% of the activity of the purified enzyme.
Addition of various concentrations of CuSQO; to the
apoform of the oxidase produced a maximal reactiva-
tion of 80% of its initial activity at 10 M copper ions
(Fig. 1). This concentration corresponds to the copper
level in the untreated holo-enzyme preparation, Higher
copper concentrations resulted in an apparent inhibi-
tion of the enzyme activity (Fig. 1). In a previous
publication, a copper-requiring apoform of the diamine
oxidase from clover leaves was reconstituted by un-
complexed copper ions to the same maximal extent as
our enzyme preparation [15].

In order to investigate whether metal—PC complexes
could provide metal ions in a transfer reaction to metal-
requiring apoenzymes we tested the reactivation of
apoenzymes by zine— and copper—PC complexes.
Cu~PC complexes were incubated with apo-diaminc
oxidase and the enzymatic activity subsequently tested.
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Fig. I. Reactivation of the metal requiring apoenzyme of diamine
oxidase from Pisum sativum by free copper ions and
copper—phytochelatin complexes, The copper ions were supplied at
varying levels as free ions (e—we), complexed to di(y-glutamyl-
cysteinyl)glycine (PC2, w—m), tetra(y-glutamylcysteinyl)glycine
(PC4, a~-—14), penta(y-glutamyleysteinyl)glycine (PCS, 0—0), or
to the copper-phytochelatin complex as isolated from piant tissue
{PCn, 0——0) which consists predominantly of a mixture of PC2 and
PC3. The level of reconstitution reflects maximal observed
reactivation during an incubation period of 30 min.

The metal-PC complexes, consisting either of PC2
(di(y-glutamylcysteinyl)glycine) or the PC mixture as
isolated from plant cells containing predominantly PC2
and PC3, were comparably as effective as metal donors
as was the free copper ion (Fig. 1), The reactivated en-
zyme exhibited an activity of 80% of its initial level at
10 uM CuSOy, and 83% and 78% with the Cu—-PC mix-
ture from plants and the Cu—PC2 complex, respective-
ly, providing an equal amount of copper. In contrast,
the Cu—~PC4 and Cu-PCS complexes were less efficient
in the reconstitution experiments with a maximal reac-
tivation of 71% and 63 %, respectively (Fig. 1). Enzyme
activity in these experiments was determined after
preincubation of the enzyme with the copper source for
30 min. Longer preincubation periods did not increase
the degree of enzyme reactivation which indicates that
a thermodynamic equilibrium between the different
copper binding sites had been attained. However,
reducing the preincubation period to as low as 1 min
revealed substantial differences in the rate of metal
transfer from the individual PC complexes to the
apoenzyme compared to the free copper ions. These
results are summarized in Fig. 2. Free copper ions most
readily reactivated the diamine oxidase, while copper—
PC complexes reactivated the apoenzyme at a reduced
rate. Differences were particularly evident at copper
levels of 3 and 10 M. The rate of reactivation with
3 uM CuSO, (0.9 pmol/s?) was approximately twice as
high as that with PC complexes (0.5 pmol/s?,
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Fig. 2. Rate of reactivation of apo-diamine oxidase by free copper
ions and copper—phytochelatin complexes. Rates of reactivation were
determined by incubating the apoenzyme for 1, 3, 5, 8, 12, and 15 min
with the copper source and were deduced from the linear phase of the
reaction. Free copper ions were provided as copper sulfate solution.
CuS0,, PC2, PC5 and PCn as explained in the legend to Fig. 1.

0.4 pmol/s® and 0.3 pmol/s® for PC2, plant Cu—PC
and PCS5, respectively). The rate of reconstitution as a
function of the different PC complexes was generally
higher for shorter peptide chains in the PC molecule,
with differences in the range of 10-20% (Fig. 2). This
could reflect different strengths of ion binding. The
plant Cu—~PC complex consisted predominantly of PC2
and PC3 [2]), and produced intermediate rates com-
pared to the numbers obtained with PC2 and PCS5 com-
plexes. In conclusion, the data imply an efficient
transfer of copper ions from PC complexes to the plant
apo-diamino oxidase in vitro.

3.2. Reactivation of zinc-requiring carbonic anhydrase

The largely zinc-free bovine carbonic anhydrase was
obtained after removal of the heavy metal ions with
dipicolate and subsequent gel filtration. The apo-
enzyme had a residual specific activity of 1.4 nkat/mg
protein, i.e. 4% of that of the untreated holo-enzyme.
Titration of the apo-enzyme (at 0.15 mg/ml, cor-
responding to S 4M protein-bound zinc) with ZnSO,
resulted in a complete reconstitution at -6 M zinc
ions, with specific activities (39 nkat/mg) even 5%
higher than the specific activity of the untreated enzyme
(data not shown). Addition of micromolar concentra-
tions of zinc ions to the commercial enzyme preparation
also increased its specific activity by 5% indicating an
incomplete saturation of the original preparation with
Zinc ions.

In addition, reactivation of the apoenzyme was also
achieved with Zn-PC2 (Fig. 3B) and Zn-PC7
(Fig. 3C) but to a lesser extent than with free zinc ions
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Fig. 3. Time course of reactivation of apocarbonic anhydrase by free

zinc ions and zinc-phytochelatin complexes. The zinc ions were

administered as (A) free zinc ions, or bound to (B) di(y-glutamyl-

cysteinyl)glycine (PC2) and (C) hepta(y-glutamylcysteinyl)glycine

(PC7) to the assay mixture containing the apoenzyme. The zinc was

provided at 6 nM (a—a), 30 nM (a—a), 100 nM (5—a3), 300 nM
(w—a), 600 nM (0—), and 1000 nM (e—we).

(Fig. 3A) at varying zinc concentrations. The highest
level of reconstitution of the enzyme was 94% with the
PC2 complex, and 70% with the PC7 complex, com-
pared to 1 «M free zinc ions. The rate of enzyme reac-
tivation also clearly differed between the various zinc
donors. For instance, the rate of reactivation was
1.3 pmol/s? (100%) with 0.6 xuM ZnSOs, and at the
same zinc level 0.9 pmol/s® (69%) and 0.4 pmol/s?
(30%) with the corresponding PC2 and PC7 complex,
respectively. The significantly lower rates were ob-
served at all zinc concentrations used for reconstitution
and indicate a substantiaily slower release of the zinc
ions from PC peptides. In addition, there is also a strik-
ing difference between the PC complexes formed by
peptides of different chain length with an approximate-
ly two-fold higher rate for the PC2 complex. At this
point it remains elusive whether this finding reflects a
difference in the diffusion rate of the individual PC
complexes or a different affinity for zinc binding with
a tighter metal sequestration in the complex consisting
of longer PC peptides.

The lower degree of the reactivation of both the
diamino oxidas; and the carbonic anhydrase with metal
complexes of higher PC members compared to the cor-
responding complex of PC2 points to a more efficient
binding (higher binding constants) of the metal ions by
longer PC molecules. In plants, zinc and copper ions
predominantly induce PC2, and PC2 and PC3, respec-
tively {2,8]. Zn-PC; complexes and also the Cu—-PC
complex isuvlated from plants were capable of reac-
tivating apoenzymes in vitro to a degree comparable to
that of the corresponding metal salt.

The metal PC complexes are, therefore, not only
detoxification forms of heavy metuls but are probably
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also able to serve as metal ion donors in the plant cell
and could thus fulfill a further prerequisite for a
homeostatic function of the PC peptides.

The process of activating apoenzymes by the
metal~PC complex, rather than by the free metal ion,
offers the great metabolic advantage of lesser toxicity
towards heavy-metal-sensitive enzymes (Kneer and
Zenk, unpublished resuiis). The synthesis of PC helps
to prevent adverse reactions of heavy metal ions by their
complexation and enables plants to adapt to changes in
the supply of metal ions provided by the environment,
The roles of PCs appear to be identical in this respect to
the functions discussed for metallothioneins in the
animal system [16].
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