Available online at www.sciencedirect.com

; sc.ENCE@D.REcT@ BIOCHIMIE

ELSEVIER Biochimie 88 (2006) 583-593

www.elsevier.com/locate/biochi

Plant metallothionein domains:
functional insight into physiological metal binding and protein folding

. N . .. b b
Jordi Doménech °, Gisela Mir °, Gemma Huguet °,
N . . . b . . *
Mercé Capdevila ©, Marisa Molinas °, Silvia Atrian *
& Departament de Genética, Facultat de Biologia, Universitat de Barcelona, Av. Diagonal 645, 08028 Barcelona, Spain

b Departament de Biologia, Universitat de Girona, Campus Montilivi, 17071 Girona, Spain
¢ Departament de Quimica, Facultat de Ciéncies, Universitat Autonoma de Barcelona, 08193 Barcelona, Spain

Received 4 April 2005; accepted 4 November 2005
Available online 01 December 2005

Abstract

Plant metallothioneins (MTs) differ from animal MTs by a peculiar sequence organization consisting of two short cysteine-rich terminal
domains linked by a long cysteine-devoid spacer. The role of the plant MT domains in the protein structure and functionality is largely unknown.
Here, we investigate the separate domain contribution to the in vivo binding of Zn and Cu and to confer metal tolerance to CUP[-null yeast cells
of a plant type 2 MT (QsMT). For this purpose, we obtained three recombinant peptides that, respectively, correspond to the single N-terminal
(N25) and C-terminal (C18) cysteine-rich domains of QsMT, and a chimera in which the spacer is replaced with a four-glycine bridge (N25—
C18). The metal—peptide preparations recovered from Zn- or Cu-enriched cultures were characterized by ESI-MS, ICP-OES and CD and UV-vis
spectroscopy and data compared to full length QsMT. Results are consistent with QsMT giving rise to homometallic Zn- or Cu-MT complexes
according to a hairpin model in which the two Cys-rich domains interact to form a cluster. In this model the spacer region does not contribute to
the metal coordination. However, our data from Zn-QsMT (but not from Cu-QsMT) support a fold of the spacer involving some interaction with
the metal core. On the other hand, results from functional complementation assays in endogenous MT-defective yeast cells suggest that the spacer
region may play a role in Cu-QsMT stability or subcellular localization. As a whole, our results provide the first insight into the structure/function
relationship of plant MTs using the analysis of the separate domain abilities to bind physiological metals.
© 2005 Elsevier SAS. All rights reserved.
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1. Introduction smaller cysteine-rich domains (four to eight cysteine each)
and a large spacer region (30-50 residues) devoid of this amino
acid. The distribution of cysteine residues, as well as the length
of the spacer region served to further classify plant MTs into
four types [2,3], as shown in Table 1. Only a reduced number
of plant MTs differ from these canonical primary structures:
the type 4 MTs, characterized by three cysteine-rich regions,
and the Brassicaceae subtype in type 1 MTs, bearing a short

Metallothioneins (MTs) are small cysteine-rich proteins
with the ability to coordinate heavy metal atoms. Although
widely distributed among the animal and plant kingdoms,
MTs show an extremely heterogeneous composition. They
are currently clustered in 15 families following taxonomical
criteria [1]. Paradigmatic mammalian MTs contain two cy-
steine-rich domains (9 and 11 cysteine residues) that fold into Teble 1
two independent metal clusters joined by a two to three non- Classification of plant MT according to the cysteine motifs in their N- and C-
cysteinic amino acid hinge when coordinating divalent metal terminal regions and the length of the corresponding spacer regions, adapted
ions. Plant MTs, placed in Family 15, generally contain two from [3]
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(less than 10 residues) spacer. In Arabidopsis seven actively
expressed MT genes have been identified that include repre-
sentatives of the four types [3,4]. The further isolation of re-
presentatives for the four types in the distant model Oryza sa-
tiva (rice) indicated that the multiplicity of MT forms precedes
the dicot/monocot split in Angiosperms, and suggests that it is
a common feature among all this group of plants. Single MT
forms have been also isolated in Gymnosperms [5] and algae
(Fucus vesiculatus) [6].

In contrast to the huge amount of knowledge about animal
MTs, including NMR data [7], the structural and functional
properties of plant MTs are still largely unknown (for plant
MTs review see [2,3]). In general, plant MTs respond to a great
variety of stresses (metal ions, abscisic acid, salt and oxidative
stress, bounds and pathogen invasions) with a ubiquitous ex-
pression [8]. Some trends of spatial distribution points to an
increased type 2 expression in aerial organs, while type 1 pre-
ferential synthesis seems located in the subterranean tissues [3,
9]. Type 3 MT mRNAs have been mainly purified from ripen-
ing fruits [10] and type 4 is especially abundant in seeds [11].
Several attempts have also been devoted to determine the spe-
cificity of the metal response of plant MTs, and it is generally
accepted that plant MTs play a role related to copper home-
ostasis or metabolism, on the basis of the reported induction
of several MT genes by copper [12,13]. Moreover, a correla-
tion between MT gene expression and copper tolerance has
been observed in Arabidopsis and Silene ecotypes [14,15]
and the ability of some plant MT proteins to functionally bind
copper in both yeast and E. coli cells [16—18] has been demon-
strated. On the other hand, Zn and Cd also induce some plant
MT gene response [13,18] yielding the corresponding metal-
MT aggregates [16,10,18]. Recently, it has been shown that
expression of Arabidopsis MT2a and MT3 in Vicia guard cells
protect these cells from degradation upon exposure to Cd [19],
this confirming that at least some plant MT may play a role in
Cd detoxification in plants, concomitantly with Phytochelatins.

However, advances in plant MT knowledge have been im-
paired by the high level of proteolysis associated to native pro-
tein purification. Unfortunately, many efforts of recombinant
(E. coli) plant MT synthesis did not enable to overcome this
drawback [20], and consequently, the characterization of the
putative metal-aggregates formed by plant MT remained un-
solved. Recently, and using a GST-based expression system
in E. coli we obtained highly homogeneous preparations of
undigested Cu, Zn and Cd aggregates from a plant MT
(QsMT). QsMT is a type 2 plant MT isolated in our laboratory
from a Quercus suber phellem cDNA library [21]. In situ hy-
bridization results showed then that this gene was actively in-
duced in response to oxidative stress, either endogenous (sub-
erization and proliferating tissues) or exogenous (paraquat or
H,0,). However, parallel experiments to test the increase of
QsMT synthesis in response to elevated Zn or Cu failed to
reveal significant differences with the control samples. We
had previously used the GST-system for the study of some
animal MTs (Drosophila [22,23], Crustacea [24], mammalian
MT1 [25] and MT4 [26]) and the protein domain contribution
to metal coordination could be ascertained by means of high

resolution spectroscopic and spectrometric analyses [24,27,28].
Applying the same rationale, we characterized the basic fea-
tures of QsMT metal clusters, which were consistent with a
copper related biological role, maybe related with its redox po-
tentiality [29], confirmed by the capacity of QsMT to comple-
ment copper tolerance in a MT-null yeast mutant [21]. Albeit
the characterization of the entire QsMT metal aggregates, the
particular contribution of the different plant MT domains to the
protein structure and function remained unclear. Here, we aim
at shedding light on the role of plant MT domains in in vivo
metal binding, by means of a protein dissection strategy. Two
independent peptides consisting of the N-terminal (N25) and
the C-terminal (C18) Cys-rich domains of QsMT, and a chi-
mera (N25—C18) in which the spacer region is replaced with
a short glycine bridge, were recombinantly synthesized as
GST-fusion peptides. Then, the corresponding metal aggre-
gates obtained from Zn and Cu enriched E. coli cultures were
purified and characterized in comparison with those from the
full length QsMT [21]. In addition, to further investigate the in
vivo metal binding abilities of the full length QsMT, the Zny,-
QsMT species were titrated with Cu(l). Finally, the capacity of
QsMT and of its three derived peptides to confer metal (Zn or
Cu) tolerance to a yeast strain defective in its endogenous
CUPI MT was investigated. Overall, the results led us to pro-
pose a binding model for Zn- and Cu-QsMT species and to
suggest a role for the MT spacer, a region that is highly con-
served among plants but totally absent in animal MT.

2. Material and methods
2.1. Construction of the expression vectors

The cDNA sequences encoding for the independent N25
and C18 Cys-rich domains and the N25—-C18 chimera (Table 2)
were constructed using PCR-based strategies with the full
length QsMT cDNA as a template [21] and Immolase (Bioline)
as thermo resistant DNA polymerase. Enzyme activation
(7 min at 95 °C) was followed by 30 cycles of PCR as follows:
denaturation 45 s at 95 °C, hybridization 30 s at 55-60 °C, and
elongation 45 s at 72 °C. For N25 (Metl-to-Met25), the up-
stream primer  was N25/Bam (5'-CTCTGGATC
CATGTCTTGCTGCGGA), which contains a BamHI restric-
tion site (underlined), the downstream primer was N25/Eco(5’
CGGAATTCTCACATCTTGCATCCTCCA) with an EcoRI
restriction site (underlined) and a stop codon. For CI18
(Asn61-to-Lys76), the upstream primer was C18/Bam (5
CGGGATCCATGAATGGCTGCAAGTGC), which contains
a BamHI restriction site (underlined) and a start codon at the
origin of the coding region, and the downstream primer was
C18/Eco (5-CGGAATTCTCATTTACAATTGCAAGGGTC)
with EcoRI restriction site (underlined). For N25-C18, the
N25 and C18 fragments were amplified separately and linked
by a four-glycine encoding bridge using a two-step PCR. In
this case the downstream primer for N25 was N25/Gly (5'-
TCCTCCTCCTCCCATCTTGCATCCTCCACA), which con-
tains the coding sequence for the four Gly bridge (underlined),
and for C18 the upstream primer was C18/Gly (5'-GGAGGAG
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Amino acid sequences of the wild type QsMT form and the three deletion mutants. N25 corresponds to the QsMT N-terminal region containing the first eight Cys;
C18 corresponds to the QsMT C-terminal region containing the last six Cys; and N25—C18 is the fusion of the N25 and C18 regions through a bridge of four Gly
(solid box), so that this peptide lacks the spacer region of QsMT. Additional Gly and Ser (dotted box) are added to the N-terminal of the four peptides, due to the

recombinant expression strategy

Global
Charge

......

QsMT -1.53

\“\‘\

NN25-C18 +2.38

N25 +1.64

c18 +0.73

GAGGAAATGGCTGCAAGTGCGGCTG), which contains
the complementary sequence for the Gly bridge (underlined).
In order to optimize the hybridization and sequence filling re-
action, equal amounts of N25 and C18 cDNA were subjected
to 15 PCR cycles (denaturation 1 min at 94 °C, hybridization
30 s at 41 °C, elongation 45 s at 72 °C). The PCR products
were diluted 1/25 and subjected to further PCR (30 cycles)
using N25/Bam and C18/Eco primers (denaturation 45 s at
94 °C, hybridization: 30 s at 60 °C, elongation 45 s at
72 °C). The final PCR product was analyzed by agarose gel
electrophoresis and ethidium bromide staining and the bands
showing the expected size were excised and sequenced in an
Applied Biosystems ABIPRISM 310 Automatic Sequencer
using ABIPRISM Dye Terminator-Cycle Sequencing Ready
reaction kit (Perkin Elmer).

The N25, C18 and N25-C18 cDNAs were subcloned in
pGEX-4T2 (Amersham Pharmacia Biotech) to synthesize the
encoded peptides fused to the C-terminal end of glutathione-
S-transferase (GST) in E. coli, using the same procedure de-
scribed in [21]. BL21 cells were transformed with the ligation
mixtures, the corresponding plasmids recovered and the integ-
rity of their coding regions was confirmed by DNA sequen-
cing.

2.2. Purification and characterization of the recombinant
metallopeptides

The recombinant peptides were biosynthesized in 3 | Luria
Bertini (LB) medium, inoculated with 300 ml of overnight pre-
cultures of transformed E. coli cells. Induction with isopropyl
B-p-thiogalactopyranoside (IPTG) was performed at ODgqg
= 0.8, and cultures were further grown for 3 h in the presence
of 500 uM CuSOy4 or 300 uM ZnCl,. Cells were harvested by
centrifugation (Sorvall RC5C, 15 min at 9600 x g), resus-
pended in PBS, and lysed by sonication (Branson Sonifier
250, 0.6 Hz) in the presence of 0.5% f-mercaptoethanol to
avoid protein oxidation. From this step on, all procedures were
carried out using Ar (pure grade 5.6) saturated buffers. After
sonication, the cellular debris was pelleted (20 min at 20000 x
g) and GST-MT fusions were isolated from the supernatant by
glutathione-sepharose 4B (Amersham Pharmacia) affinity chro-
matography. Metal-peptide aggregates were readily separated
from GST by thrombin cleavage, so that the use of glutathione

. [GIMSCCOONCGCOTGEKEGSGCEECKMEGEENGCKCGSNCTCOPCNEK —

E_@§MSCCGGNCGCGTGCKCGSGCGGGKM,EEPlSSEKTTTETLIVGVAPQKTHFEGSEMGVGﬁENGCKCGSNCTCDPCNCK
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was avoided, and several concentration rounds were performed
by Centriprep Microcon 3 (Amicon). Finally the metallopep-
tides were purified through FPLC in a Superdex75 column
(Amersham Pharmacia Biotech) equilibrated with 50 mM
Tris—HCI, pH 7.0. Selected fractions were confirmed by 15%
SDS-PAGE and kept at —70 °C until further use.

The S, Zn and Cu content of the recombinant metallopep-
tide preparations was analyzed by inductively coupled plasma
optic emission spectroscopy (ICP-OES). A Polyscan 61E
(Thermo Jarrell Ash) spectropolarimeter was used, measuring
Cu at 324.803 nm, S at 182.040 nm and Zn at 213.856 nm.
Samples, acidified to a 1 M HCI final concentration, were ana-
lyzed as described in [30]. Protein concentration was calculated
from the S value assuming that all S atoms in the sample were
contributed by the metallopeptide: N25, 10 S atoms per mole-
cule (eight Cys plus two Met); C18, seven S atoms per mole-
cule (six Cys plus one Met); N25-C18, 16 S atoms per mole-
cule (14 Cys plus two Met); and QsMT, 17 S atoms per
molecule (14 Cys plus three Met). Protein concentration was
confirmed by standard amino acid analysis performed on an
Alpha Plus Amino acid Autoanalizer (Pharmacia LKB Bio-
technology) after sample hydrolysis in 6 M HCI (22 h at
110 °C). The Ser, Lys and Gly content were used to extrapolate
peptide concentrations.

2.3. Spectroscopic and spectrometric analyses of the Zn-
and Cu-peptide complexes

UV-visible electronic absorption and CD analysis was car-
ried out and processed as described in [31]. Electronic absorp-
tion measurements were performed on a HP-8453 diode array
UV-visible spectrophotometer. A Jasco spectropolarimeter
(J715) interfaced to a computer (J700 software) was used for
CD determinations. The pH remained constant during the titra-
tion without the addition of buffers, and the temperature was
kept at 25 °C by means of a Peltier PTC-351S apparatus. All
spectra were recorded with 1 cm capped quartz cuvettes and
processed using the GRAMS 32 program.

The molecular mass of the metal-peptide species was deter-
mined by electrospray ionization mass spectrometry (ESI-MS)
performed on a Fisons Platform II Instrument (VG Biotech)
controlled by the MassLynx Software and calibrated with horse
heart myoglobin (0.1 mg/ml). Twenty microliters of the sample
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were injected through a PEEK column (1 m % 0.007 in. i.d.) at
20 pl/min in the following conditions. For the in vivo samples:
source temperature, 120 °C; capillary-counterelectrode voltage,
3.5 kV; lens-counterelectrode voltage, 1.5 kV; cone potential,
60 V. A m/z range from 750 to 1950 was scanned at 2 s/scan
with an interscan delay of 0.2 s. The liquid carrier was aceto-
nitrile/S mM ammonium acetate pH 7 (20:80, v/v). The mole-
cular mass of the in vitro samples was determined in the same
way as the in vivo samples, except that source temperature was
90 °C; capillary-counterelectrode voltage, 3.0 kV and cone po-
tential, 35 V. For apoform analysis, the metallopeptides were
demetalated by acidification with HCl at pH 1.5, and mass
spectrometry measures were carried out as explained for the
holoforms except that the liquid carrier was methanol ammo-
nium/formate ammonia, pH 2.5 (5:95, v/v). The molecular
masses were calculated according to the method reported in
[32].

2.4. Yeast functional complementation

For the yeast complementation assays two Saccharomyces
cerevisiae strains were used: DTY3 (MATa, leu2-3, 112his341 s
trpl-1, ura3-50, gall CUPI®), that harbors only one copy of
the endogenous CUPI gene, and DTY4 (DTY3 with cupl::
URA3), totally deficient for CUPI [33], and hereafter referred
in this paper to as cup!® and cupl”, respectively. The cDNAs
coding for N25, C18 and N25-C18 were excised from the cor-
responding pGEX recombinant plasmids (described above) by
digestion with BamHI/Pst] and ligated into the same sites of the
yeast vector p424. The p424 vector contains TRP1 as a selec-
tion marker, and the recombinant sequences remain under the
transcriptional control of the yeast constitutive glyceraldehyde-
3-phosphate dehydrogenase (GPD) promoter and the cyto-
chrome-c-oxidase (CYC1) terminator [34]. The p424 construc-
tions were introduced into cupl? cells using the lithium acetate
procedure [35] and the transformed cells selected according to
their capacity to grow in synthetic complete medium (SC) with-
out Trp (p424 vector selection marker) and Ura (cupl” strain
selection marker) (SC-Trp-Ura medium).

For the metal tolerance tests, transformed cupl? cells were
initially grown in selective SC-Trp-Ura medium and cupl®
strain in SC medium, both at 30 °C and 220 rpm to ODggg
= 0.5. Cultures were serially 10-fold diluted and 3 pl of each
final sample spotted on SC plates with or without previously
added CuSOy4 (75 uM for plate) or ZnSO,4 (7 mM for plate).
Plates were incubated for 3 days at 30 °C and photographed.

3. Results and discussion

The QsMT-derived cDNA constructions coding for the two
independent Cys-rich domains (N25 and C18) and for the
N25-C18 chimera (Table 2) were confirmed by DNA sequen-
cing and thereafter expressed in E. coli cells. The correspond-
ing metal aggregates biosynthesized in Zn- or Cu-enriched
media were analyzed by spectroscopic and spectrophotometric
methods and data compared with those of the full length QsMT

[21]. For each peptide, acidification at pH 1.5 of the recombi-
nant metal-containing samples yielded single apoforms whose
molecular masses were in accordance with the expected values
calculated from their amino acid sequences (Table 3A). This
confirmed the identity and the absence of endoproteolytic de-
gradation for all recombinant peptides.

3.1. Zn-binding abilities and Zn-OsMT folding model

According to ICP-OES and ESI-MS data, N25-C18 synthe-
sized in Zn-enriched medium yielded major Zny-peptide spe-
cies, similarly to the full length QsMT. In contrast, N25 and
C18 rendered mixtures of species with lower Zn/peptide ratios
that, interestingly, included dimeric forms (Table 3B). Metal-
MT species are identified by their ESI-MS peaks, which de-
pend on the charge state-values within the scanned m/z range
(m/z, m = molecular mass and z = charge). To assess the pre-
sence of MT dimers in the Zn—N25 and Zn—-C18 preparations
we applied a deconvolution method [36] that allowed us to
identify two types of ESI-MS peaks that corresponded, respec-
tively, to the dimeric forms: i) peaks that matched the m/z
charge states of a (Zn,—MT), form (being z = odd value), and
ii) peaks that only matched the molecular weight of two pep-
tide chains binding an odd number of Zn(Il) ions. Furthermore,
some peaks could be either interpreted as corresponding to a
monomer of m/z or to a dimer of a 2m/2z ratio. Considering
that dimers were not detected in apoN25 and apoC18 prepara-
tions, dimerization is not attributed to intermolecular peptide
bonds, but rather to the metal aggregate constitution itself.

The comparison of the CD spectra revealed that N25, C18,
N25-C18 and QsMT all share a low chirality profile (Fig. 1).
However, only Zny-QsMT showed the expected exciton cou-
pling typical of the Zn-MT complexes (centered at 240 nm)
[25]. For Zn—-N25 and Zn—C18, the spectra revealed the pre-
sence of non-proteic ligands, albeit of a different nature in each
case. The Zn—N25 CD spectrum, although closely related to
that of QsMT (with a maximum at 248 nm) shows a clear in-
crease in absorption at higher wavelengths. This, together with
an extra ligand of 32 Da, detected by ESI-MS, confirmed that
sulfide (S*) participates in the Zn—N25 aggregates, in a similar
way to that described for Cd-QsMT [21] and animal MTs [37].
Conversely, the Zn—C18 CD-fingerprint merely displayed an
absorption centered at ca. 230 nm. This absorption could be
assigned to chloride anions that cannot be ESI-MS detected
[23,38]. The Zny—N25-C18 complex exhibited a peculiar CD-
fingerprint, different from that of QsMT (Fig. 1), that could be
reproduced by the combined features of the Zn—-N25 and Zn—
C18 CD spectra, indicating that the N25—C18 chimera would
contain both chloride and sulfide extra ligands.

Two main alternatives have been proposed for the plant me-
tal-MT structure: a hairpin model in which the two Cys-rich
domains form a single metal cluster and the spacer remains
as a non-ordered connecting loop [20]; and a two-domain
dumbbell model, proposed for a kiwi type 3 MT [39], similar
to the well-known structure of mammalian metal-MT aggre-
gates when coordinating divalent metals [40]. A third theoreti-
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Table 3
Protein concentrations and metal (Zn or Cu) to protein ratios of the recombinant metal-QsMT forms. A) Metal-to-peptide ratio results obtained for the

metallopeptides purified from Zn- or Cu-supplemented media. B) ESI-MS results of the apoforms of the four recombinant peptides, obtained by acidification of the
corresponding. Zn-aggregates

A ESI-MS

QsMT N25-C18 N25 c18
Expected MW 7816.8 43654 2406.8 2025.0
Observed MW 7816.4:0.7  4365.6:0.3 2406.2:0.6  2024.0+1.1
B Metal Amino acid
supplemented Peptide ICP-OES* analysis® ESI-Ms*
Protein concentration (M) Major species Expected Measured
Metal-QsMT molar ratio Minor species Mw Mw
Zn QsMT 1.50 x 107 1.50 x 107 Zn,-QsMT 8070.4  8070.0:0.6
4.27Zn
N25-C18 1.32x 107" 1.30 x 107 Zn,-N25-C18 4619.0  4620.0:0.6
3.67Zn
N25 3.20x 107" 3.20x 107 Zn,-N25 25960  2595.2+1.6
2.22Zn Zn,X-(N25), 5288.8
Zn,-N25 2531.8 2532.4+0.9
Zn.-(N25), 26943  2693.9:0.7
ci8 3.36 x 107 3.30x 107 Zn,C18 2150.3  2150.0+0.7
1.82Zn Zn,-C18 2087.1  2086.4+0.8
Zn.-(C18), 43643  4367.8+1.9
Cu QsMT 0.26 x 107 0.24x 107 M-QsMT 8324.0+3.6 8326.2+1.6
1.52Zn M,-QsMT 8383.5+2.9 8386.8+2.3
47 Cu M,-QsMT 8257.612.9 8255.3+1.1
M,-QsMT 8070.4+1.7 8067.2+1.3
N25-C18 0.95 x 107 0.95x 10~ Mg-N25-C18  4872.6:3.3 4870.3:0.8
212Zn M,-N25-C18  4935.6:3.3 4934.1:3.3
4.0 Cu M,-N25-C18  4806.2:t2.9 4808.1:1.8
M,-N25-C18 4619.0+1.7 4617.7+1.2
N25 0.32x 10~ 0.33x 10~ Cu,-N25 26603  2658.1+0.9
3.3Cu Cu,-N25 27237  2720.2+#1.5
C18 2.00x10° 2.20x 107 Cug-(C18)," 4547.8  4548.8:1.3
43Cu Cug-(C18), 46103  4612.5+1.1
5+ a _ - o
A ﬂg;\—/ cm\ r/\lz%\
£ . [ e
\ M \N?S / wﬁy ) \
0 = — == *’ - / Vi
\013 st/ \ms/»
C —
57 A B Cc
-10- Scheme 1. Diagram showing the three putative models for the full-length
QsMT folding.
d A, Dumbbell; B, double dumbbell; and C, hairpin model.
-15+
T T T | \ T T T the dumbbell model is the most plausible alternative in this
230 240 250 260 270 280 290 3ponMm

Fig. 1. CD spectra of the QsMT peptides synthesized in zinc-supplemented
media. Comparison of the CD spectra corresponding to the Zn-Cl18 (a),
Zns—N25-C18 (b), Zn—N25 (c) and Zny-QsMT (d) recombinant preparations.

cal double dumbbell model depending on MT dimerization is
also conceivable (Scheme 1). Interestingly, structures with a
hairpin model have been lately proposed for some unusual an-
imal MTs [41]. According to our results, and on the basis of
the differential arrangement of their metal clusters revealed by
the CD data, different folding models should be assumed for
Zn4—N25-C18 and Zny-QsMT. Considering that the two Cys-
rich domains act in an independent manner in Zn,—N25-C18,

case. Contrarily, the domain dependency described for Zny-
QsMT leads to discard this model for QsMT. Then, between
the double dumbbell and the hairpin model, both involving a
N25/C18 interaction, we favor the second considering that di-
meric Zn-QsMT species were never detected. Therefore, the
hairpin model proposed for pea MT [20] remains as the most
rational prospect for QsMT folding in the presence of Zn(II)
ions. The differences between QsMT and N25—C18 CD spectra
indicate that the spacer region, which encompasses eight
charged residues and several potentially coordinating amino
acids such as His, Asp or Glu, also contributes to the particular
metal-cluster architecture. However, and somewhat paradoxi-
cally, the role of the spacer is not to facilitate the independency
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of the two Cys-rich domains, but rather to make them mutually
dependent when binding Zn. Any direct contribution of the
spacer to Zn-coordination is discarded because N25-C18 and
QsMT yield aggregates with an equivalent number of Zn ions,
and because any of the well-known spectroscopic features as-
sociated with Zn—O or Zn—-N chromophores was shown in the
CD spectra. In summary, the spacer may play a stabilization
role in Zn-aggregates. This region, through its side-chain nega-
tive charges, may adopt some fold interacting with the central
metallic core that would account for the spectroscopical differ-
ences, without alteration of the binding capacity of the Cys-
domains.

3.2. Cu-binding abilities and Cu-OsMT folding model

As for QsMT, N25-C18 yielded samples that contained
both Zn(II) and Cu(l), in Cu-enriched medium, with major
Mg-, and minor Mo-, M-, and My-species (Table 3B). In con-
trast, N25 and C18 rendered only homometallic Cu-aggregates
when independently expressed. For N25, the major species was
Cuy—N25, with a minor presence of Cus—N25. For C18, the
major species were Cug—(C18), and Cuy—(C18),, suggesting
that the separate C18 domain mainly achieves Cu-binding after
dimerization. Comparison of the four CD spectra (Fig. 2) re-
vealed high intensity fingerprints, except for Cu—-N25 that
stands out for its lower chirality. Although all CD spectra ap-
pear very similar, a closer examination reveals at least two in-
teresting details that must be highlighted. On the one hand, the
absorptions at ca. 245 nm, which are due to the presence in the
sample of Zn-species, as explained below, are found in Cu-
N25—C18 and Cu-QsMT, but are absent in N25 and C18. On
the other hand, all peptides show a common behavior in 280—
380 nm region (Fig. 2, inset Al), with only Cu-N25 differing
slightly in the low intensity peaks at 335-380 nm (Fig. 2, inset
A2).

Taking into consideration the above results, the hairpin
model should also be proposed for the folding of Cu-QsMT.
However, in this case we cannot envisage any structural signif-
icance for the spacer region, considering that Cu-N25-C18
and Cu-QsMT show the same behavior. The dumbbell model
was disregarded because C18, the shorter and fewer-Cys con-
taining peptide, needs to interact with another Cys-rich region
to achieve Cu(l) binding. The double dumbbell model implies
dimerization and this scenario has been found neither in Cu-—
N25—C18 nor in Cu-QsMT. In the case of Cu—N25, the unique
complex whose structure does not imply interaction between
two Cys-rich regions, the metal-aggregate exhibits a less in-
tense CD fingerprint, suggestive of a poorer folding degree.
Interestingly, Cu—N25 shows peculiar CD features in 330—
390 nm range, a UV—vis absorbance region characteristic of
intrametallic Cu—Cu bands [42], which some authors [43] have
associated with digonal Cu(I) coordination environments. So
that, N25 could provide a somewhat different coordination
binding site for Cu(l) in respect to C18, N25—-C18 and QsMT.

In an attempt to further investigate Cu(I) coordination to
QsMT, we titrated the Zng-QsMT complex with
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Fig. 2. CD spectra of the QsMT peptides synthesized in copper-supplemented
media. (A) Comparison of the circular dichroism spectra corresponding to the
Zn,Cu-QsMT (blue), Zn,Cu—-N25-C18 (khaki), Cu—N25 (green) and Cu—C18
(red) recombinant preparations. (A1) and (A2) insets show normalized spectra
for specific UV—vis regions. (B) Normalized circular dichroism spectra of Cu—
N25 and Cu-Cl18, compared to that of the mammalian Cu,,-MT4 species
(black solid line) (from Ref. [26]).

(Cu(CH;3CN)4)CIO,4 at pH 7 and spectroscopically analyzed
the progression of the Zn/Cu in vitro displacement reaction
(full set of optical data in Fig. 3A—C). The Zn by Cu substitu-
tion proceeded isodichroically until the fourth Cu(l) eq was
added. Although isodichroic evolutions are usually associated
to cooperative processes, the ESI-MS and UV-vis difference
data at this stage of the titration (My-, M;-, Mg-, and Mg-major
species) showed that this was not the case. Therefore, the direct
conversion of Zny- to a putative Cuy-QsMT species has to be
discarded and thus M4-QsMT would rather correspond to ori-
ginal Zn,-QsMT aggregates that have not yet reacted with Cu
(I). The CD fingerprint corresponding to the addition of the
fifth Cu(l) eq to Zny-QsMT nicely matched that of the prepara-
tion of QsMT in Cu-supplemented medium (Fig. 4A), includ-
ing the characteristic absorption at ca. 240 nm of the Zn-thio-
late chromophores and attributable to remaining Zny-QsMT,
this suggesting a comparable composition of both the in vivo
and in vitro samples (Table 3B). When further aliquots of Cu(I)
were added (up to 7 eq), the ESI-MS data showed coexistence
of homometallic Cug- and Cuy-QsMT complexes, with conco-
mitant loss of the ca. 240 nm absorption. At this point, the CD
fingerprint evolved to match that characteristic of homometal-
lic Cu-QsMT species, which show an absorption centered at
350 nm comparable to that of the biosynthesized Cu—N25 spe-
cies (Fig. 4B).

Unfortunately, and due to the closeness of Zn and Cu atom-
ic weights [12,28], ESI-MS cannot inform if the mixed Zn,Cu
composition of a sample is due to the presence of heterome-
tallic M,-QsMT complexes (M = Zn and Cu) or is the result of
the coexistence of Zn- and Cu-homometallic species in the
same preparation. In our case, combined indirect evidence
supports the feasibility of the second hypothesis for both the
in vivo (Table 2) and the in vitro samples. First, it is difficult
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Fig. 3. (A) Circular dichroism, (B) UV-vis absorption, and (C) difference UV—vis absorption spectra recorded during the titration of Zn,-QsMT with Cu(l) at pH 7.
The arrows show the evolution of the spectra when the indicated number of Cu(l) equivalents was added. Spectra of (C) are obtained by subtracting the successive
spectra of (B). (D) Evolution over time of the circular dichroism spectra corresponding to the addition of the first, second and third Cu(I) eq to Zns-QsMT at pH 7.
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Fig. 4. Comparison of the CD spectra of several metal-QsMT complexes. (A) CD spectra of the recombinant Zn,Cu-QsMT (black solid line) and that obtained after
the addition of five Cu(I) equivalents to Zn,-QsMT (gray solid line). (B) CD spectra of the recombinant Cu—N25 (black solid line) and that obtained after the addition
of seven Cu(l) equivalents to Zns-QsMT (gray solid line).

to explain why N25-C18 and QsMT should not fold into
homometallic Cu(I) complexes considering that both indepen-
dent N25 and C18 render homometallic Cu(I) species. Second,
the lack of cooperativeness, as explained above, in the in vitro
binding of the first four Cu(I) eq added to Zns-QsMT makes
more likely that the My-species corresponds to a Zny-QsMT

complex, and this is also in full agreement with the clear stoi-
chiometric gap occurring between the My- and M-, Mg-, and
Mo-species. Finally, it is remarkable that all CD spectra for
homometallic Cu-species are very similar (Figs. 2C and 4B),
closely resembling that of the MT4 mammalian Cu-thionein
[26] but differing from those of heterometallic Zn,Cu-thio-
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neins [44]. Therefore, and according to all these evidences, it
seems logical to assume that M;-, Mg- and Mg-correspond to
homometallic Cu;-, Cug- and Cug-species, and My- to a Zny-
species. Consequently, we propose that the reaction for the Zn/
Cu in vitro displacement in Zny-QsMT would follow the path-
way: Zng-QsMT — Cuy-QsMT — Cug-QsMT — Cuy-QsMT.

Interestingly, it is worth noting that the displacement rate
observed during the first steps of the Cu titration of Zny-QsMT
(Fig. 3D) was very slow in comparison with similar reactions
observed in animal MTs [21-23,26]. Specifically, instead of
the conventional 10-20 min required to achieve thermodyna-
mically stable species for each step of the Cu titrations of the
corresponding Zn-MT aggregates, Zn,-QsMT needed 3, 2 and
1 h to stabilize the first, second and third Cu(I) equivalents
added, respectively (Fig. 3D). As a result, the hairpin fold
proposed above for Zn-QsMT, including a stabilizing interac-
tion of the spacer peptide, is now reinforced by the significant
time-delay observed during the first steps of the Cu(l) titration
of Zns-QsMT. This time dependency clearly differs from that
caused by Hg(Il) lability when this ion binds to mammalian
MT1 [45]. The proposed interaction of the spacer with the
metal aggregate would account for the Zn(Il) ions remaining
inaccessible, maybe deeply buried by the protein envelope and
thus difficult to be displaced by Cu(I), despite the well-known
higher affinity of copper for the SCys ligands. Only when the
binding of the first Cu(l) ions had triggered Zny-QsMT un-
folding, the peptide backbone would reach a higher mobility
and progressively allow for a more easy access of Cu(I) to the
SCys sites. Finally, this would also account for the coexistence
of initial Zny-QsMT with the Cu;-, Cug- and Cuy-QsMT ag-
gregates in the samples.

Our results show that although both N25 and C18 yield
mixtures of homometallic Cu species, the latter needs to di-
merize to achieve Cu-binding. This significant finding poses
an intriguing question about the minimal length, number of
Cys and peptide features required to form a fully-autonomous
metal-binding domain. Fungal Cu-thioneins are the shortest
MTs known, with 25 amino acids, seven of which are Cys
[46]. These MTs yield in vivo Cug-complexes, while in vitro
reconstitution suggests a 2—3 M(II) binding capacity. Now, we
show that C18 (a 18-residue long peptide with six Cys) re-
quires dimerization to bind Cu(I). Consequently, it can be pro-
posed that a 18-residues peptide is too short to permit a mono-
meric fold that could bind, via its six Cys, a significant
number of copper ions, probably showing different coordina-
tion environments. This dimerization requirement has been the
basis for the proposal of a hairpin model for the full length
QsMT in which it can be considered that metal binding is
achieved after formation of a heterodimer between both Cys-
rich domains. Contrasting with Cu(I) that can show different
coordination environments (diagonal, trigonal or tetrahedral),
Zn(II) binding usually gives rise to tetrahedral geometries, re-
quiring more SCys donors and thus imposing lower metal/pro-
tein stoichiometric ratios. Enough examples of common inor-
ganic complexes with a 2:6 Zn/thiolate ratio are found in
literature. This, together with the fact that binding a reduced
number of Zn(II) ions supposes a small volume to be wrapped

by the protein, explain why dimerization of C18 is not strictly
necessary when binding Zn(II) but required to bind Cu(l).
Consequently, seven Cys in a 25-amino acids peptide remains
the threshold for Cys-rich peptides to fold into stable Cu-
monomeric aggregates. If we consider fungal MTs as repre-
sentatives of the primordial Cys-rich metal-binding peptides
in evolution, they might have evolved according to basic stra-
tegies. On one hand, an increase in the number of amino acids
may have entailed the addition of adjacent Cys residues to this
minimal number, resulting in autonomously folding domains
(animal MTs). On the other hand, a longer intermediate pep-
tide joining to two small Cys-rich regions may have led to the
plant MT model, which depends on intramolecular domain di-
merization.

3.3. Ability to complement metal sensitivity in yeast

S. cerevisiae contains a MT family comprised of the multi-
copy CUPI locus and the single CRS5 gene, but both proteins
are known to function mainly in copper detoxification, with a
CUP!1 efficiency far more significant than that of CRS5. Con-
comitantly, there is no evidence supporting the contribution of
any yeast MT to zinc tolerance, being metal efflux and uptake
into vesicles the primary mechanisms used by yeast cells to
cope with an excess of this metal [47]. However, and in order
to test the role of a plant MT to confer metal tolerance to a MT
deficient yeast strain, cupl? cells were transformed to express
N25, C18, N25-C18 or QsMT. As a positive control we used
a strain harboring only one copy of CUPI (cupI®). Growth of
cupl? is inhibited at 75 uM Cu and that of cupl® at 300 uM
Cu. On the other hand, cultures with Zn concentrations higher
than 5 mM start to exhibit lower growth rates. Therefore, me-
tal tolerance was evaluated by the ability of transformed cup”
cells to grow in the presence of 75 uM CuSO4 or 7 mM
ZnSOy.

When spotted in plates supplemented with 75 uM CuSOy,,
cupl” cells expressing QsMT showed a growth capacity simi-
lar to cup1®, thus demonstrating an in vivo Cu-handling ability
for the plant MT in yeast cells (Fig. 5A). However, at this
copper concentration cupl” cells expressing the N25—-C18 chi-
mera decreased their growth capacity compared to those ex-
pressing QsMT, which differs from N25-C18 in the spacer
region. These results were unexpected since analyses of the
N25-C18 metal aggregates showed Cu-binding capacity simi-
lar to QsMT, and suggest that the spacer peptide may play a
significant role in the copper scavenging function of QsMT
inside the yeast cell. As this role cannot be attributed to the
copper binding capacity, stabilization or targeting of Cu-aggre-
gates, as well as the possibility of molecular interaction with a
second partner in the yeast/eukaryotic cell may be foreseen.
Moreover, in silico predictions identify three phosphorilation
and one myristoylation sites in the QsMT spacer sequence,
and these are post-translation modifications widely accepted
as plant protein signals for membrane targeting. A role in
stabilization or cell targeting of the spacer, although underesti-
mated in literature [48], would be consistent with the extremely
high conservation of this region among plant MTs. Besides,



J. Doménech et al. / Biochimie 88 (2006) 583—593 591

A Control

Cu 75 uM

2 cup 14

ocup 1

Fig. 5. Functional assays of metal tolerance complementation in yeast. Cultures
of cupl® and transformed cupl? yeast cells with either the non-recombinant
p424 vector or the same vector containing the sequences coding for QsMT,
N25-C18, N25, and C18 were grown until an optical density at 600 nm of 0.5.
Then, for each strain, 10-fold dilution series were spotted on SC agar plates
containing (A) CuSOy4 75 uM or (B) ZnSO,4 7 mM. In each case, plates without
added metal served as a control.

extensive in silico analyses have repeatedly failed to identify
any non-plant MT protein with a region even partially similar
to the plant MT spacer. The expression of the independent N25
and C18 peptides provided poorer Cu protection compared to
QsMT and even to N25-C18, as otherwise expected for the
lower number of cysteine residues. This is in accordance with
the low chirality profile of the N25 CD spectra. The lowest
detoxification capacity exhibited by C18 could also be related
with the inability of the yeast cell to form or to adequately pro-
cess intracellular dimeric aggregates.

It has been shown that MTs protect cells from oxidative
stress by their capacity to scavenge reactive oxygen species
(ROS), probably through the oxidation of cysteine thiols [49,
50]. To test the protective capacity of QsMT against oxidative
stress and the role of the protein domains, we subjected trans-
formed yeast cells to paraquat and H,O,_ since both oxidant
treatments proved to highly induce OsMT gene expression in
cork oak embryos [21]. Although these experiments were not
conclusive, strains that expressed MTs (cupl? cells expressing
QsMT and cup!® cells) tended to lower cell viability (data not
shown). The addition of copper at non-toxic concentrations
(5 uM CuSO,) produced a slight protective effect in front of
oxidative stress in all tested strains. These results are in agree-
ment with previous observations [51] stating that, through
their action as Cu-scavengers, MTs can impair the activation

of Cu-dependent enzymes such as the copper—zinc superoxide
dismutase (Cu—Zn SOD), a crucial agent for the antioxidant
response.

Finally, the experiments to assess the possible protection
role of QsMT or its derived peptides in front of deleterious
Zn levels did reveal no significant differences between the un-
transformed and any of the transformed strains (Fig. 5B). This
is in agreement with the null effect of the presence of the en-
dogenous CUPI gene (Fig. 5B, first line), and also with the no
participation of MTs in yeast zinc detoxification, a situation
that, in this organisms, triggers other cellular pathways.

4. General conclusions

The results presented here are consistent with QsMT giving
rise to homometallic Zn- and Cu-MT aggregates built accord-
ing to a hairpin structure. The spacer region does not partici-
pate in metal coordination either in Zny-QsMT or in Cug-
QsMT, although an insulating role in the former complex is
suggested. On the other hand, Cu-sensitive yeast assays sug-
gest that the spacer may play a role for Cu detoxification, pos-
sibly influencing QsMT stability or subcellular location. In
conclusion, the overall results provide the first structure/func-
tion relationship characterization of physiological (Zn and Cu)
metal binding features of a plant MT, including the first report
of in vivo-conformed dimeric MT aggregates by ESI-MS, and
of its capacity to complement copper sensitivity in yeast.
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