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Metallothioneins (MT) are low molecular weight proteins with cysteine-rich sequences that bind heavy
metals with remarkably high affinities. Plant MTs differ from animal ones by a peculiar amino acid sequence
organization consisting of two short Cys-rich terminal domains (containing from 4 to 8 Cys each) linked by a
Cys free region of about 30 residues. In contrast with the current knowledge on the 3D structure of animal
MTs, there is a striking lack of structural data on plant MTs. We have expressed and purified a type III MT
from Noccaea caerulescens (previously Thlaspi caerulescens). This protein is able to bind a variety of cations
including Cd2+, Cu2+, Zn2+ and Pb2+, with different stoichiometries as shown by mass spectrometry. The
protein displays a complete absence of periodic secondary structures as measured by far-UV circular dichro-
ism, infrared spectroscopy and hydrogen/deuterium exchange kinetics. When attached onto a BIA-ATR bio-
sensor, no significant structural change was observed upon removing the metal ions.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

In heavy metal polluted soils a class of rare plants, called hyper-
accumulators, are able to accumulate exceptional high concentrations
of trace elements in their aerial parts without visible toxicity symp-
toms (reviewed in [1,2]). Cd is one of the most toxic metals for living
organisms and Noccaea (previously named Thlaspi caerulescens) is
one of the four identified Cd hyperaccumulators identified up to
now [1–4]. Its relatedness to the model species Arabidopsis thaliana
microarrays has allowed molecular insights on hyperaccumulation
mechanisms through the use of Arabidopsis DNA chips (reviewed in
[1,2]). Comparative global transcriptomics studies have shown that
as part of resistance to high metal concentration a large array of
genes are constitutively (in the absence of metallic ions excess)
infrared; ATR, attenuated total
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highly expressed in Noccaea caerulescens compared to Arabidopsis or
other non-hyperaccumulator closely related species [5–7]. Among
many other groups of genes (the main category being metal trans-
porters, [5–7]), those coding for metallothioneins (MTs) are highly
overexpressed [4].

Since their discovery in horse kidney [8], MTs have been found in
nearly all living organisms, although showing a high heterogeneity of
sequence. MT superfamily is defined as comprising all polypeptides
which resemble equine renal metallothionein in several of their
features such as lowmolecular weight (b10 kDa), high metal content,
low content of aromatic amino acids, amino acid sequence with
motifs containing numerous Cys with a characteristic distribution,
and spectroscopic manifestations typical of metal thiolate clusters
[9,10]. Based on sequence similarities and phylogenetic relationships,
plant MTs have all been regrouped in family #15 which differs from
animal ones by a peculiar amino acid sequence organization
consisting generally of two short Cys- rich terminal domains linked
by a spacer region without Cys. The length of this region and the
distribution of the Cys residues are the basis of further classification
of plant MTs into three types. There is a separate subfamily, named
plant Ec proteins or MT4 proteins, differing from other plant MTs by
having three Cys-rich domains separated by 10 to 15 residues [9,10].

In contrast with the current knowledge on the 3D structure of an-
imal MTs [11–13] there is a lack of structural and functional data on
the plant MT isoforms. Ec-1 is the first and so far only plant MT for
which the 3D structure of N- and C-domains has been determined
[14,15]. Native MT proteins were found to be difficult to isolate
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from plants but recombinant DNA technology provides new insight
into the biochemical characterization of plant MTs.

A general structure for plant MT has been proposed for Triticum
durum MT type I. This protein forms dimers or higher oligomers
and adopts an extended conformation containing both α-helix and
β-sheet structures. This model proposes an overall dumbbell shape
similar to that reported for mammalian MTs [16], in agreement
with dynamic data obtained on Fucus vesiculosus MT [17]. Quercus
suber MT type II adopts a mainly β-sheet structure (60% of the se-
quence) with no α-helix as evaluated from circular dichroism,
Raman and infrared spectra [18,19]. The involvement of peptide
donor groups (S-thiol and N-imidazole) and non-protein ligands
(as sulfide anions) in metal chelation, as well as secondary structure
elements, was demonstrated. The protein accommodates up to six
Cd2+ together with four S2− while less than four Zn2+ could bind
the protein. Interestingly, the fraction of β-sheet in the protein sig-
nificantly increased in the presence of Cd2+. Wheat (Triticum
aestivum) Ec-1 MT displays two distinct metal thiolate clusters [20].

Here, we expressed, purified and characterized NcMT3, a MT type
III from N. caerulescens, which was previously isolated in a screen for
Cd tolerance in yeast [4,21]. The structural properties of the protein
were characterized using far-UV circular dichroism, infrared spectros-
copy and hydrogen/deuterium exchange kinetics. Mass spectrometry
measurements revealed the presence of cations that bind to NcMT3.
The physiological relevance of these findings is discussed.

2. Materials and methods

2.1. Production and purification of recombinant NcMT3

2.1.1. Construction of plasmid
TheMT3 sequence of N. caerulescens cDNA (GenBank: AY531114.1 ;

GI:46487744 ) was cloned into Escherichia coli Rosetta strain (F− ompT
hsdSB(rB− mB

−) gal dcm pRARE (CamR)) in the vector pTWIN2 from the
IMPACT™-TWIN system (New England Biolabs) using the XhoI and
EagI restriction sites. The accuracy of the insert and the integrity of the
sequence of the plasmid were confirmed by DNA sequencing.

2.1.2. Protein overexpression and purification
N. caerulescens MT3was overexpressed in E. coli Rosetta strain as a

fusion protein with a vector-derived N-terminal intein tag (protein
self-splicing element) and a chitin-binding domain under the control
of T7 promoter according to procedures described in the IMPACT™-
TWIN manual.

E. coli cells were grown in 1.5 concentrated LB broth, induced with
IPTG for 4 h, harvested by centrifugation and resuspended in washing
buffer (100 mM NaCl, 0.5 mM phenylmethylsulphonyl fluoride
(PMSF) and 20 mM Hepes, pH 7.0). Pellets were stored at −80 °C
for further use.

As the NcMT3 cDNA used in this study was cloned from a popula-
tion of N. caerulescens (Les Malines) which grows in soils highly pol-
luted with Pb, Zn and Cd [4,22], the protein was purified in presence
of either one of these three ions, as well as Cu+, due to the reported
MT role in copper homeostasis [4]. Mn was chosen as control metal,
due to its role as essential trace nutrient.

Cells from an 8 L bacteria culture were resuspended in 200 mL
buffer (20 mM HEPES, pH 8.5, 50 mM NaCl, 0.1 μL/mL PMSF and
2 μL/mL β-mercaptoethanol) and lysed by homogeneization and with
Emulsiflex (Avestin). After centrifugation, the supernatant was applied
to a chitin column (New England Biolabs) equilibrated with buffer
containing 500 mM NaCl, 20 mM Hepes, pH 8.5 and one of each
metal 1) 250 μM CdSO4, 2) 250 μM ZnSO4, 3) 250 μM Pb(CH3COO)2,
4) 250 μM MnSO4 or 5) 250 μM CuSO4, adding in this case 1.25 mM
of ascorbic acid to obtain Cu (I). Following extensive washing with
increasing salt concentrations (up to 500 mM NaCl), on-column
self-cleavage of the intein tag was induced with 50 mM NaCl,
20 mM HEPES, pH 7.0, 250 μM of tested metals, 0.01 mM PMSF and
2 μL/mL β-mercaptoethanol overnight at 4 °C.

Crude NcMT3 elute was concentrated up to 500 μL prior to a final
purification step with size-exclusion chromatography using a Sup-
erdex 75/300 GL column (GE Healthcare) and a buffer containing
150 mM NaCl, 20 mM Hepes and 10 mM β-mercaptoethanol, pH 7.0.
NcMT3 protein eluted in a single peak was again concentrated to
500 μL for samples purified in the presence of Cu+, Zn2+, Cd2+ and
250 μL for those with Mn2+ and Pb2+, and was used directly for infra-
red and CD assays or was stored at – 80 °C before ESIMS assays.

2.2. Mass spectrometry

Molecular mass determination: Prior to mass spectrometry analy-
sis, the buffer of protein samples was exchanged to 10 mM ammoni-
um acetate, pH 6.9 using Amicon Ultra-4 centrifugal filter unit (3,000
NMWL, Millipore, Billerica, USA). The protein solutions were loaded
into gold-palladium coated borosilicate nanoelectrospray capillaries
(Proxeon, Odense, Denmark). The mass spectra were acquired on a
Q-Tof Ultima mass spectrometer (Waters/Micromass, Milford, USA),
equipped with a Z-spray nanoelectrospray source and operating in
the positive ion mode. Capillary voltages of 1.8–2.0 kV and cone volt-
age of 50 V typically were used. The source temperature was held at
100 °C. The time-of-flight analyzer was operated in the V mode. The
molecular masses were determined after Maximum Entropy process-
ing of the raw spectra (MaxEnt1 — Waters/Micromass, Milford, USA).

2.2.1. Protein microsequencing
Digestion of the proteinwas performedby enzymatic proteolysis or by

microwave-assisted acid hydrolysis [23]. In the first case, the Cys residues
of NcMT3 were alkylated with 40 mM iodoacetamide after reduction in
the presence of 10 mM DTT. The digestion was realized overnight at
37 °C in the presence of sequencing grade modified trypsin (Promega,
Madison, USA). In the second case, the protein was solubilized in 25%
TFA (v/v), 20 mM DTT and was irradiated during 10 min in a domestic
750Wmicrowave oven. The peptides generated by enzymatic or chem-
ical digestion were solubilized in 0.5% TFA (v/v), desalted on ZipTipC18
(Millipore, Billerica, USA) and eluted in 50% acetonitrile/1% formic
acid (v/v) prior to analysis by tandem mass spectrometry (MS/MS).

2.3. FTIR and CD spectroscopies

FTIR spectroscopy was used in this study because it allows the
monitoring of the secondary structure of μg quantity of protein in dif-
ferent environments (different metals) and also the recording of H/D
exchange kinetics.

2.3.1. Acquisition of ATR-FTIR spectra
Attenuated total reflection infrared (ATR-FTIR) spectra were obtained

on a Bruker IFS55 FTIR spectrophotometer (Ettlingen, Germany)
equipped with a MCT detector (broad band 12000–420 cm−1, liquid N2

cooled, 24 h hold time) at a resolution of 2 cm−1 with an aperture of
3.5 mm and acquired in double-sided, forward-backward mode. The
spectrometer was purged with dry air. The internal reflection element
was a 52×20×2 mm trapezoidal germanium ATR plate (ACM, Villiers
St Frédéric, France) with an aperture angle of 45° yielding 25 internal
reflections. The germanium crystals were washed and thin films formed
as described [24,25].

After recording, a baseline subtraction and correction for atmo-
spheric water absorbance were carried out as previously [26].

2.3.2. 1H/2H exchange kinetics
For hydrogen/deuteriumexchange, nitrogengaswas saturatedwith

2H2O by bubbling through a series of four vials containing 2H2O at aflow
rate of 50 mL/min controlled by a flowtube (Fisher Bioblock Scientific,
Illkirch, France) as described previously [27,28].



Fig. 1. Size exclusion profile (recorded at 280 nm) of the recombinant NcMT3 purified
in the presence of Cd2+. This profile corresponds to the reinjection of the NcMT3 peak
coming from the size-exclusion chromatography of the chitin-column elution. The pu-
rified peak maintains a single peak morphology eluting at 13 mL.

Fig. 2. Deconvoluted ESI-MS spectrum of the recombinant apoNcMT3. The inset repre-
sents the m/z spectrum in the range 1000–1700 with the charge-states indicated. The
protein incubated in the presence of 10 mM β-mercaptoethanol was desalted on
ZipTipC18.
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The area of the lipid ν(C_O), amide I, II and II′ were obtained by
automatic integration. For each spectrum, the area of amide II was di-
vided by the area of amide I in order to take into account the swelling
of the sample layer due to the presence of 2H2O [25,29].

2.3.3. Flow experiments
Triangular-shaped germanium crystals (4.8×4.8×45 mm3) were

purchased from Biosentech (Naninne, Belgium) and accommodated
on the beam condenser from a Golden Gate Micro-ATR from Specac. A
top plate with a groove fitting the crystal was used in replacement of
the diamond-bearing plate (WOW Company, Belgium). With this
geometry, a single reflection occurs and more than 10 lanes can be
used on a crystal. Covalent grafting was carried out as previously
described for the BIA-ATR technology [30,31] were carried out sequen-
tially as described in [30]. In final photografting of O-succinimidyl
4-(p-azidophenyl)butanoate yielded an activated ATR element ready
for covalent fixation of proteins.

All the infrared spectra and further analyses were processed by
the software “Kinetics” generated in our lab and running under
MatLab (Mathworks Inc, Natick, MA).

2.3.4. CD data collection and processing
To confirm FTIR structural data (far UV) and get more information

about the folding of the protein (near UV), CD was used. CD spectra
were collected on a JASCO J-710 CD spectrometer using protein solu-
tions in 2 mM HEPES pH 7.2 in the presence of the different metal
ions in a 0.1 cm cell. Each CD spectrum was the accumulation of
8 scans at 50 nm/min with a 1 nm slit width and a time constant of
0.5 s for a nominal resolution of 1.7 nm. Data were collected from
185 to 260 nm [32,33] for far UV CD and from 260 to 320 nm for
near UV-CD. In the latter case the concentration was 10 times higher.

3. Results

3.1. Characterization of purified NcMT3 from N. caerulescens

NcMT3was expressed in E. coli as a fusion with a N-terminal intein
tag within the IMPACT™ system (New England Biolabs) and purified
on a chitin column in the presence of metal ions. After pH-induced
cleavage, an additional gel filtration purification step was performed.
The protein could be isolated from a single peak on size-exclusion chro-
matography which, upon re-injection remained as a single Gaussian
peak at the same elution volume (Fig. 1). Purification using the different
metal ions showed identical behaviors on gel filtration albeit with dif-
ferent yield (not shown) while it was impossible to obtain the
apoprotein purifying NcMT3 in complete absence of heavy metals,
since the chromatogram showed a denaturated protein (not shown).
On a Superdex 75/300GL size exclusion column NcMT3 elutes at
13 mL which, according to parallel runs with protein standards, fits an
apparent mass of 17 kDa, which could correspond to a dimer. Yet, the
apparent mass could also reflect a non-globular shape of the protein.
The apparent mass appears fully stable in solution as it is maintained
upon re-injection.

In order to obtain the apoprotein, NcMT3 was initially purified in
the presence of Cd2+ and subsequently incubated with EDTA or at
low pH as described in [34]. Incubation with EDTA led to apparent ag-
gregation of the protein while low pH allowed recovery of apoMT3 as
shown by mass spectrometry (data not shown). However, the protein
was not able to bind metal after low pH treatment, indicating a prob-
able denaturation.

Quantification of the recombinant NcMT3 protein has proven dif-
ficult, as the absence of Trp or the presence of only two Tyr prevents
absorbance measurements at 280 nm while the use of chromatic
dyes (i.e. Bradford method) was hindered due to the absence of Arg
residues
3.2. Metal binding by mass spectrometry

The molecular mass of the recombinant NcMT3 was determined by
mass spectrometry. In the presence of 10 mM β-mercaptoethanol and
after desalting on ZipTipC18 (Millipore, Billerica, USA) at low pH, the
apoprotein shows an experimental mass of 7620.2 Da (Fig. 2), value
that is not in agreement with the expected theoretical mass. The se-
quence of the protein was therefore controlled by microsequencing by
mass spectrometry. The protein was digested in the presence of tryp-
sin or by microwave-assisted acid hydrolysis [23]. This latter ap-
proach was chosen for its propensity to enrich the peptide mixture
in N- and C-terminal fragments. Analysis of the tryptic peptides and of
the acid hydrolysis products allowed the detection of five additional
N-terminal residues in comparison with the NcMT3 sequence (Fig. 3).
These extra vector derived residues lead to a protein with a theoretical
mass of 7620.677 Da in good agreement with the measured mass.

The recombinant NcMT3 purified in the presence of different
heavy metal ions was analyzed by ESI-MS in 10 mM ammonium ace-
tate at pH 6.9. In the presence of Cd, the mass spectrum revealed the
presence of three metalloforms with metal stoichiometries of 3, 4 and
5 (Fig. 4A). When the protein was purified in the presence of Zn, the
forms presented a metal stoichiometry of 4, or 5 (Fig. 4B). The profile

image of Fig.�2


Fig. 3. Sequence of the recombinant NcMT3 determined by microsequencing. The sequenced peptides obtained after trypsin digestion or acid hydrolysis are represented by the
black and gray lines, respectively. The additional five N-terminal residues are in a box.
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was very similar in the presence of Pb even if in this case, a very small
peak associated with a putative population containing six equivalents
of Pb2+ was observed (data not shown). In the case of Cu(I), no spe-
cific interaction could be detected (data not shown). The recombinant
NcMT3 had a lower affinity for Mn as only one metal ion was associ-
ated with the protein (data not shown). In addition, the apoform of
the protein was still observed in the spectrum which was not the
case with the other metal ions tested in this study.

3.3. Secondary structure of MT3: FTIR and CD spectroscopies

3.3.1. FTIR spectra of NcMT3
ATR-FTIR spectra of NcMT3 purified in the presence of Cu+, Pb2+,

Zn2+, Mn2+ and Cd2+ ions are presented in Fig. 5, panel A. The bands
around 1650 cm−1 (Amide I) and 1535 cm−1 (Amide II) arise mainly
from the absorption of proteins. Amide I is the most intense absorption
Fig. 4. Deconvoluted ESI-MS spectra of the recombinant NcMT3 purified in the pres-
ence of 250 μM Cd2+ (A) or 250 μM Zn2+ (B). The number of metal ions associated
with the different protein populations is indicated. The inset represents the m/z spectra
with the charge-states indicated.
band of the polypeptides. It is positioned between 1700 and 1600 cm−1,
but its exact frequency is determined by the geometry of the polypep-
tide chain and hydrogen bonding. The vibration of the main chain
carboxyl group ν(C_O) has a predominant role in amide I accounting
for 70–85% of the potential energy, while ν(C\N) follows with 10–
20% of the potential energy and the C\CN deformation may account
for about 10% of the potential energy [35]. The band at 1535 cm−1 is
the amide II contribution (typically observed in the 1510–1580 cm−1

region). It derives mainly from the in plane N\H bending (40–60% of
the potential energy). The rest of the potential energy arises from
ν(C\N) (18–40%) and ν(C\C) (~10%) [35]. The shoulder at
1517 cm−1 is assigned to the Tyr ring.

The presence of amide I at 1651 cm−1 could indicate a high pro-
portion of α-helix in the protein. Yet, the position of amide II at
1535 is not compatible with that possibility as α-helices are known
to absorb near 1545 cm−1 in the amide II [36,37], indicating that
the dominant structure could rather be random. Because of the par-
ticularly high proportion of acidic amino acid residues (10 residues
on a total of 70), and as these residues absorb in the amide I–amide
Fig. 5. ATR-FTIR spectra of NcMT3 in the presence of different metal ions (Zn2+, Pb2+,
Mn2+, Cu+, Cd2+ ) in the 1900–1300 cm−1 region of the spectrum. For a better read-
ing, the spectra have been offset by 0.14 absorbance units. A. Original spectra with the
contributions of the lateral side chains in the amide I–amide II range. The individual
contributions from the side chains as well as their sum are plotted under every spec-
trum. B. Spectra of part A of the figure corrected for the amino acid side chain
contribution.
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Fig. 6. Far-UV circular dichroism spectra of NcMT3 in the presence of metal cations Pb
and Zn. For a better readability, spectra have been offset.
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II range, the side chain contribution was computed, scaled and sub-
tracted as summarized in [37,38] . The spectra corrected for the side
chain contribution are presented in Fig. 5, panel B. Amide I still appears
at 1651 cm−1 as a rather homogenous band but also as a rather broad
(full width at half height (FWHH)=58 cm−1), further suggesting the
presence of random conformation as the major structure. Indeed,
α-helices are characterized by FWHH close to 30 cm−1 while ran-
dom conformation are found to have FWHH ranging from 55 to
65 cm−1 [37,39].

An analysis of the secondary structure was carried out as described
in [39,40]. Results are reported in Table 1. This analysis is in agreement
with a largely disordered protein. In another attempt we compared the
spectrum of NcMT3 with an ATR-FTIR protein spectra present in a FTIR
database [41] optimized to cover as well as possible the different struc-
tural folds as described by CATH and SCOP [41,42]. A hierarchical clus-
tering (not shown) indicated that the closest spectrum in the entire
database was the spectrum of a rabbit metallothionein II (Swiss-Prot
MT2A_RABIT, PDB 4mt2) introduced into the database to represent a
fully unstructured protein.

3.3.2. CD spectra of NcMT3
Representative far UV CD spectra are presented in Fig. 6. Because

of the difficulty to obtain exact protein concentration, no attempt
was made to obtain the secondary structure content from these CD
spectra. Yet, it is obvious that the spectra presented have a shape
that is characteristic of random structure and not of helical structure.
Indeed, helical structures have a double minimum at 208 and 222 nm
that is completely absent. β-Sheet structures have a less intense min-
imum at 225 nm which is also absent here. On the other hand, the
random structure has a distinct minimum around 200 nm in good
agreement with the spectra of NcMT3 observed here.

Near UV-CD spectra of NcMT3 complexed with Zn2+ and Pb2+ ap-
pear in Fig. 7. It has been reported for a type II MT from Q. suber [43]
that complexes with Cd2+ but not Zn2+ display two main positive
bands in the near-UV CD spectrum at 250 nm related to the involve-
ment of His and 275 nm indicating the participation of sulfide ligands
in the Cd-MT complex. Such maxima do not appear here suggesting a
different mechanism of metal binding. Near UV-CD spectra of a num-
ber of metal binding configurations have been obtained for animal MT
[44]. None of them corresponds exactly to the data obtained here.

Overall, ATR-FTIR and CD spectra strongly indicate that the differ-
ent metal-bound protein species adopt a largely random structure.

3.3.3. Flow experiments
NcMT3 was covalently attached to a germanium internal reflection

element as described inMethods and the sample was placed in a sealed
chamber with an in- and outlet. ATR-FTIR spectra were recorded as a
buffer was flowing over the grafted NcMT3 molecules. The buffer flow
composition was designed to remove or add the metal cations. With
such an experimental design, protein conformational changes could
be monitored on-line as the buffer composition is manipulated [45]. In
similar experiments, conformational changes induced by replacing
Na+ ions by K+ ions in a H+,K+-ATPase were demonstrated to change
the secondary structure of 2% of the protein [46]. In order to attach
NcMT3 covalently to the germanium surface, a polyethylene glycol
(PEG) layer was first attached by silanization to prevent unspecific
Table 1
Evaluation of the secondary structure content
in NcMT3 by analysis of the ATR-FTIR spectra.
The analysis has been carried out as described
in [40] and is not constrained to 100%.

α Helix: 4%
β Sheet: 11%
Random 55%
β Turns 3%
protein adsorption and denaturation on the surface [30]. An activated
esterwas then photografted on the PEGmolecules to provide an attach-
ment group for the primary amino groups (N terminal or ε-NH2 of ly-
sines) of proteins [30]. Cd-MT3 was finally incubated in the presence
of the activated/grafted germanium surface of the sensor for 3 h
according to the established protocol. Attachment of the protein could
be monitored by the growing intensity of the amide I and amide II
bands of the protein as it was binding on the germanium surface
where the evanescent wave has the largest intensity (not shown).
Amide I appears as a broad band centered around 1651 cm−1, con-
firming that the protein random structurewas notmodified upon bind-
ing. Binding was stable under rinsing with buffer. In a second step, the
cell was flushed with the buffer alone containing EDTA (1 mM). Simul-
taneously, ATR-FTIR spectra of the protein were recorded in order to
observe potential structural changes induced by removal of the cations.
No significant structural modification of the protein could be detected
(data not shown). In other experiments (not shown), the metal was
reintroduced in the buffer flowing in the biosensors after removal of
EDTA. Again, no significant change could be observed in the IR spectrum
of NcMT3.
3.3.4. 1H/2H exchange kinetics
Hydrogen isotope exchange has long been used for the analysis of

protein structure and dynamics [47–50]. It appears to be one of the
main techniques capable of identifying submolecular motional do-
mains including fast exchanging protons of the protein surface, some-
what slower exchanging protons of the flexible (loop) regions buried
in the protein or involved in some secondary structures and the slow-
ly exchanging protons from the protein core formed by the most rigid
clusters (knots) of amino acids. 1H/2H exchange allows the character-
ization of the protein stability in different experimental conditions.
Fig. 7. Near-UV circular dichroism spectra of NcMT3 in the presence of metal cations
indicated on the figure.
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Conformational changes relevant to an enzyme catalytic cycle could be
identified for different proteins by FTIR spectroscopy [25,46,51–53].

A series of IR spectra showing the progression of the 1H/2H ex-
change are shown in Fig. 8 for a representative kinetics recorded in
the presence of Zn2+. As expected, few changes are detected in the
1700–1600 cm−1 region upon 1H/2H exchange, whereas the intensi-
ty of amide II band decays concomitantly with an increase in amide II
intensity at 1500–1400 cm−1. To better follow the disappearance of
amide II band, its area was calculated and plotted against deuteration
time (not shown). The evolution of amide II band as a function of time
of exposure to 2H2O (Fig. 8) demonstrates that the exchange is ex-
tremely rapid with basically only one intermediate (15 s) between
the first 10 spectra recorded before the beginning of the deuteration
and the rest of the experiment (i.e. between 30 s and 6 h). After
30 s deuteration, the amide II is present as a tilted flat line between
1570 and 1500 cm−1 indicating that the protein reached full deuter-
ation within the first 30 s. The band rising at 1570 cm−1 is due to the
Asp and Glu side chains whose intensity increased during the hydra-
tion of the protein by 2H2O. Tyr side chain contribution is visible as a
narrow peak at 1515 cm−1 [54,55]. Similar exchange measurements
were repeated in the presence of Pb2+, Cu+, Mn2+ and Cd2+. All
were characterized by similar fast exchange rates.

Such a rapid exchange is not observed for most structured pro-
teins whose exchange span a period of several hours to several days
[56–60]. It confirms the absence of secondary structure in NcMT3 in
the presence of the different cations tested.
4. Discussion

4.1. Cation specificity of NcMT3

Up to five Cd2+ metal ions can bind to NcMT3. When purified in
the presence of Zn2+, the protein was able to bind 4 and 5 Zn2+.

In the plant MT3 subfamily which usually counts 10 cys residues,
the calculated range is 3,3-4,6 metal ions (10). Here NcMT3 contains
11 cys and coordination of 4 to 5 divalent ions is well within the
predicted range. In other MT3, 4 Cd2+, 3 to 4 Zn2+ were determined
for Musa acuminata (banana) [61] and only 1,7 Zn2+ for Elaeis
guineensis (oil palm) MT3a [62].

In comparison Q. suber MT2 [19] also binds 5 Zn2+ but wheat Ec1 ,
containing 17 Cys residues, are able to bind 6 Zn ions [10,20] . Binding
of Pb2+ to plant MT was already reported for banana MT3 [61], but
some mammalian metallothionein can bind up to 7 Pb2+ [63,64]; 4 to
6 Pb2+ ions could bind to the recombinant NcMT3. Those results com-
bined with the fact that NcMT3 gene used in this study was cloned
from a N. caerulescens population which grows in soils highly polluted
with Pb, Zn and Cd, suggest that NcMT3 could be involved in Cd and
Fig. 8. Series of ATR-ATR spectra recorded as a function of time in the presence of a
2H2O-saturated N2 flow.
Pb detoxification and to a lesser extent Zn. In strong support, heterolo-
gous expression of NcMT3 in Saccharomyces cerevisiae protected cells
against Cd and Cu toxicity and to a lesser extent to Zn excess [4].

It is important to note that mass spectrometry indicates that no
S2− ions were present in the preparation, suggesting that the 11
Cys residues present are sufficient to bind metal ions while in some
plant and animal MT several additional S2− ions are thought to partici-
pate in the binding. For instanceQ. suberMT type2 accommodates up to
6 Cd2+ with the participation of 4 S2− [18]. Furthermore, as no His are
present in the protein, it is likely that binding occurs only through inter-
action with the 11 Cys In banana and oil palm MT3, an additional His
residue is thought to serve as ligand [61], in thewheat EC1 two histidine
residues participate in metal binding [65].

Interestingly, Hassinen et al. [66] found differences in MT3 gene se-
quences in various N. caerulescens populations from different areas and
soil metal ion content. Expression levels were different for the different
proteins but with no correlation with Zn accumulation capacity. The
results suggested that the differential MT expression observed among
the accessionswas not a directly related to variation in Zn accumulation
capacity. The present protein did bind Zn in vitro, suggesting that a fur-
ther evaluation of its function with respect to Zn should be considered.
4.2. Structural characterization of NcMT3

A survey of the available three-dimensional structures of animal
metallothioneins shows that, while adopting a variety of folds, they
present a common architecture. MTs present little or no secondary
structures but, however, are rigidly structured. The driving force for
such structure is metal ion coordination through Cys, which imposes
the overall fold.

In the case of plantMTs the situationmight bemore complex. Beside
the wheat Ec-1 [14,15], no three-dimensional structure is available on
plant MTs. As recently reviewed [10] sequence analysis of some plant
MT1, MT2, MT3 and Ec-1 reveal that no -helix is expected but -sheet
is predicted to form ca 30% of the structure content. Experimentally,
the wheat Ec-1 MT was found to be devoid of regular secondary struc-
ture and shows a typical metal-induced structure [20]. On the basis of
Raman and infrared spectroscopy data obtained in the presence of
metal it was proposed that Q. suber MT2 would adopt a mainly β-sheet
structure (60% of the sequence) with no α-helix [19]. Cicer arietinum
MT1 was also shown to contain ca 30% -sheet by infrared spectroscopy
and circular dichroism [67]. A preliminary report on a MT3 (in [10])
also suggests the presence of ca 30% -sheet in this protein.

The secondary structure of NcMT3 was investigated here by FTIR
and CD spectroscopy as well as by hydrogen/deuterium exchange ki-
netic measurements. Both CD and FTIR lead to the conclusion that lit-
tle or no periodic (α-helix, β-sheet) structure was present in NcMT3.
It must be stressed that the absence of regular periodic secondary
structure (α-helix, β-sheet) for all the metals tested does not pre-
clude the presence of a particular tertiary fold for the protein. While
α-helices and β-sheets have characteristic shapes in the FTIR and
CD spectrum [33,40,41,68,69], the so-called random/coil structure is
a complex mixture of peptide bond conformations which contributes
in all parts of the amide I region, overlapping the contributions of the
periodic secondary structures. Similarly, β-turns are characterized by
a large variety of conformations whose analysis remains difficult. The
extremely rapid H/D exchange observed for NcMT3 shows that back-
bone hydrogens are particularly exposed to the solvent, which is con-
sistent with the typical MT architecture. Data obtained here support
that NcMT3 structure is distinct from the few plant MT described up
to now, and that it behaves like some animal MT, adopting a non pe-
riodic – but not unfolded – structure. Finally, when compared to a da-
tabase containing the infrared spectra of proteins selected to cover
the conformational space as well as possible [40,41], a cluster analysis
shows that the closest neighbor of NcMT3 in the whole database is

image of Fig.�8
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the MT2A metallothionein from rabbit liver (data not shown). This
protein has no periodic secondary structure.

At this point it is important to question the validity of the structure
of this purified, heterologously expressed, protein. Over-expression of
this plant protein in bacteria could potentially result in amisfolded pro-
tein. Even though it cannot be definitively demonstrated that he protein
is in its native structure, metal binding experiments indicate that this
function is retained with variations from one metal to another com-
monly encountered in MTs. When EDTA is added to NcMT3 in solution,
the protein precipitates. In agreement with this behavior in solutions,
size exclusion chromatography reveals that NcMT3 cannot be purified
in the absence of anymetal (not shown).When attached to the polyeth-
ylene glycol surface of a BIA-ATR biosensor, the behavior appears to be
quite different as no structure change could be observed, even though
infrared spectroscopy is very sensitive to protein aggregation. This re-
sult suggests that:

– ApoNcMT3 is stable in the environment present at the biosensor
surface. This specific environment crowded with protein mole-
cules and polyethylene glycol chains could be in fact more repre-
sentative of the intracellular conditions.

– No significant structural change occurs upon releasing the metal
ion, suggesting in turn that minor movement of hinge regions
are sufficient to drive the key residues to the position favorable
to bind the metal, i.e. the tertiary folding might change to allow
proper interactions between Cys residues and the metal but this
does not involve formation of new secondary structures.

In conclusion, the present report suggests that NcMT3 is mainly
devoid of periodic secondary structure, a new feature in plant MT1,
MT2 and MT3 families.
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