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The metalated forms of metallothionein are well studied (particularly Zn–MT, Cu–MT and Cd–MT), but
almost nothing is known about the chemical and structural properties of apometallothioneins despite
their importance in initial metalation and subsequent demetalation. Electrospray ionization mass spec-
trometry was used to provide a detailed view of the structural properties of the metal-free protein. Mass
spectra of Zn7–MT and apo-MT at pH 7 exhibit the same charge state distribution, indicating that apo-MT
is tightly folded like the metallated protein, whereas apo-MT at pH 3 exhibits a charge state spectrum
associated with unfolding or denaturation. Benzoquinone was used to modify the cysteines in the b-
MT (9 Bq), and a-MT (11 Bq) fragments, and the full ba-MT (20 Bq) protein. ESI-MS showed that the over-
all volume and, therefore, the extent of folding for the modified proteins is similar to that of Zn–MT.
Molecular modeling using MM3-MD methods provided the volume of each modified protein. The vol-
umes of the partially modified proteins follow the same trend as the charge states, showing that ESI-
MS is an excellent method with which to follow small changes in protein folding as a function of applied
chemical stress. The data suggest that the structure of apo-ba-MT is more organized than previously
considered.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction the apoprotein nor the Zn2+ offer good spectroscopic probes as
Since horse liver metallothionein was first described in 1957 [1]
the emphasis of reported research has been on the metalation
properties of the protein. Metalation in vitro can be from either
the metal-free apoprotein [2–4] or from a metalated protein bound
to metals with a lower binding affinity [5,6]. For example, many
metals will displace Zn2+ either isomorphously (Cd2+) [7] or by a
change in structure (Cu+) [8]. The metalation reaction is quite dif-
ferent for the apoprotein compared with the Zn- or Cd-saturated
proteins often used for in vitro studies. The holoprotein is used as
the starting point because the 20 thiols are protected from oxida-
tion, especially near neutral pH when the sulfurs are particularly
vulnerable, and because the cellular chemistry of, for example,
Cd2+ binding by liver metallothioneins would probably occur by
displacement of Zn2+.

The initial posttranslational metalation of metallothioneins re-
quires the metal-free protein. Despite binding up to seven divalent
metals, particularly the biologically relevant Zn2+, the sequence of
events leading to complete metalation of MT is unknown. The
experimental issues for monitoring the stepwise metalation of 7
Zn2+ for the full, apo-ba-MT are substantial even excluding the
problems introduced by the 20 oxygen-sensitive thiols. Neither
ll rights reserved.
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the protein is devoid of aromatic residues and the Zn2+ is essen-
tially colorless optically and by NMR spectroscopy.

Rigby et al. reported detailed molecular modeling studies of
both the apoprotein and partially metallated proteins from which
it was proposed that the structure of the apoprotein at neutral
pH was folded so that the thiols were exposed on the surface of
a spherical protein [9–12]. The structure could still be called a ran-
dom coil due to its fluxionality and lack of significant CD signal in
the structural region (180–230 nm); however, this proposal was
experimentally difficult to support.

Clearly, further studies of the apometallothioneins were needed
and we report here experimental structural data for the apoprotein
based on changes in the charge state distribution in the electro-
spray ionization mass spectra as a function of modifications of the
cysteinyl thiols. Using four experimental conditions we challenged
the structure of apometallothionein. We used ESI-MS as a means of
interrogating structural changes. We include detailed molecular
dynamics calculations that, together with the experimental data,
provide firm evidence for the structure of the metal-free protein.
The chemistry reported can also be used to determine the number
of free cysteines in a partially metallated protein.

2. Materials and methods

The expression and purification methods have been previously
reported [13]. b-rhMT 1a, a-rhMT 1a and ba-rhMT 1a proteins
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used in this study were based on the 38-residue, 43-residue, and
72-residue sequences, respectively: b-rhMT 1a MGKAAAACSC
ATGGSCTCTG SCKCKECKCN SCKKAAAA, a-rhMT 1a GSMGKAAAAC
CSCCPMSCAK CAQGCVCKGA SEKCSCCKKA AAA, ba-rhMT 1a
MGKAAAACSC ATGGSCTCTG SCKCKECKCN SCKKAAAACC SCCPMS-
CAKC AQGCVCKGAS EKCSCCK KAA AA. In this paper ‘‘rhMT’’ refers
to the 1a isoform. There are 9, 11, and 20 cysteine residues present
in b-rhMT, a-rhMT and ba-rhMT, respectively, and no aromatic
residues or disulfide bonds. The expression system included an
N-terminal S-tag (MKETAAAKFE RQHMDSPDLG TLVPRGS) for sta-
bility [14,15]. Recombinant b- and a-rhMT were expressed in
BL21(DE3) Escherichia coli while ba-rhMT was expressed in
ER2566 E. coli. Both cell lines were transformed using the pET29a
plasmid. The S-tag was removed using a Thrombin CleanCleave™
Kit (Sigma). To impede oxidation of the cysteine residues to disul-
fide bonds, protein samples were argon saturated and rigorously
evacuated. Concentrated HCl (Caledon Laboratory Chemicals) was
used to demetalate protein samples, followed by desalting on a
G-25 (Sephadex) column.

Solutions of 500 mM parabenzoquinone (Bq; Fisher Scientific)
were prepared in 100% methanol (Caledon Laboratory Chemicals)
and diluted to 50 mM in >16 MX cm deionized water (Barnstead
Nanopure Infinity). Bq solutions were bubbled extensively with ar-
gon. The reaction of benzoquinone with thiols has been previously
described [16].

Protein solutions were prepared in pH 2.7 HCOOH (Caledon
Laboratory Chemicals) for ESI-MS studies. Protein concentrations
were determined by remetalation with Cd2+ and examination of
the UV–visible absorption spectrum at 250 nm, which corresponds
to the ligand-to-metal charge transfer transition generated by the
metal-thiolate bond (eb250 = 36,000 M�1cm�1;
ea250 = 45,000 M�1cm�1; eba250 = 89,000 M�1cm�1). For ESI-MS
protein solutions, the pH was adjusted using NH4OH (Caledon Lab-
oratory Chemicals) and HCOOH (Caledon Laboratory Chemicals).

Mass spectra were collected on a micrOTOF II electrospray-ion-
ization time-of-flight mass spectrometer (Bruker Daltonics, Toron-
to, Ontario, Canada) in the positive ion mode. NaI was used as the
mass calibrant. The scan conditions for the spectrometer were: end
plate offset, �500 V; capillary, +4200 V; nebulizer, 2.0 bar; dry gas
flow, 8.0 L/min; dry temperature, 30 �C; capillary exit, 180 V; skim-
mer 1, 22.0 V; hexapole 1, 22.5 V; hexapole RF, 600 Vpp; skimmer
2, 22 V; lens 1 transfer, 88 ls; lens 1 pre puls storage 23 ls. The
range was 500.0–3000.0 m/z, averaging 2 � 0.5 Hz. Spectra were
constructed and deconvoluted using the Bruker Compass Data-
Analysis software package.

Molecular modeling calculations were conducted using Scigress
Version 3.0.0 (Fujitsu Poland Ltd.) operating on Intel� Core™ i7 PCs
with 8 GB RAM. Modelling parameters and sequence information
have been previously described by Rigby and Stillman [9].
3. Results and discussion

The experiments presented here use the sensitivity of the ESI-
MS charge states to indicate changes in protein volume, which
are based on folded structure as a function of applied chemistries.
The conventional method to change the folding of a protein is to
denature it. For apometallothioneins this is not quite as straight-
forward because the 2� structure of MT is largely based on me-
tal-induced folding, such that in the absence of metalation the
apoprotein is often referred to as a random-coil. The modeling
studies of Rigby-Duncan et al. suggested the apoprotein is loosely
folded and the overall structure of the apoprotein at neutral pH is
more like the tightly folded metalated form than the expected
open, denatured conformation [9–12]. The actual structure of the
metal-free protein impacts both the rate and mechanism of meta-
lation (related to MT function), and the accessibility of the 20 thiols
to oxidation. In a loose, denatured conformation one might expect
the 20 cysteines to be directly exposed to the solvent and, there-
fore, prone to oxidation; whereas in a tighter conformation the cys-
teines might be protected and, therefore, resist oxidation. The
difficulty is in probing the structure of a peptide chain that is
highly fluxional and does not include chromophorically useful res-
idues. We used the change in charge states as a function of acidity
and cysteine modification coupled with molecular modeling to
provide images of structures that might exhibit the experimental
data.

3.1. Metal-free and metalated metallothionein are similarly folded at
neutral pH but unfolded at acidic pH

The folded structure for Zn7–MT has been deduced from 2D-1H
NMR [17] and is identical to that of Cd7–MT; a species for which X-
ray [18], Cd-NMR [17,19,20], EXAFS [21–23] and modeling meth-
ods [24,25] all agree is a tight, dumb-bell structure dominated by
Cd-thiolate cross-linking [26]. The high resolution ESI-MS provides
a new tool with which to study the structures of solutions: the
charge state distributions. It is conventional wisdom that if the
solution conditions are similar (same salt buffer and concentra-
tion), the charge state manifold provides information on the sur-
face area that supports the charge [27,28]. The charge states are
dependent on both accessible basic and, therefore, protonatable
amino acids and the approximate surface area (or volume) that al-
lows for the spatial separation of the charges on each molecule fol-
lowing dehydration during ionization in the MS [29,30].

Fig. 1 shows the charge state mass spectra for the three signif-
icant species in metallothionein chemistry: the metal-free apopro-
tein at pH 7, the fully metallated holoprotein at pH 7, and the
apoprotein at pH 3. The low pH data (Fig. 1F) shows that a single
zinc atom remains. There is also a slight zinc contamination at
pH 7. It has been reported by Blindauer and coworkers that the last
zinc bound to MT is difficult to remove [31]. The contamination
does not alter the interpretation because the ESI-MS data show
the charge states for each species and we can exclude the zinc-con-
taining species from our analysis.

The charge state distribution data in Fig. 1(A–C) provide signif-
icant information about the structures of the apo- and holo-pro-
teins. The distributions for Zn7- (B) and apo-ba-rhMT (A) at
neutral pH are almost identical. The expected normal distribution
of the charge state manifold, observed from 3+ to 8+ with a maxi-
mum of 5+, initially identifies a constrained structure with mini-
mal surface area, which must be globular in nature to reduce the
surface area of the 68 amino acid chain. Molecular modeling of
the M7-MT [12,13] suggests that unlike the solid-state X-ray struc-
ture (of rat liver Cd5Zn2–MT) [20], which exhibits a well-formed
two-domain shape, the domains essentially coalesce in solution
(Fig. 4).

There is a slight – but significant – difference in the charge state
manifold for the holoprotein (Fig. 1B) compared with the apopro-
tein at pH 7 (A), which could result from a structure that is slightly
larger because the 3+ and 4+ states decrease and the 6+ increases
in magnitude. This is reasonable in view of molecular dynamics
calculations by Rigby and Stillman, which predicted a tight, globu-
lar structure for apoMT compared with the two coalesced but dis-
tinct metal-binding domains in the holoprotein [9].

Fig. 1(C and F) show the mass spectra for apo-ba-MT at low pH.
Typically, acidic conditions denature proteins, which we associate
with an increase in surface area and loss of folding (i.e. pH-induced
denaturation of myoglobin [32]). The low pH charge state spec-
trum (C) is quite different compared with the pH 7 data (A). The
charge state manifold has a maximum at 8+ and significant inten-
sity in the 9+ charge state. Clearly, the protein is unfolded. Because



Fig. 1. ESI-MS recorded for rhMT 1a. (A) Charge state spectrum for apo-rhMT at pH 7. (D) The deconvoluted spectrum from (A), showing the mass as 6874.8 Da with a slight
Zn2+ impurity. (B) Charge state spectrum for Zn7-rhMT at pH 7. (E) Deconvoluted spectrum from (B) showing the mass of Zn7-rhMT as 7318.2 Da. (C) Charge state spectrum of
metal-free rhMT at pH 3. (F) The deconvoluted spectrum from (C) showing the mass of apo-hMT is 6875.9 Da following acid-induced demetalation.
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metallothioneins exhibit very little 2� structure it is confusing to
say the protein is denatured under these conditions. From previous
studies titrating with Cd2+ we believe the pH has to be below 1 to
make the protein unable to bind metals [13,15,33]. There was a
conformation that resisted metalation as the pH was raised so that
two conformations coexisted at intermediate pH values. Essen-
tially, the 2� and 3� structure for MT arises from metal-induced
folding [9,10,12].

While the increase in charge state maximum is an important
determinant of structural change, the similarity in the charge state
maxima of Zn7–MT and apo-MT measured at pH 7 in Fig. 1 is also
significant. The lack of change supports the proposal of Rigby and
Stillman that the apo-MT structure is close in overall volume to
the tight structure of the metallated protein [9]. The data in
Fig. 1 provide important information about the metal-free struc-
ture of MT, a vital structure that is almost impossible to describe
by the usual structural tools. Data in recent papers were inter-
preted to show that the metalation process for Zn2+ and As3+ pro-
ceeded in a series of bimolecular reactions initially forming 1 ZnS4

unit then increasing sequentially up to 5 ZnS4 units before cluster
formation with the 6th and 7th metals [34,36]. The incoming met-
als initially bind the most exposed thiols, but because the structure
of apo-MT is currently unknown, modeling cannot be used to sug-
gest appropriate mutations to identify the site of initial metalation.
3.2. Benzoquinone modifications to the cysteines show that the
structure is the same as the metalated protein at pH 7

Bq cysteine modifications allow the structural properties of the
metal-free protein and its fragments to be compared with apo-MT
near neutral pH.



Fig. 2. ESI-MS measured at pH 5.5 showing the complete coupling of Bq to the cysteines in the metal-free b- and a- fragments and the full apo-ba-rhMT 1a. Spectra on the left
(A–F) show the charge state distributions. The corresponding deconvoluted data on the right (G–L) present the observed masses for b-, a-, and ba-hMT, respectively. (A and
G), (C and I), and (E and K) include spectra of the apo proteins (B and H), (D and J), and (F and L) show the spectra for the domain fragments and the full protein when all the
cysteines (9, 11, and 20, respectively) are bound by Bq.
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Fig. 3. ESI-MS showing five stages in the complete coupling of all 20 cysteines in apo-ba-rhMT 1 to Bq as aliquots were added at pH 5.5 (A–K). Bq modifies the cysteine adding
108.09 Da to the mass of the protein each time. (F and L) The 5+ and 6+ charge states as a function of Bq loading; (F) average 11 Bq; (L) average 16 Bq. The 5+ charge state
diminishes at the expense of the 6+ charge state beginning with 12 Bq.
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The deconvoluted spectra for the cysteine-modified species in
Fig. 2(H, J, and L) show that 9 Bq added to the b fragment modified
the 9 cysteines, 11 Bq modified the 11 cysteines of the a fragment
and 20 Bq modified the 20 cysteines of the full protein. Bq modifies
each cysteine adding 108.09 Da to the mass of the protein. The
more important information is contained in the charge state spec-



Fig. 4. Calculated protonated and Bq-saturated structures for a-, b- and ba-MT from a molecular dynamics (MM3/MD) calculation for 5000 ps. Internal volume calculations
are shown for each. (D and E) show the calculations for the consecutive addition of 8, 16, and 20 Bq cysteine modifiers. Each structure was calculated using MM3/MD methods
for 5000 ps. Bq is colored cyan and the cysteines are yellow spheres.
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tra shown in Fig. 2(B, D, and F). The charge state manifold for each
species shows a slight increase in average charge; for example,
compare the relative magnitudes of the 5+/4+/3+ manifold of states
between (A) and (B) for the b-fragment, and between (C) and (D)
for the a-fragment. There is a more significant increase in the
charge state average between (E) and (F) for the full protein with
the manifold maximum increasing from 5+ to 6+.

These ESI-MS charge state data are revealing: the modified frag-
ments clearly wrap as tightly as the native peptide. The 20-cys-
teine full protein expands somewhat with the 6+ charge state
intensifying compared with the 5+ state of the 20(SH)apo-MT. This
is not unexpected when one considers the structural constraints in
folding the peptide chain with 20 Bq tagged to the 20 cysteines. We
investigated the change in volume of the protein as a function of Bq
modification by adding the Bq in aliquots. Because each species
exhibits its own set of charge states independently of other species
in the solution we can probe the change in volume of the protein as
a function of each addition from 1 to 20 (Fig. 3).

As the mole fraction of Bq added to apo-ba-rhMT increases, the
Bq couples to form a normal distribution of up to 10 species until
the maximum is reached (Fig. 3(E and K)). While the charge state
data are complicated, the deconvolution provides a clearer descrip-
tion of the incremental modification of the cysteines. The interest
in this titration with respect to the structure of apo-MT is to deter-
mine at what point the charge state maximum changes. Clearly the
5+ charge state is more intense than the 6+ for 1 Bq to approxi-
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mately 11 Bq and 6+ is greater than 5+ for 12 to 20 Bq. Fig. 3(F and
L) shows the charge state data labeled to indicate the Bq loading of
the apo-ba-rhMT.
3.3. Charge states show that apo-MT only slightly expands even when
20 Bq are bound

A close up of the transition from 5+ to 6+ as the most abundant
charge state is shown as a function of the Bq loading in Fig. 3(F and
L).

A comparison of the charge state distributions of apo-ba-rhMT
at low pH and Zn7-ba-rhMT MT at pH 7 (Fig. 1), and the Bq20-apo-
ba-rhMT at pH 5.5 (Fig. 2) suggests that while there is expansion at
the 12 Bq point (Fig. 3(F and L)), overall there is little change in the
protein volume between the apo-ba-rhMT, the Zn7-ba-rhMT, and
the fully modified Bq20-apo-ba-rhMT. Fig. 3(F and L) allows the de-
tails of the increase in volume to be determined more precisely.

To test the reasonableness of the interpretation of the MS data,
we carried out a series of molecular dynamics calculations to mod-
el the structures that might exist for the Bq-saturated isolated a-,
and b-domains and the full ba-MT protein. Using the NIH calcula-
tor [35] we determined the volume for each structure. Fig. 4(A)
compares the protonated and Bq saturated structures for b- and
a-rhMT following molecular dynamics calculations for 5000 ps.
The results show that although the backbone ribbon changes loca-
tion it retains a tightly wrapped structure. Fig. 4(B) shows the vol-
umes of the modeled structures calculated according to NIH
methods. The two Bq-saturated fragments clearly maintain a struc-
ture similar to that of the apo-fragments at pH 7. Fig. 4(D and E)
also show three calculations for the sequential addition of 6, 14
and 20 Bq to the full protein to test for the change in volume as
a function of Bq loading. The backbone ribbon clearly shows that
while the folded, tight structure is maintained, the structure is
clearly larger when 20 Bq are bound. The calculated volume can
be compared with the experimental charge state data for both
the apo- and Bq-saturated-apo isolated domains and the full
protein.

Considering the experimental data we find that the charge state
maximum for apo-ba-MT is 5+ whereas the maximum for Bq20-ba-
MT is 6+ (Fig. 2). The charge state manifolds for the two metal-free
fragments at pH 5.5 is 4+. The charge states show a slight increase
in the 5+ and a decrease in the 3+ state when the cysteines in the
two fragments are modified by Bq. The volume calculations of
Fig. 4(C) more or less track this trend with an approximately 25%
increase between the apo- and modified apo structures. For ba-
MT we show more detailed changes in the charge states in Fig. 3.
As the total amount of Bq added to apo-ba-MT increases, the aver-
age number of Bq bound increases as shown in Fig. 3. The 6+ pre-
dominates with greater than 12 Bq bound, so that with 16 Bq
bound the 6+ is clearly more intense than the 5+ state (Fig. 3(F
and L)). The volume calculation in Fig. 4(F) shows a small increase
between 0 and 8 Bq (8332–9119 Å3) before the volume increases
significantly for 16 (9938 Å3) and then 20 Bq (10248 Å3).

These results, combined with those reported by Rigby et al.,
provide stronger evidence that apo-MT adopts a relatively tight
conformation, regardless of the lack of specific 2� or 3� structure.
A Comparison of the Zn7–MT and the low pH apo-ba-MT ESI-MS
data is key to understanding. The low pH data show that there is
a much more open structure possible, not formally a denatured
structure, but one with greater oxidation exposure of the thiols.
The tighter apo-ba-MT structure at neutral pH might provide some
protection against oxidation and is likely the structure that meta-
lates posttranslationally. The Bq modification data show that even
modifying each cysteine does not disrupt the loosely folded struc-
ture of the metal-free protein.
These data emphasize the different descriptions of protein
structure that may apply beyond the traditional descriptions. For
metallothioneins, the metalated form is an example of metal-in-
duced folding – the covalent M-SCYS bonds establish the complete
structural properties. For partial metalation there is ambiguity in
the location of the metals – particularly in terms of the occupation
of specific binding sites.

In conclusion, the ESI-MS data demonstrate that even when all
cysteines in the isolated fragments and the full apo-MT are modi-
fied by Bq, MT adopts a tight configuration with a volume similar
to that of the fully metallated form.
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