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ABSTRACT

Metallothionein binds multiple metals into two clustered domains. While the structure of the fully meta-
lated protein is well known for the Cd- and Zn-containing protein, there is little known about the struc-
tures of the metal-free protein (apo-metallothionein) and even less about the partially metalated forms.
However, the partially-metalated species are vitally important intermediates in the passage of the pro-
tein from translational synthesis to its homeostatic buffer or metal chaperone roles. Because multiple
metals bind to metallothioneins, the partially-metalated species span a wide range depending on the
metal bound. Up to 3 As®>* bind stepwise to the o-domain fragment in a manner that allows measurement
of each of the 4 species simultaneously with the number of free cysteines diminishing by 3 for every As>*
bound: apo- (11 Cys), Asi- (8 Cys), As,- (5 Cys) and Ass;-a-MT (2 Cys). The cysteine modifier benzoqui-
none (Bq), was used to determine the relative accessibility of the free cysteines in the o-MT fragment
as a function of the number of As>* bound. The effect of each As** was to induce folding in the protein.
The ESI-MS results show that the whole protein folds significantly even when just one of the three
As>* has bound. The profile of the Bq reacting with the unbound cysteines shows effects of steric hin-
drance in slowing down the reaction. By freezing the reaction midway to the endpoint, the mass spectral
data show the ‘mid-flight’ concentrations of all the key species, 27 in all. Analysis of this mid-flight reac-
tion profile gives insight into the topology of the partially metalated MT from the differential access to
the unbound cysteinyl thiols by the Bq. Significantly, the metal-free, apo-o-MT also adopts a folded
structure in the presence of the As®* even though there is no As** bound. This can only happen if the

apo-protein wraps around other metalated proteins in solution via protein-protein interactions.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Metallothionein (MT) has long been known to be a major player
in cellular metal homeostasis and since its first isolation in 1957,
has been shown to affect many cellular processes [1]. It is a
uniquely structured protein with cysteine accounting for approxi-
mately 30% of its total residues with a mass of approximately
6-10 kDa depending on the isoform. The X-ray determined struc-
ture of the fully metalated MT resembles that of a dumbbell with
two metal binding domains (named alpha and beta), separated
by a short linker sequence [2,3]. The formal structure of MT is
based almost entirely on the changes induced by metal coordina-
tion and the formation of the metal clusters [4,5]. However, the
structure of the partially metalated protein is unknown yet is
important as an intermediate in vital cellular metalation chemis-
tries. The structure of partially metalated o-MT is addressed in
the studies reported in this paper.
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MT is a multi functional protein acting as a source of reducing -
SH groups in redox reactions, detoxifying heavy metals and regu-
lating cellular Zn and Cu concentrations [6]. The importance of
MT to cellular metal homeostasis is highlighted by its ubiquitous
nature; nearly all organisms have some type of MT or MT-like pro-
tein coded for in their genomes. In addition to the regular functions
of MT, it has emerged that MT can play a role in cancer progression
and drug resistance in tumors [7,8]. With many cancer treatments
relying on metal based drugs, it is important to determine the
mechanism by which MT metalates and the structure of the apo
and partially metalated forms of MT that exist in the early stages
of metalation. By studying the structure of the metal-free protein
and its partially metalated intermediates, predictions about meta-
lation with a wide variety of metals and metal complexes can be
made. This may prove useful in designing drugs to combat tumours
that have shown resistance to traditional therapies and in deter-
mining how MT carries out its many biological functions.

Partially metalated MT (that is MT with fewer metals bound
than its maximum capacity) is vital to metal based cellular chem-
istry because this species is likely to be the dominant form of cel-
lular MT. It has been considered that apo-MT does not have
structure in the traditional sense but rather it adopts a more
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randomly coiled and ill-defined conformation [9]. However, more
recent studies have suggested that apo-MT may have a loosely de-
fined, but structurally significant conformation at neutral pH that
is only lost under denaturing conditions [10,11]. Metalation of
apo-MT can lead to the formation of fully metalated protein. How-
ever, due to the concentrations of metals found in a cell, it would
be expected that partially metalated species would predominate
[12]. Unfortunately the only well defined structure of MT is the
fully metalated form [2,3,13,14]. Significantly, structures of both
the partially metalated MT and apo-MT remain elusive.

In this paper, we use the differential rate of the modification of
the free cysteines in the o-metal-binding fragment to probe the
spatial distribution of cysteines not involved in metal binding as
a function of metalation status. Benzoquinone (Bq) reacts with cys-
teine forming a covalent bond. This method has been previously
used to quantify free thiols in MT as well as to assess the relative
accessibilities of cysteines in the alpha and beta domains of MT
[11,15]. The reaction profile of Bq with up to 11 cysteines in o~
MT provides a clear indication of the dependence of the structure
of the apo- or partially-metalated MT on the metalation status.
This reaction is dependent on the variable accessibility of the un-
bound cysteines. Overall, the reaction profile of Bq provides a un-
ique description of the topological distribution of free cysteine
residues.

2. Materials and methods

Methods for expression and purification of the alpha domain
fragment have been previously reported in more detail [16]. In
brief, the a--domain of recombinant human MT isoform 1a (o-rhMT
1a) was used having the follow sequence: GSMGKAAAAC
CSCCPMSCAK CAQGCVCKGA SEKCSCCKKA AAA. The expression of
the recombinant protein was carried out in Escherichia. coli strain
BL21 using the recombinant o-rhMT 1a sequence inserted into a
pET29a plasmid. The plasmid also coded for an N-terminal S-tag
with the sequence MKETAAAKFE RQHMDSPDLG TLVPRGS. The
inclusion of an S-tag into the recombinant protein is done to stabi-
lize the protein during purification steps and was removed via a
Thrombin CleanCleave™ kit (Sigma).

To limit oxidation of the cysteinyl thiols, all solutions used were
saturated with argon and evacuated before use. In addition, all
solutions used in the purification process were chilled to maintain
the integrity of the protein and prevent degradation. Protein solu-
tions were stored at —20 °C in sealed vials that had been thor-
oughly evacuated.

Demetalation of the protein was achieved by buffer exchange
with a 10 mM solution of ammonium formate, pH adjusted to
2.8. The solutions were buffer-exchanged by centrifuge in an Ami-
con Ultra Centrifugal Filter Tube (Millipore) with a 3 kDA MW fil-
ter. This ensured complete demetalation and maintained high
concentrations of the protein.

Solutions of 150 mM para-benzoquinone (Bq, Fisher Scientific)
were prepared by dissolution in 100% methanol (Caledon) and di-
luted to a final concentration of 15 mM in deionized water. These
solutions were prepared just before they were to be used, bubbled
with argon for at least 20 min, evacuated and kept on ice shielded
from light until use. Solutions of 2 mM As>" were prepared by dis-
solving As,03 in conc. HCI and diluting with deionized water. The
final pH of the solution was adjusted to 2.8 using NH,OH. The solu-
tion was then saturated with argon and evacuated before use.

MT concentrations were determined by metalation of 100 pL
aliquots of the apo-MT with Cd?* and examination of the absorp-
tion spectrum, specifically the peak at 250 nm. The 250 nm peak
corresponds to the ligand-to-metal charge transfer transition of
the Cd-thiolate bond (&4:250nm = 45,000 M~! cm™!). Concentrations

of o-rhMT 1a ranged from 30 to 60 UM in order to ensure a strong
mass spectral signal for all 27 species that are formed during meta-
lation and modification of apo-a-rhMT 1a, that is the set of As,Bqx.
o-thMT (n = 0-2, x = 0-11) that will be simultaneously measured.

Titration of MT with As>* was carried out by adding approxi-
mately 0.5 M equivalents of As>* to the protein solution. The reac-
tion of MT with As>* is much slower than with metals such as Cd**
or Zn%*, so the reaction vials were put in an evacuator for 1h to
equilibrate. Once the system came to equilibrium, the speciation
of the a-MT was checked by ESI-MS to ensure that it had been par-
tially-metalated and a distribution of apo-, As;- and As,-o.-rhMT
existed in solution, Fig. 1A. Sequential addition of Bq to the protein
solution was performed and mass spectra acquired until all the
species had been fully modified (i.e. no free cysteinyl thiols re-
mained in any of the partially metalated species). Titrations were
performed at pH 2.8.

Mass spectra were measured with a microTOF II electrospray
ionization time-of-flight mass spectrometer (Bruker Daltonics,
Canada) in the positive ion mode. The settings of the instrument
that were used have been previously described [16]. The mass
spectra were analyzed using the Bruker Daltonics analysis
software.

3. Results and discussion
3.1. Metalation with As>* and titration with benzoquinone (Bq)

Fig. 1A shows the mass spectral data recorded following the
addition 0.5 mol equivalents of As®** to apo-o-MT. The deconvo-
luted mass spectrum of the apo-o-MT is shown in the inset of
Fig. 1A. The reaction with As®>* resulted in a distribution of species:
apo-, As;- and As,-o-MT with apo- being the most abundant, As; at
approximately 65% and As, at approximately 15% relative abun-
dance. After As-binding was completed, 1 mol equivalent (mol
eq) of Bq was reacted with the solution shown in Fig. 1A to form
the solution used in Fig. 1B. In this early stage of the Bq titration,
both modified and unmodified species are clearly present in solu-
tion. When further Bq is added to the solution used in Fig. 1B for a
total of ca. 6 mol eq, a much more complicated mass spectrum is
recorded, Fig. 1C, with 27 individual species (Fig. 2). This is the
midpoint in the reaction, with the mass spectral data complicated
by the presence of both metalated and apo-species each having
varying degrees of Cys modification. The identification of all 27
species is shown in Fig. 2. This spectrum illustrates beautifully
the power of the ESI-MS technique in providing exquisite detail
for the progress of complicated multifaceted reactions where in
Fig. 1C we see each of the many components of the complete reac-
tion. Finally the addition of excess Bq results in all free Cys being
modified; greatly simplifying the spectrum, Fig. 1D. Now just three
species are observed: the apo-Bq;;-MT, singly metalated
As1-Bqs-MT and the doubly metalated As,-Bqs-MT. Thus, Fig. 1D
shows the completed reaction with all the starting species’ cyste-
ines being fully modified by Bq. This complete modification rules
out oxidation as a cause of the unusual pattern seen in Fig. 1C.
When MT is oxidized, Cys-Cys bridges are formed and, therefore,
are unreactive towards Bq. If there was oxidation in the protein
solution the endpoint in the Bq titration would be changed for
some proportion of the protein that had been oxidized. For exam-
ple, instead of Bq;;-0.-rhMT being an endpoint for the titration of
the apo-protein, there would be a distribution of endpoints with
Bq11, Bqe and Bq7-o-rhMT being present depending on the extent
of protein oxidation. No such distribution is observed so it can be
concluded that the free thiols were not cross-linked but all form
covalent bonds with Bq.
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Fig. 1. Deconvoluted ESI-MS data showing the binding of As** to apo-oMT (A) and
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Fig. 2. Deconvoluted ESI-MS data showing the 27 individual species of interme-
diate and fully modified MT (A). Peaks isolated by parent species (i.e. apo-, As; or
As;) and shown on separate axes for clarity. The reaction profiles for As; (B) As; (C)
and apo-o-MT (D).

the subsequent titration of the protein solution with Bq. The spectra show the
titration at approx. 0.5 (B) 5 (C) and 9 (C) molar equivalents of Bq reacted with the
protein solution.
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3.2. The unusual Bq reaction profiles with apo-o-MT, As;-o-rhMT and
Asy-o.-rhMT

Fig. 2A shows the ESI-mass spectrum at the midpoint of the
titration (from Fig. 1C). Spectral data that includes a combination
of the spectra of the apo-, As;- and As,-species variably modified
by Bq. Figs. 2B-D separate out the three key species, namely the
As,-0-MT, the As;-o-MT, and the apo-o-MT, and their respective
cysteine-modified intermediates at this point in the reaction. We
note that insufficient Bq has been added at this stage to fully mod-
ify all cysteines in the protein (that saturation point is shown in
Fig. 1D). In all there are 27 individual MT species shown in this sin-
gle mass spectrum. This kind of accuracy and resolution of spectral
lines is unique to ESI-MS as other spectroscopic techniques would
not be able to distinguish with the same detail the abundance of
species present in solution. To simplify the data analysis, the
spectra of the separately metalated species, along with their inter-
mediate and final products, are isolated and are shown in Fig. 2B
(Asy-a-MT +up to 5Bq), 2C (As;-o-MT+up to 8Bq) and 2D
(apo-o-MT + up to 11 Bq). Key in this series of spectra is that the
As>" can react in single steps from 1 to 3 and that it uses 3 cysteine
thiols to bind. So from the 11 cysteines of apo-o-MT, there are 8
left free for As;-, 5 left free for As,-, and 2 left free in As3-o-MT.
When saturated with Bq, all of these free cysteines are modified
(Fig. 1D, but when insufficient Bq is added the reaction stops in
mid-flight providing a snapshot of the relative accessibility of the
free cysteines because the reaction progress is governed by the
kinetics of the modification. So, the intermediate point provides
information about the dynamic structure of the protein. In the
experiment carried out here that dynamic structure is controlled
by the metalation status (1, 2, or 3 As>*). The distribution profile
of the Bg-modified cysteines depends on the relative accessibility
between all 4 protein species (i.e. apo-, As,, n=1, 2 or 3).

3.3. The Bq reaction profile with As,-o-rhMT: Fig. 2B

The profile for Bq reacting with the five free cysteines in
As,y-0-thMT is complicated. Although the Bq modification pattern
reported for the apo-o-MT, namely a Normal distribution at low
pH [11] is expected to be disrupted by the metalation there are
no previous data to suggest what the effect of the metalation will
be. Metal-induced folding has been discussed for MT for many
years [17-19] and it is to be expected that with 2 As>* bound that
the peptide will fold and the cysteines could then be buried some-
what. The model of As,-a-MT in Fig. 3C shows this possibility. The
data in Fig. 2B suggest that the five free cysteines are differentially
sterically hindered with respect to reaction with the incoming Bq.
The inequivalent modification efficiencies represented by the dif-
ferences in the relative fractions of the species measured reflect
the differences in the relative ease of modification. The profile does
not exhibit a Normal distribution rather the profile indicates that 2
of the cysteines (labeled as Bq3 and Bq4) are much less accessible
and the modification reaction for these two cysteines is inefficient.
The model for As,-a-MT shown in Fig. 3C illustrates how the free
cysteines can be inaccessible.

3.4. The Bq reaction profile with As;-o-rhMT: Fig. 2C

The reaction profile of As;-o-rhMT also follows an unusual
pattern. The most abundant species is the fully modified
Asy-0-MT-Bqg, with all other species being similar with relative
intensities around 0.4 (with the one exception of the Bqs species).
This deviation from a Normal distribution indicates that the
coordination of even just a single As** has altered the access to

Fig. 3. Scigress models (MM3/MMD) of the structure of apo-alpha-MT (A) As;-
alpha-MT (B) As,-alpha-MT(C) and Ass-alpha-MT (D) using space filling models to
visualize the extent of folding in each species. The MD calculations were carried out
at 500 K for 500 ps. The As>* is shown in purple. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

cysteines for the Bq compared with the apo-protein at low pH,
most likely through structural changes induced by metal binding.
This result is somewhat unexpected as, although changes in the
ESI-MS charge state manifold with metalation by Cd?* and Zn?*
were interpreted as being due to the establishment of a more com-
pact structures [4,20], there has previously been no other evidence
of folding induced by just a single metal binding. In addition, this
metalation is being carried out at low pH and under low pH condi-
tions it is expected that MT will be unfolded. As mentioned previ-
ously, MT folding is driven in large part by metal binding, so even
at low pH it is reasonable to expect the formation of some metal
induced structural features but the data in Fig. 2B and C suggest
that all the free cysteines also fold. Even with 1 As®** bound the
remaining 8 free cysteine residues are clearly shielded from the
solution containing Bq, thereby changing the modification profile.

The patterns observed for the modification reactions of both
Asq- and As,-0-MT can be explained by a combining the effects
of two competing forces driving the Ks of each of the Bq modifica-
tion reactions: (1) the initial shielding and eventual unwrapping of
the protein due to the Bq modification and (2) the decrease in sta-
tistical availability of free cysteinyl thiols as the titration proceeds.

3.5. Understanding the Bq reaction profiles for As;-o-rhMT and As,-o-
rhMT

The reaction profiles of the metalated species are similar in that
there is a broad distribution of modified cysteines rather than a
Normal distribution. Each modification reaction alters the struc-
ture of the protein and is likely that any structure present prior



212 G.W. Irvine, M. Stillman/Biochemical and Biophysical Research Communications 441 (2013) 208-213

to the reaction is changed by increasing the extent of Bq modifica-
tion. The unwrapping of the protein structure exposes more Cys-
teine residues to the solution on the surface of the protein and
increases the rate of reaction with Bq. On the other hand, even as
this region of the protein is unfolding because of modification reac-
tions, fewer free cysteines exist that can be modified, making sub-
sequent modifications statistically less likely, reducing the rate of
reaction. From the increased abundance of the fully modified spe-
cies in Fig. 2 B and C it is likely that the accessibility of the solvent
to the free thiols is the more dominant force. The final Bq modifi-
cation reaction would have a higher K value and this would cause
the increase in abundance. The final reaction is fast due to the final
free thiol being so exposed that it is more likely to come in contact
with a Bq molecule than a free thiol in the folded structure of the
protein in the absence of modifications. In other words, a buried
cysteine residue is less likely to react with a Bq molecule in solu-
tion than an exposed one and the metalation caused the rest of
the protein to fold even at low pH.

3.6. The Bq reaction profile of apo-o-rhMT when in solution with As-
metalated MT species

The reaction profile for the reaction of Bq with all 11 free cyste-
ines of the apo-o-MT is unlike that expected based on the low pH
conditions. Based on our previous studies [11], it was expected that
MT would not have a defined structure capable of interfering with
the Bq cysteine modification reaction. At the low pH these spectra
and titrations were carried out at 2.8, it was expected that the MT
would exist in a denatured form, as a random, loosely defined
structure, as depicted by the model in Fig. 3A. As such, all cysteine
residues would be expected to exhibit a similar degree of steric
hindrance towards the reactive Bq by the protein backbone and
would be equally likely to react with the Bq molecule. This would
result in a Normal distribution of the modifications with an
increasing manifold maximum from apo- to the fully modified
Bqi1 species [11]. This was clearly not the case in the reaction pro-
file of the o-MT species studied here. The presence of the As>*
changed the reaction mechanism for each species as seen from
the modification distribution patterns in Fig. 2B, 2C and 2C.

While the reaction profiles for As;-o.-rhMT and As,-o-rhMT are
relatively straightforward to explain, the reaction profile of the
apo-species in the presence of the As-bound protein is very much
more difficult to interpret. At pH 2.8 it is unlikely that the
apo-o-rhMT has much formal structure that should interfere or
modify the accessibilities of the free cysteinyl thiols of the protein.
In previous studies, fully metalated As-MT species have been
shown to transfer As>* to apo-species through protein-protein
interactions. Many other studies have demonstrated MT donating
metals such as Zn and Cu to other metalloenzymes through direct
interaction with each other.

The pattern is not likely a result of Bq aggregation or some other
property of the cysteine-Bq reaction because the pattern is not rep-
licated in the absence of a bound metal. In solutions only contain-
ing apo-MT this phenomenon is not seen [11]. The presence of
metal induced structure at pH 2.8 indicates that H-bonding may
not be an important factor in determining As-MT structure. The
pattern shown in Fig. 2D is very similar to the one in 2C. It is likely
the interaction and transfer from the As; species to the apo-species
is causing the altered reaction profile of Bq.

3.7. Models of apo-o-MT1a, As;-o-MT1a and As,-MTl1a

The models were calculated using MM3/MD techniques at a
nominal MD temperature of 500 K temperature to simulate a low
pH environment with the H-bonds disrupted. The models suggest
that apo is indeed the most open conformation of the protein

and that when bound to arsenic, the protein adopts a somewhat
globular structure. As described before, even though apo-MT may
have an open, string-like structure at low pH, protein-protein
interaction with partially metalated species may account for the
Bq reaction profile resembling that of a structured protein. We sug-
gest that the metalated species and apo-species interact with each
other shielding the cysteine residues that are on the surface of both
structures. The transfer of arsenic most likely occurs by a process of
coordination of the As3* by exposed cysteinyl thiols on the surface
of an apo-protein [21]. This would explain the drastic change in
reaction profile, since under metal-free conditions those most ex-
posed residues would be the ones most likely to react with an
incoming Bq molecule. The inter-protein exchange, therefore,
maintains a pool of apo and minimally modified species by shield-
ing the residues that under regular low pH conditions, would be
the first to be modified. It should be noted that the most exposed
residues at such a low pH would likely be closer to the end of
the peptide and have less shielding from the backbone on one side
when compared to the cysteine residues in the middle of the se-
quence. It is not known how great the difference would be between
these two regions of the peptide at low pH.
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