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Metallothionein is a ubiquitous metal binding protein that plays an important role in metal ion homeo-
stasis and redox chemistry within cells. Mammalian metallothioneins bind a wide variety of metals
including the metalloid As®* in two domains (B and o) connected by a short linker sequence. Three
As** bind in each domain for a total of 6 As** per protein. In recombinant human metallothionein
(rh-MT1a) each As>* binds three cysteine residues to form As;Cyse(CysSH),-o-rhMT1a in the 11 Cys
o-domain and As3Cysg-B-rhMT1a in the 9 Cys B-domain. This means that there should be 2 free cysteines
in the a-domain but no free cysteines in the p-domain. By using benzoquinone, the number and relative
accessibility of the free cysteinyl thiols during the metalation reactions were determined. The electro-
spray ionization mass spectrometry (ESI-MS) data confirmed that each As®>* binds using exactly 3 cysteine
thiols and showed that there was a significant difference in the reactivity of the free cysteines during the
metalation reaction. After a reaction with two molar equivalents of As>* to form As,Cysg(CysSH)s-op-
rhMT1a, the remaining 3 Cys in the 9 Cys B-domain were far less reactive than those in the o-domain.
Molecular dynamics calculations for the metalation reactions with As** measured by ESI-MS allowed
an interpretation of the mass spectral data in terms of the relative location of the cysteine thiols that were
not involved in As>* coordination. Together, these data provide insight into the selection of a specific cys-

teinyl thiol by the incoming metals during the stepwise metalation of metallothioneins.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Metallothionein (MT), first isolated in 1957 [1], is a ubiquitous
metal binding protein that plays an important role in metal ion
homeostasis and redox chemistry within cells [2]. It has also been
implicated in cancer prevention and the inflammation response
[3]. MT binds a wide variety of metals including Zn?*, Cu*, Cd?*
and the metalloid As>*. The structure of the full protein includes
two metal-binding domains: the B (9 cysteines) and o (11 cyste-
ines) domains connected by a short linker sequence. The structure
of the metalated protein is well defined and is based almost com-
pletely on the effects of metal coordination [4].

Divalent metals bind with a stoichiometry of M4Cys;; (o) and
MsCysg (B) for an overall stoichiometry of M;Cys,o (af). Up to 3
As>" can bind in each domain for a total of 6 per two domain pro-
tein [5]. The structure of AsgCysyo-Bo-rhMT was previously
inferred as being triangular pyramidal based on As(Cys); coordina-
tion because of the presence of the nonbonding pair on the As>* [5].
Therefore, when fully saturated with As>*, there would be two free
cysteines in the oo domain (As3Cysg(CysSH),), but no free cysteines
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in the B domain (As3Cysg). From the kinetics of the metalation
reaction with As>*, the oo domain is known to exhibit higher bind-
ing constants than the f domain [6]. While the kinetic analysis pro-
vided a clear interpretation of the stepwise metalation, there are
no published data to confirm that the stoichiometry is as shown
above. Although the structure of MT is dominated by metal in-
duced folding, the structure of apo-MT and partially metalated
MT is largely unknown [7]. It is unclear as to what conformations
the protein adopts as each metal binds in a stepwise fashion and
how these intermediate conformations may affect subsequent me-
tal binding events. Recently, we have reported that benzoquinone-
thiol chemistry can be used to quantify the presence of free cys-
teine residues in MT [8]. The benzoquinone (Bq) covalently binds
with the SH group of the cysteine and the extent of the reaction
can be determined using ESI-MS.

The incoming Bq molecule will readily react with cysteines on
the surface of the protein, but the reaction of Bq with interior res-
idues is likely to require excess Bq. The same is true for the concen-
tration of an incoming metal ion required to fully saturate all the
possible metal binding sites. The structures of the metal-free and
partially metalated species of MT will affect the rate at which the
binding of subsequent metals occurs because of the accessibility
of the free cysteinyl thiols required for metal coordination. Struc-
tures of these intermediates are almost impossible to obtain, so
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Bq can be used to probe the surface accessibility of the cysteinyl
thiols. The structure of the partially metalated species is especially
important because it dictates the extent to which any free thiol can
be oxidized in the cell. The ease of oxidation of the thiols is impor-
tant in determining the role metallothioneins might play in cellular
redox chemistry [2].

The reaction of As®>" with different metallothioneins has been
well documented [9,10]. The kinetic analysis of Ngu et al. provides
detailed parameters that describe each stage of the metalation
[10]. The slow rate of the As** metalation with the domain frag-
ments of human MT1a was exploited in this work to isolate the
individual species of As,—MT (n=1-3) formed with 1-3 equiva-
lents of As®*. We report the use of Bq to quantify the number
and relative accessibility of the free cysteinyl thiols as the As>*
binding proceeds stepwise.

2. Materials and methods

The expression and purification methods have been previously
reported in detail [11]. Briefly, the o- and B-domains (o-rhMT
and B-rhMT, respectively) of human recombinant MT 1a were used
in this study and have the following sequences: B-rhMT 1a
MGKAAAACSC ATGGSCTCTG SCKCKECKCN SCKKAAAA and o-rhMT
1a GSMGKAAAAC CSCCPMSCAK CAQGCVCKGA SEKCSCCKKA AAA.
The expression was carried out in Escherichia coli strain BL21(DE3)
using a pET29a plasmid. The “1a” refers to the 1a isoform of human
MT. The proteins contain no disulfide bonds or aromatic amino
acids. An N-terminal S-tag with the sequence MKETAAAKFE
RQHMDSPDLG TLVPRGS was used for the expression to aid in pro-
tein stability throughout the purification process. The S-tag was re-
moved via a Thrombin CleanCleave™ kit (Sigma). To prevent
cysteine oxidation, all solutions were argon saturated before use
and thoroughly evacuated before storage. Protein samples were
demetalated using Tris buffer, pH adjusted using HCI to 2.7 and
centrifuged in an Amicon Ultra Centrifugal Filter Tube (Millipore)
with a 3 kDa MW filter. The samples were then buffer exchanged
with 10 mM ammonium formate (pH 3.5) to desalt and achieve
the proper reaction pH for the metalation with arsenic.

Solutions of 150 mM parabenzoquinone (Bq; Fisher Scientific)
were prepared in 100% methanol (Caledon Laboratory Chemicals)
and diluted to 15 mM in deionized water. Solutions of 1.3 mM
As>* were prepared by dissolving As,03 in concentrated HCl and
diluting with deionized water. The pH of the solution was then ad-
justed to 3.5 using NH4OH. All solutions were evacuated and satu-
rated with argon before use.

Protein concentrations were determined by remetalation with
Cd?* and examination of the UV-visible absorption spectrum at
250 nm, which corresponds to the ligand-to-metal charge transfer
transition of the Cd-thiolate bond (&p;250 nm = 36,000 M~ ' cm~" and
€250 nm = 45,000 l\/[71 CII]71 )

Mass spectra were collected on a microTOF II electrospray-ion-
ization time-of-flight mass spectrometer (Bruker Daltonics, Can-
ada) in the positive ion mode as previously described [8]. Spectra
were constructed and deconvoluted using the Bruker Compass
Data Analysis software package.

Molecular modeling calculations were carried out using Sci-
gress Version 3.0.0 (Fujitsu Poland Ltd.). Modeling parameters
and sequence information have also been previously described
[8,12].

3. Results and discussion

Fig. 1A shows the ESI-MS data recorded for the metal free, apo-
o-rhMT with mass 4081.8 Da. Arsenic metalation occurs over a
long time scale with the 1-3 M equivalents added taking about

an hour to reach equilibrium in o-rhMT and slightly longer in B-
rhMT [6]. It was possible to monitor the reaction using ESI-MS to
determine when each intermediate (As,Cyszny n=1-3) species
was most abundant and then introduce the Bq, effectively quench-
ing the reaction. Fig. 1B shows the ESI-MS data after 1 h equilibra-
tion following the addition of 1 mole equivalent of As>*. The data
show that there are 3 species of a-rhMT present: apo-o-MT, As;-
o-thMT and As,-o-rhMT (in order of decreasing abundance). These
data confirm the noncooperativity of the As>* metalation reaction
because very little Ass-o-MT forms. The free cysteines in these
intermediate species were then modified by reaction with Bq.
The addition of Bq quenched the metalation reaction as the modi-
fied cysteines were no longer able to participate in metal binding
(Figs. 1 and 2). In this way, the reaction with Bq probes the avail-
ability of free cysteine residues at different points throughout the
stepwise As>* metalation.

An excess amount of Bq (40 mole equivalents) was added to the
reaction vial and the ESI mass spectra were recorded. Fig. 1C shows
ESI-MS data after the excess addition of Bq to the solution mea-
sured in Fig. 1B. All 11 cysteine residues of apo- a-rhMT were mod-
ified by binding 11 Bq resulting in a mass of 5258.9 Da. Similarly,
As;-o-thMT had 8 cysteines modified for a final mass of
5008.7 Da, and As,-o-MT had 5 cysteines modified for a mass of
4760.6 Da. There was a very small amount of the As;-o-rhMT spe-
cies present, the two free cysteines were modified by binding 2 Bq
resulting in a mass of 4513.5 Da. The mass spectral data accounted
for all the cysteines in each domain.

In a separate experiment, 3 mole equivalents of As>* were
added to apo-o-rhMT and the solution was equilibrated for 1 h.
The spectrum in Fig. 1D shows that, when compared with the spe-
cies in Fig. 1B, the abundance of the apo-a-rhMT and As;-o.-rhMT
species decreased and the proportion of As,-o-rhMT and Ass-
o-rhMT increased, with Ass-o-rhMT being the most abundant as
expected with the increased concentration of As>*. In this case, a
limiting amount of 2 mole equivalents of Bq were added to the
solution after the spectrum in Fig. 1D was measured to probe the
availability and accessibility of the free cysteines. The data in
Fig. 1E illustrate the distribution of the free cysteines. The Ass-a-
rhMT species can be seen without Bq modification and with 1
and 2 Bq bound. The abundances of the different Bq species de-
tected for both As,-o-rhMT and Ass-o-rhMT follow an approxi-
mately normal distribution. The mass spectrum for the complete
modification of all free cysteines, achieved by adding a 10-fold ex-
cess of Bq, Fig. 1F, shows the presence of As3-a-rhMT with 2 Bq and
As,-0-rhMT with 5 Bq (4513.4 and 4766.6 Da, respectively) as ex-
pected for the fully modified protein species.

The As>* metalation and Bq reactions of apo-B-rhMT measured
by ESI-MS are shown in Fig. 2. The apo-B-rhMT has a mass of
3752.6 Da (Fig. 2A). Because Ass;-B-rhMT has no free cysteines,
the metalation reaction was quenched after 1 h by addition of 2
mole equivalents of As®" (Fig. 2B) to ensure that As;- and As,-
B-rhMT were the dominant species and probe Cys accessibility.
The mass spectrum shows that the most abundant species were
As,-B-thMT (3896.1 Da) and As;-B-rhMT (3824.1 Da) with no
appreciable amount of apo-B-rhMT or Ass-B-rhMT. Addition of
10 mole equivalents of Bq resulted in the spectrum shown in
Fig. 2C. Unexpectedly, the excess Bq did not react with all the free
cysteines present. Significant fractions of unreacted As;-B-rhMT
and As,-B-rhMT remained, as well as an approximately normal
distribution of 1-3 Bq bound to As,-BR-rhMT and 1-4 Bq bound
to As;-B-rhMT (Fig. 2B). Not until 40 mole equivalents of Bq
had been added did all 6 of the free cysteines in As;-B-rhMT react
(4465.2 Da). However, even under these harsh conditions not all
of the free cysteines in As,-B-rhMT reacted with Bq since there
remained significant fraction of As,-B-rhMT with only 1 or 2 Bq
bound.
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Fig. 1. ESI mass spectra of o-rhMT1a with increasing As>* loading and cysteine modifications to form As,-o-rhMT (n =1-3). (A) Metal-free apo-ai-rhMT. (B) After 1 h
equilibration with 1 mole equivalent of As*>* added. (C) After 40 mole equivalents of Bq added to the solution in B. (D) After 1 h equilibration with 3 mole equivalents As>*
added to the apo-a-MT solution. (E) After 2 mole equivalents of Bq added to As,-o-rhMT shown in D. (F) After 10 mole equivalents of Bq added to As,-o-rhMT species shown

in D.

While 40 mole equivalents of Bq resulted in complete modifica-
tion of the free cysteines in As,-o-rhMT (n =0-3; Fig. 1B and C),
there was only partial modification of the free cysteines in As,-
B-rhMT (n=1-2; Fig. 2B and C). We believe this is a result of
differences in accessibility of the cysteine residues between the
two domains. The kinetic data clearly indicated that As>* metala-
tion was faster for the o~ than for the B-domain. If the cysteines
in partially metalated B-rhMT are buried inside the protein, then
access will be sterically limited. The kinetic analysis of Ngu et al.
showed that the rate at which the third As** bound to the pB-
domain of MT was much slower than that of the a-domain [6]. This
may be because the overall protein structure of the intermediate
As,y-B-rhMT shields the remaining cysteinyl thiols more than the
structure of Asy-o-rhMT. Since a Bq molecule is larger than an
As>" ion, Bq binding would be more strongly affected by the steric
hindrance around a cysteine.

3.1. Molecular models based on molecular dynamics calculations

A number of publications have reported molecular dynamics
calculations of the Zn- and Cd-MTs [10,12-18]. The first reports
showed that the models successfully reproduced the reported
structures from X-ray diffraction and NMR studies. Indeed, the
models predicted bond length similarities and coordination geom-
etries that were later confirmed by use of XANES data and more ex-
act calculations [18]. We have recently reported on the correlation
between globular volume of a-, B-, and Ba-rhMT and the charge
states in the ESI-MS data [8]. The models reported by Rigby et al.
showed that the apoprotein adopted a loose globular structure
with the cysteinyl thiols near or on the surface [12,17]. Metalation
always results in buried metal clusters inside the globular struc-
ture. One would expect that As,-B-rhMT would readily react with
3 Bq. The data in Figs. 1 and 2 showed that both o- and B-rhMT
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Fig. 2. ESI mass spectra of B-rhMT1a showing As*>* binding and cysteine modification with Bq to form As,-B-rhMT (n = 1-2) using Bq. (A) Metal-free apo-B-rhMT. (B) After 2
mole equivalents of As** added to solution of apo-B-rhMT. (C) After 10 mole equivalents of Bq added to As,-B-rhMT species shown in B. (D) After 40 mole equivalents of Bq

added to As,-B-rhMT species shown in B.

bound 3 As®" only when the As** was added in excess. The ESI mass
spectral data in Fig. 1 also showed that the free Cys in o-rhMT
would react with Bq so that no free Cys were available. However,
the data also showed that both the metalation with As*" and the
reactions with Bq were greatly impeded in B-rhMT since the for-
mation of the fully modified As,-Bqs-B-rhMT required a 40-fold ex-
cess of Bq before each of the free Cys were modified (Fig. 2).

Fig. 3 shows the results of six molecular dynamics calculations
carried out at a nominal 190 K with the dielectric set for water. The
models show that modification with Bq results in very little change
in the overall volume and structure of the proteins (Fig. 3). Both re-
tain the compact form reported previously, indicating the impor-
tance of H-bonding between the residues [8,12,17].

3.2. Models for As-binding to apo-a-rhMTl1a

Fig. 3(A-F) shows a series of models that represent As>* metala-
tion and Bq modifications for a-rhMT. Cys residues were chosen in
sets of three for As>* binding based on the report of Ngu et al.,
which suggested that the As®>* added sequentially from the C-ter-
minus [6]. The kinetic analysis of Ngu et al. revealed a linear trend
with respect to the order of the As>* being added - with the excep-
tion of the first As>*. The binding rate of the first As>* bound was
much slower than expected for both the a.-domain and the full pro-
tein. Because the N-terminal Cys of the a-domain is constrained by
the presence of the C-terminal B-domain in the full protein, it was
concluded that the site of binding for As** would have to be the C-
terminus. Bq was added to all free Cys for the As;-, Asy- and Ass-
species. Unlike the B-domain (9 Cys), the a-domain (11 Cys) has
two free Cys when saturated with As>*. The ESI mass spectral data
described above confirm that the stoichiometry of 3 Cys per As>* is

maintained throughout the titration. The MD calculations show
that the Bq are not only located on the outside of the structure,
but also tend to be located adjacent to each other (highlighted in
blue in Fig. 3). This might indicate aggregation of the hydrophobic
Bq in the presence of the dielectric for water. Current spectroscopic
experiments should allow us to determine if there is interaction
between the Bq molecules when bound to the protein rather than
when in dilute solution.

3.3. Models for As-binding to apo-p-rhMTl1a

Similar to the models created for the o-domain, those con-
structed for the B-domain were based on the kinetic data of Ngu
et al. and the first As®* was assigned to the first three Cys at the
C-terminus and Bq was then added to the remaining 6 free Cys [6].

The As,-B-rhMT model was formed by selecting the second set
of three Cys and adding 3 Bq to the remaining Cys, and finally, Ass-
B-rhMT was formed by connecting the last three Cys to the third
As®". In each case, the bound As®" is located inside the structure
surrounded by the peptide (as shown by the ribbon, Fig. 4). The
Bq groups again migrate to the outside of the structure where
one might consider the hydrophilic residues dominate. The bulk
of the Bq clearly drives the orientation.

3.4. The special case of As2-B-rhMT

Fig. 2 shows the data for the addition of both As®>* and Bq to the
B-domain fragment. As described above, the Bq did not readily re-
act with the three free Cys of As,-B-rhMT. This was unexpected as
the reaction between Bq and thiols is normally fast and approxi-
mately stoichiometric. We calculated the structures for the
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As-a-rhMT

As-B-rhMT

As,Bqg-a-rhMT "

As,Bqg-B-rhMT

Fig. 3. Results of molecular dynamics (MD) calculations for As- and Bq-containing -rhMT 1a (A-C) and B-rhMT 1a (D-F). Calculations were performed at 190 K over 2000 ps
where all free cysteine are connected to Bq. Models are organized as follows: (A) As{Bqg-o-rhMT, (B) As;Bqs-o-rhMT, (C) As3Bq-0i-rhMT, (D) As;Bqs-B-rhMT, (E) As,Bqs-B-

rhMT, and (F) As3;Bqo-p-rhMT.

stepwise addition of Bq to As,-B-rhMT (Fig. 4). There are two rep-
resentations of each model: the ribbon, Cys thiols, Bq, and 2 As>*
are highlighted on the left, while the space-filling representations
overlaid with the ribbon and the Bq are shown on the right. The
Cys thiols are identified by the yellow spheres, the free thiols cho-
sen for Bq binding are identified by arrows. Overall, the structures
retain the globular properties reported previously [8]. The most ex-
posed Cys were chosen each time for the Bq connection. We see
that two Cys are accessible in the model of As,-(CysSH)s-B-rhMT
(Fig. 4A), whereas the third Cys is buried and less accessible to
incoming Bq. Similar to the MD calculations above, the B-domain
model resulted in Bq aligning on the outside of the protein surface
(Fig. 4B-D). The space-filling representation is overlaid with the
ribbon and the Bq is again highlighted in blue (Right-hand column,
Fig. 4). This view illustrates how the Bq lies in a crevice in the pro-
tein; the structure is dominated by the folding induced by the two
As>* bound to the 6 Cys.

The second Bq was connected to the second most exposed Cys-
SH (arrow) and the model recalculated (Fig. 4C). Again, the Bq ori-
ent themselves in crevices on the surface. The last free Cys is still
embedded in the protein and not readily accessible by the Bq. Con-
necting the third Bq and recalculating the model provides the last
of the images in Fig. 4C. As with the o-rhMT modifications, it ap-
pears that the Bq molecules will associate if possible. In this case

all three Bq’s are located in crevices on the outer surface (Fig. 4C,
right side).

3.5. Metalation of metallothioneins and interpretation of the mass
spectral results using the models

When the mechanism for the metalation of a protein is studied,
the chemical form and function of the metal binding site in the
apo-protein must be considered. Metalation of metalloproteins
(from apo- to holo-) may or may not result in major conforma-
tional or structural changes; often there are only minor changes.
For metallothioneins, major structural changes are expected be-
cause there is little formal secondary structure in the metal-free
apo-protein; metalation directs the secondary structure in the
metalated form [12,17]. The ESI-MS data were expected to show
systematic, complete modification of the free CysSH when excess
Bq was added to solutions of partially metalated protein species
with free cysteines. For the a-domain fragment this was observed.
The mass spectral data confirmed that As>* binds to MT using just
three CysSH rather than the four used by Zn?* and Cd?*. However,
the Bq did not readily bind to the free CysSH in the -domain when
there were three available in the As,-B-rhMT species. The reactiv-
ity of the last 2 Bq molecules was so reduced that a large excess of
Bq had to be used. The mass spectral data and the models suggest
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As,-B-rhMT

Fig. 4. Results of molecular dynamics (MD) calculations for As- and Bq-containing B-MT. Calculations were performed at 190 K over 2000 ps where the As,Bq is modified in
steps by Bq. Models are organized as follows: (A) As;Bqo-B-rhMT, (B) As,Bq;-B-rhMT, (C) As,Bq,-B-rhMT, and (D) As,Bqs-B-rhMT. At each step the structure was recalculated.
There are two representations of each mode: (i) the ribbon structure highlighting the Cys thiols (yellow), Bq molecules (blue), and 2 As>* (purple; left), and (ii) the space-
filling representation with the backbone ribbon and the Bq (right). The arrows indicate the most exposed cysteine chosen for modification. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

that the cysteine residues in As,-(CysSH)s;-B-rhMT are less accessi-
ble in the peptide fold than those in the a-domain and this may ex-
plain the much slower metalation rate reported in the stepwise
metalation studies [6,10].

The data allow us to confirm unambiguously that the As>* binds
using exactly 3 thiols. The reaction of Bq with the cysteinyl thiols
requires steric access to the free CysSH. The ESI-MS data reported
here shows a difference in that access, which indicates that some of
the cysteines are buried and less available for reaction. The molec-
ular dynamics calculations allow an interpretation of the mass
spectral data in terms of the relative location of the cysteine thiols
that are not involved in As®* coordination.

The data show that there is a difference in the relative binding
affinities of the Bq for the Cys in the partially metalated o and B do-
mains. Previously [8] it was reported that complete modification
was achieved with only slight excess of Bq for the metal-free o-
rhMT and B-rhMT fragments, indicating that the sequential modi-
fication of the peptide did not result in inaccessible Cys residues.
The data here show that it is the metalation reaction that causes

the Cys to become inaccessible and not the interference from mod-
ified residues on subsequent modifications.

Together, these data provide insight into the selection of a spe-
cific cysteinyl thiol by incoming metals during the stepwise
metalation of metallothioneins. Furthermore, benzoquinone mod-
ification of cysteines will allow future determination of the coordi-
nation number for metals other than Zn?* and Cd** where the
coordination with the Cys thiol ligands is not well defined (for
example Cu™).

We conclude that the use of the Bq as a modifier provided not
only a quantitative measure of free cysteine but also a means of
probing the accessibility and hence the relative reactivity of the
free cysteines.
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