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ABSTRACT: The presence of metallothionein in seaweed Fucus vesiculosus has been suggested as the protecting
agent a§ainst toxic metals in the contaminated waters it can grow in. We report the first kinetic pathway data
for As’" binding to an algal metallothionein, F. vesiculosus metallothionein (rfMT). The time and
temperature dependence of the relative concentrations of apo-rfMT and the five As-containing species have
been determined following mixing of As®* and apo-rfMT using electrospray ionization mass spectrometry
(ESI MS). Kinetic analysis of the detailed time-resolved mass spectral data for As®" metalation allows the
simulation of the metalation reactions showing the consumption of apo-rfMT, the formation and consump-
tion of As;- to Asy-rfMT, and subsequent, final formation of Ass-rfMT. The kinetic model proposed here
provides a stepwise analysis of the metalation reaction showing time-resolved occupancy of the Cys; and the
Cysy domain. The rate constants (M ' s~") calculated from the fits for the 7-cysteine y domain are ki,, 19.8,
and k»,, 1.4, and for the 9-cysteine # domain are kg, 16.3, kg, 9.1, and k3, 2.2. The activation energies and
Arrhenius factors for each of the reaction steps are also reported. rffMT has a long 14 residue linker, which as
we show from analysis of the ESI MS data, allows each of its two domains to bind As* independently of each
other. The analysis provides for the first time an explanation of the differing metal-binding properties of two-
domain MTs with linkers of varying lengths, suggesting further comparison between plant (with long linkers)
and mammalian (with short linkers) metallothioneins will shed light on the role of the interdomain linker.

The brown seaweed Fucus vesiculosus grows in and is resistant
to toxic metals in polluted waters and, as such, is a potential
biomarker for toxic metal levels in aquatic environments. Arsenic
contaminated water is a worldwide threat to humans and is
reported to currently affect millions of people (I, 2). When
ingested, As is believed to bind to biological sulfur side chains
in amino acids. Metallothioneins are rich in sulfur with up to
30% of the amino acids being cysteine, and the gene for
metallothionein in F. vesiculosus has been reported (3). Recom-
binant metallothionein from F. vesiculosus (ffMT)" has been
reported to remediate arsenic (4). rffMT binds 6 Cd*" (5) or
5 As*" ions (6) to the thiols of the 16 cysteines in the sequence.

The metalloprotein metallothionein discovered in 1957 (7) is
ubiquitous across all organisms; it has been characterized from
mammals, plants, invertebrates, yeast, and many other species
(8, 9). Metallothioneins exhibit remarkable metal-binding prop-
erties for a very wide range of metals (8, 9). Metal coordination
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takes place through the large number of cysteine sulfurs present
in the protein forming two metal-binding domains in mamma-
lian, crustacean, plant, and algal MTs (3, §—10). Each of the
monovalent group 11 and the divalent group 12 metals binds to
the protein, and based on X-ray diffraction, NMR, XANES, and
XAFS studies it is proposed that all of these metals bind in
metal—thiolate clusters in the two domains (/1, 12). It has been
shown that seven divalent metals and up to 12 Cu(I) and Ag(I)
bind to the mammalian in a 9-cysteine § and an 11-cysteine
o domain, where the domains are connected by a short linker
region (8, 9). On the other hand, plant MTs (types 1—3) generally
consist of two cysteine-rich regions separated by a long inter-
domain linker that is approximately 40 amino acids in length
(10, 13, 14). The structures for these plant MTs have been
proposed to consist of either a hairpin motif (15) or two separate
metal—thiolate clusters (16, 17).

rfMT has a 67 amino acid sequence within which are two
regions high in cysteines: a seven-cysteine region (named y) and a
nine-cysteine region (named /3). These two regions are separated
by a 14 amino acid linker. Strikingly, rfMT has a much longer
linker than mammalian MT (only 2—3 amino acids long in native
proteins), which is expected to give rffMT a much more flexible
structure (/8). Similar to mammalian MT, it has been proposed
from studies of Cd*" binding to rfMT that the metals bind in two
domains: 3 Cd*" to the 7-cysteine y and 3 Cd** to the 9-cysteine
f domain (5, 6). A 7-cysteine y domain has not been reported for
other metallothioneins.

Despite the extensive reports of metalation reactions with a
wide range of metals (/9—24), the experimental evidence for the
mechanism for the metalation reaction in metallothioneins has
remained elusive until recently. This is mainly because the
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metalation reaction for many metals is very fast, the protein is
oxygen sensitive, and there is a lack of good chromophores with
which to monitor the progress of metalation at low concentra-
tions and fast response times. In addition, for most reported
proteins, the binding of metals in two domains results in
significant complexities in the analysis of the data.

In a previous study, we reported that the arsenic—metalation
reaction of metallothionein was slow enough to the isolated
recombinant human o and 5 domains that we could determine
the rate constants for the individual metalation steps for 1—3
As*" binding to either the a and # domains (25). Despite the
clarity afforded by the use of the isolated domains, there have
been, for many years, questions concerning the functional
significance of the two domains and, particularly, whether
metalation was domain specific and/or a cooperative reaction
involving both domains. Studies reported by Winge et al. (26)
have indicated that the two domains coordinate metals indepen-
dently. Equilibrium data by Otvos et al. and Winge et al. show
domain specificity for metals; for example, Cu™ preferably binds
the # domain, while Cd*" preferably binds the o domain (27, 28).
Maret et al. have shown that the two-domain faMT protein is
less reactive with respect to zinc transfer and thiol reactivity with
disulfides than the individual domains, suggesting the two-
domain structure critically affects the function of each do-
main (29). It has been reported that the efficiency and rate for
the detoxification of metals are different for the isolated domains
compared to the two-domain MT, which provides supporting
evidence of domain interaction in native MT (30). Recently, we
have reported the possible evolutionary advantage for a two-
domain structure compared to a single-domain structure (37).
The two-domain o human MT binds the first metal significantly
faster than a single-domain, and further, the binding rates are
dependent on the number of unoccupied available binding sites;
the greater number of potential sites in the fa two-domain
protein resulted in much faster initial metalation.

Although there have been only a handful of studies reported in
the literature that discuss the effect of the interdomain linker on
the properties of MT, those previous studies have shown that
both the length and the amino acid composition of the linker are
important (32). There have been suggestions that in mammalian
MT the short 2—3 amino acid linker may have some mobility (33)
and may also enhance interdomain interactions and, hence, the
metal-binding ability of MT (34). Huang et al. have shown that
the proximity of the domains affects the stability of MT and
possibly the function of MT (/8). A longer interdomain linker is
reported to reduce the stability of MT and may disrupt the
interdomain interaction, thus decreasing the metal-binding abil-
ity of the protein (18, 34). It is important to note that almost all
metal-binding studies have been carried out on MTs with short
interdomain linkers or the isolated domains. The human faMT
used in our previous As-binding studies has a linker of six
residues (37). However, plant MTs have been reported to have
much longer linkers. For example, the sequence of MT reported
from the wheat Triticum durum has a 42 residue linker. Bilecen et
al. proposed that the linker may act to elongate the structure and
prevent the two domains from interacting (/7). However, no
quantitative evidence exists to account for why plant MTs have
evolved such long interdomain linkers. Since several studies have
suggested that the metal-binding properties of the isolated
domains are not the same as the complete two-domain protein,
this raises the question of whether it is the presence of the two-
domain structure per se or whether only a two-domain structure
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with a short linker will exhibit the enhanced metal-binding
properties.

In this study, a complete analysis is reported of the stepwise,
arsenic metalation of the two-domain, 16-cysteine, recombinant
F. vesiculosus metallothionein using temperature- (25, 3/, 35) and
time-resolved electrospray ionization mass spectrometry (ESI
MS) (25, 36—40). The time-resolved ESI MS data show the
complete progress of the reaction from 1 As*" bound to 5 As®"
bound. The data allow determination of all five, individual rate
constants and the construction of a simulation that shows the
progress of the metalation for the 5 As*" ions and the time-
resolved individual occupancies of the two domains. We propose
from the kinetic data that the longer length of an interdomain
linker in rfMT controls the metalation properties of the two
domains. The data reported here clearly show that a long
interdomain linker allows the domains to bind metals indepen-
dently and slower, while our previous studies show that a short
interdomain linker allowed the domains to behave as a “single
domain” and bind metals faster. These data represent the first
report of the stepwise metalation pathway for any two-domain
MT showing domain specificity prior to metal saturation.

EXPERIMENTAL PROCEDURES

Chemicals. All chemicals used in this study were of the
highest grade purity from commercial sources. Metal salts used
were CdSOy, (Fisher Scientific) and arsenic trioxide (AnalaR). Hi-
Trap SP ion-exchange columns and G-25 Sephadex (Amersham
Biosciences) were used for protein purification.

Protein Preparation. Experimental procedures have pre-
viously been reported; please refer to Ngu et al. (25) The
recombinant F. vesiculosus metallothionein (rfMT) protein was
based on the 67 residue sequence: MAGTG CKIWE DCKCG
AACSC GDSCT CGTVK KGTTS RAGAG CPCGP KCKCT
GQGSC NCVKD DCCGC GK. There are 16 cysteine residues
present and no disulfide bonds. The y domain is formed from the
first seven cysteine residues starting at the N-terminus and the
f domain is formed from the remaining nine cysteine residues
following a 14 residue linker. In addition to the sequence from the
rfMT, the expression system includes the amino acid residues of
the stabilizing S-peptide tag (MKETAAAKFERQHMDSPD-
LGTLVPRGS) on the N-terminus of the fragment (41, 42). Pre-
vious reports have shown that the S-tag does not interfere with
the reaction mechanism for binding metals in MTs (5, 31, 43).
rfMT isoform 2 was expressed and purified as previously
reported (6, 25). The apo-rfMT protein concentrations were
determined from the extinction coefficients of 148500 L mol ™"
cm " at 220 nm, and the Cdg-rfMT protein concentrations were
determined from the extinction coefficients of 103500 L mol ™!
em™" at 250 nm. The apo-rfMT concentrations for the kinetic
ESI MS experiments reported here using the thermostatted
mixing tee were 9.1 and 9.5 uM while the concentrations for
the time-resolved ESI MS experiment were 14 and 9 uM.
Oxidation is a significant problem with solutions of MT in these
experiments, and the apoproteins were maintained in their
reduced state by carefully deoxygenating the samples using
evacuation followed by saturation with argon gas such that the
proteins were sealed within an inert container. All protein
samples were buffered in 25 mM ammonium formate at pH ~2.5.

Arsenic Is a Highly Toxic Reagent (Caution Should Be
Used When Handling Arsenic and Its Derivatives). Solu-
tions of 5 mM As*" at pH 3.5 were prepared by dissolving As,O,
(AnalaR) in concentrated HCl (Caledon) and diluting with
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ultrapure deionized water (Barnstead). Aliquots of 7.4 M
NH,OH (Fisher) were used to raise the pH of the As*" solutions.
As*" solutions were deoxygenated and stored in a sealed inert
container. Reactions were carried out at a pH range of 3—4 as this
was the optimum range for product formation and stabilization;
this pH was also suggested by Rey et al. (44) and Serves et al. (49)
in order to stabilize the As’*. We should mention that the
structure of apo-MT in the pH range of 3—4 may be different
from that observed at neutral pH, which will require
further study. It has been shown that MT is located in the acidic
lysosomes of kidneys (46, 47), and MT immunostaining in
earthworms indicates that Cd-MT is located in acidic subcellular
structures similar to lysosome (48), making the study of As*"
binding at low pH of interest. High salt concentrations could not
be used in conjunction with the ESI MS measurements.

ESI MS Procedures. All data were collected using a Micro-
mass LCT mass spectrometer in the positive ion mode. The mass
spectrometer was operated using the parameters 3000.0 V
capillary, 42.0 V sample cone, 22.0 V extraction cone, acquisition
scan time of 4 s, and interscan delay time of 0.4 s. The ESI MS
data were processed and deconvoluted using the Max Ent I
software (Micromass). The instrument was calibrated using an
external standard (a mixed Nal and CsI solution).

Time-Resolved ESI MS Measurements. Kinetic data
were obtained by adding a 12x excess of As*" to a solution of
apo-rfMT. The reactions were continuously monitored by
ESI MS for up to 100 min at 23.5 + 1 °C and 270 min at 12.6
+1°C

Temperature-Resolved ESI MS Measurements. Experi-
mental procedures have previously been reported (Ngu et
al. (25)). Kinetic data were obtained using a thermostatted mixing
tee attached directly to the input capillary of the ESI MS
instrument via a reaction capillary (25). The reaction mixing
time was dependent on the length, diameter, and flow rate of the
reaction capillary (39, 49). The exchangeable reaction capillary
had an inner diameter of 75 um and was used with lengths
ranging from 30 to 250 cm and, together with the input capillary,
resulted in reaction times of 99—844 s. The fixed input capillary
did affect the average temperature of the reaction at the extreme
high or low temperatures and short reaction times, leading to
those data sets including slightly greater uncertainties. The
temperature range used was 273—350 K. Kinetic data were
obtained by mixing the two streams of solutions with a flow rate
of 2 uL/min for the 2.5 mM As*" solutions and 8 «L/min for the
protein solutions, for a total flow rate of 10 uL/min, which results
in a final concentration after mixing of 7.3 or 7.6 uM for rfMT
and a ratio for As®*:rfMT of 137:1 or 131:1, respectively, for the
two stock protein solutions used. The temperatures reported are
an average with uncertainties of +1 K.

Analysis of Mass Spectral Data. The measured charge state
data or the deconvoluted mass spectral data were used for the
kinetic analyses. Yu et al. have shown that relative concentration
of various Cd-MT species can be estimated from the relative
abundances of the ions in the ESI spectrum (36), and this
approach was previously shown to be reliable for analysis of
kinetic data from human MTs (25, 37). The relative abundances
of all the MT species observed in each mass spectrum were
summed and normalized to 100% as no internal standard was
used to calibrate concentration. The sum of all MT species
observed in the mass spectra was assumed to equal the concen-
tration of the stock apo-MT solutions. In the time-resolved
experiments, the relative abundances were plotted against time
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and fitted to calculate the kg4 (7 = 1—3 for each step in the
complete metalation reaction). In the temperature-resolved ex-
periments, the normalized relative abundances in each spectrum,
following a specific reaction mixing time, were then plotted versus
1)T (K™"). As kinetic data are more readily analyzed from
concentration data as a function of time at a constant tempera-
ture, our kinetic data were rearranged into this format. This
serves two purposes: first, the analysis follows traditional proce-
dures, and second, the data may be directly compared to kinetic
data obtained as a function of time at a fixed temperature. In
addition, the data used in the subsequent analyses are averages of
many different and independent data sets, which greatly improve
the confidence in the calculated results. The data sets were
combined in terms of In(relative abundance), and appropriate
interpolation points were calculated for construction of three-
dimensional graphs with the axes In(relative abundance) (y-axis),
time (s) (z-axis), and 1/7 (K™") (x-axis). These 3D plots are
shown in Figure 5 and Supporting Information Figure S1. From
these 3D plots, slices were obtained of relative abundance as a
function of time at fixed temperatures. These data sets were fitted
according to Scheme 1 in order to determine the specific
temperature-dependent rate constants. Finally, the reliability of
the method was confirmed by back-calculating the relative
abundances of all species as a function of reaction time and
temperature for comparison directly with the measured data
(Figure 6 and Supporting Information Figure S2).

M inimization Method. The deconvoluted mass spectral data
provided the relative abundances for all of the M T species (25).
Data analysis was carried out by minimization in Microsoft Excel
2003 of a series of second-order, bimolecular reactions that were
part of an overall irreversible mechanism (as shown in Scheme 1).
The individual distribution of As®* within each domain as shown
in Figure 1 was calculated based on the statistical probability of
the formation of each As,-rfMT species. Formation of Ass-rfMT
can occur from different metalation pathways as shown in
Figure 1.

To determine the occupation of each binding site, the mini-
mization calculation took into account the statistical probability
of each species’ presence. We estimate this distribution based on
the relative magnitudes of the domain-specific rate constants (see
Scheme 1). The rate constants were estimated and then tested
against the experimental data by combining the predicted popula-
tions of the y and  domains into the total As*" bound for the
whole protein. As the analysis began with calculation of the total
As*" bound at specific time intervals, we now have calculated the
time-resolved simulation of the data actually measured. The
analysis continues with iterations to improve the fit between the
experimental data and the simulation by adjusting the values of
the domain-specific rate constants. For example, the relative
abundance of As;-rfMT as measured in the mass spectrum is
actually composed of two As;-rfMT species: the first species
contains 1 As’" bound in the  domain and 0 As** bound in the y
domain (150y in Figure 1) while the second species contains 0
As*" bound in the f domain and 1 As** bound in the y domain
(0B1y in Figure 1). The fractional occupation of these two
domains (180y and 0f1y) was determined from the ratio of the
individual rate constants, k;, and k. This process was continued
for each rate constant to fill the 4 and y domains with As*". The
minimization was carried out by comparing the measured mass
spectral data for As,-rfMT (n = 1-5) as shown in Figure 2 with
the calculated relative abundance as a function of time. These
relative abundances were calculated from each individual domain
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FIGURE 1: Tree diagram illustrating the different metalation pathways for the reaction of As** with apo-rfMT, which result in various As,,-rfMT
species. The reaction pathways and their associated rate constants for each domain are highlighted in red. Together, these individual steps represent
the complete model in fitting the experimental data; however, the detected species shown at the bottom of the figure are observed in the ESI mass
spectra. The black lines show the complexities introduced by the simultaneous metalation of both domains into the mass spectral data; hence, at each
step, binding to either the 5 or ¥ domain is possible. The relative distribution between the two domains is directly related to the rate constants.
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FIGURE 2: Time-resolved ESI MS for a solution of apo-rfMT

(14 uM) in the presence of an As>* solution (261 uM) at 298 K. The charge states are shown underneath the top spectrum, and the expected
m/z are listed in Table 1. Each spectrum corresponds to a different reaction time (2, 7, 20, and 80 min).

species, which were determined using the calculated data. In this ing protein species, which were the same as measured experimen-
way the complexities of the individual time-dependent occupation tally. This was required because the domains in rfMT behaved
of the domains by As®", as shown in Figure 1, were reduced to the independently even though they were part of the same protein

time-dependent relative abundances of a series of 5 As*"-contain- unlike our previous analyses (25, 31).
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RESULTS

ESI MS data were obtained continuously for up to 80 min
following mixing of 261 «M As®" with 14 4M apo-rfMT. Figure 2

Scheme 1: Sequential Binding Mechanism Proposed for As*"
Binding to the y (A) and 8 (B) Domains of rfMT*

Scheme A — yrfMT

kyy
H,-yrfMT + As** EY As1 H,-yrfMT + 3H*

As,- H-yrfMT + As3+ -) As,- H-yrfMT + 3H*
Scheme B — BriMT

H, BrtMT+As3*-)Asl H,-BrfMT + 3H*
As - Hg-BrfMT + As3* 3 As,- Hy-BriMT + 3H*
Asy Hy-BriMT + As> 3 As,-BriMT + 3H"
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shows the progress of the metalation reaction at five fixed time
points (2, 7, 20, and 80 min) over the 80 min reaction. The ESI
MS data were measured at mass units related to the mass/charge
of the ion. For proteins, the charge is usually far greater than +1,
and many different charged species coexist in equilibrium. An
increase in the envelope charge state maximum is considered to be
a result of increased exposure of the protonatable basic side
chains in the protein due to an increase in volume of the protein.

Table 1: Calculated Mass and Mass/Charge for As’"-Metalated rfMT
Species Based on the Primary Amino Acid Sequence of rfMT

charge state and predicted m/z for each species

mass (Da) +6 +7 +8 +9 410 +11 +12

apo-ffMT  9512.1  1586.3 1359.9 1190.0 1057.9 952.2 865.7 793.7
) As;-rfMT  9584.0  1598.3 1370.1 1199.0 1065.9 959.4 872.3 799.7
Thhehrate fconsl'ltams f°§ e:i‘gh step are 12dlia‘edhby ki, 230 0rp AsytfMT 96559  1610.3 1380.4 1208.0 1073.9 966.6 878.8 805.7
W dgrrgdf’nrttoefgifﬁzsro (;Eftdvj;?hg: (15 N toc;t3)e/sl?s§t+db?>turig_ As+rfMT  9727.8  1622.3 1390.7 1217.0 1081.9 973.8 885.3 811.6
This same nomenclature is used in the text where the experi- AsyrfMT  9799.7  1634.3 1401.0 1226.0 10899 981.0 8919 817.6
mental values are reported. AsstfMT 98716 16463 1411.2 1234.9 1097.8 988.2 898.4 823.6
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FiGURE 3: Time-resolved, experimental relative abundances for apo-rfMT and As,-rfMT (n = 1—35) following reaction of 9 uM apo-rfMT with
108 uM As*" at 23.5 and 12.6 °C. The legend identifies the time course of the abundances for each mass (symbols). The lines were calculated based on
minimization of the parameters in the complete analysis of the kinetic data for the relative abundance at each of the specified times using the series of
sequential bimolecular reactions shown in Scheme 1. The method is described in the text. The experiment data have a percent standard error of 7%.
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Using Table 1, we can identify in Figure 2 all of the rfMT species
present. In Figure 2, at the 2 min point, the +10 and +11 charge
states are maximal, but all of the charge states from +6 to +12
arise from the apo-rfM T, which has a mass of 9512.1 Da. Figure 2
shows that there is a shift in the dominant charge states from
+10/+11 for apo-rfMT to 48/+9 for Ass-rfMT, which suggests a
less solvent accessible structure for the fully As-metalated species.
Itis clear from the time-dependent MS data in Figure 2 that all six
species, that is, apo-rfMT to Ass-rfMT, coexist and that over
time the Ass-rfMT species predominates.

Unlike the pathway for As®" metalation of the single § or
o domain of human MT (25) or the human two-domain
PaMT (31), the ESI MS data for the two-domain rfMT are
much more complicated because, we propose, the data represent
the combination of all metalation products for both domains.
Difficulties arise when in the determination of the actual metal
ion distribution within each domain as a function of time before
all sites are saturated. Prior to all five sites being filled, the MS
data simply show the total mass of the As*" summed over both
domains with no indication of the individual location of the
incoming As**. However, it is clear that the distribution into each
domain (the 9-cysteine § and the 7-cysteine y domain) is
controlled by the individual rate constants for the bimolecular
reactions as shown in Scheme 1.

The mechanism for the metalation pathway was determined by
analysis of the kinetic data sets for the reactions of a solution of 9
#M apo-rfMT mixed with 108 uM As*", which gives an As**:
MT stoichiometric ratio of 12:1 measured at 285.7 and 296.7 K.
The measured charge state data were deconvoluted into the
time-resolved relative abundances for apo-rfMT and As,-rfMT
(n = 1-5) (Figure 3). Each symbol in Figure 3 represents the
abundance of a single mass that is associated with a specific
metalated species, as shown in the legend.

As there are two domains, there is ambiguity at this stage
concerning the distribution of the As®" between the domains.
The data were fitted to the five bimolecular reactions shown in
Scheme 1, using the summation of the statistical probability for
the presence of each species present with that mass and the
resulting predicted occupation of each domain from the indivi-
dual rate constants. Thus, the theoretical lines were calculated
from analysis of data sets measured at all reaction times to obtain
the specific rate constants, k,, which were used with the experi-
mental concentrations of the protein and the As*" to predict the
concentration of each species at the specified time. The lines in
Figure 3 show the results of the fit but do not at this point show
the occupancy of the individual domain; rather the lines in
Figure 3 fit the experimentally determined data and, therefore,
simulate the total number of As®" ions that have bound to
the protein, from zero (for apo-rfMT) to five (for the saturated
Ass-rfMT). The complication caused by simultaneous occupa-
tion of both domains can be seen from this example: As;-rfMT
(the “O” in Figure 3) is measured as a single species in the
ESI mass spectrum even though it may be composed of (i) 0 As**
iny and 3 As*" in 8 or (i) I As*" iny and 2 As** in B or (iii) 2
As*" in y (the maximum occupation for y) and 1 As*" in f. It is
important to note that all of the lines in Figure 3 are inter-
connected, and adjustment of the value of any single rate
constant in Scheme 1 affects the outcome of the fit for all of
the As-rfMT species.

The kinetic parameters, which were determined following
minimization of the mechanism in Scheme 1 with five different
rate constants, provided all of the parameters necessary to
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FIGURE 4: Simulation of the sequential binding mechanism shown in
Scheme 1 for As®" binding to the y-rfMT (a) and S-rfMT (b) domains
over 4000 s. Time dependences of the fractional concentrations are
plotted as the relative abundances of the protein species that form
following mixing of 9 uM apo-rfMT with 108 uM As®" at 23.5 °C
using the rate constants reported in the text. Modeled based on an
As*TfMT ratio of 12:1.

determine the individual domain distributions of As*" during
the metalation reaction, as is shown in Figure 4. Figure 4 provides
a simulation of the metalation of the individual y and  domains
taking place simultaneously in the two-domain protein. Combin-
ing the relative abundance of each species in Figure 4 and taking
into account the probability of the distribution of As*" between
the two domains gives the observed ESI MS data in Figure 3. The
rate constants (M ~'s~!) at 298 K calculated from the fits for the
y domain are ky,, 19.8, and k»,, 1.4, and for the # domain are k4,
16.3, ko, 9.1 and k3g, 2.2 (Figure 3). The rate constants M 's7h
at 286 K calculated from the fits for the y domain are k;,, 11.3,
and k,,, 0.6, and for the 8 domain are kg, 9.7, kyp, 4.0, and ks,
1.1 (Figure 3). We should emphasize that the data in Figure 4 are
different from the fits in Figure 3 because the lines in Figure 3 are
derived from the statistical average of all species shown in
Figure 4 at any one time that give a specific mass.

The results of the analysis shown in Figure 4 indicate that each
domain of rfMT binds the As** ions independently in a series of
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FIGURE 5: Trends in concentrations of the individual As,-rffMT (n = 0—35) species as a function of temperature, 1/7 (K1), and time following
mixing apo-rfMT with As®*. The diagrams were constructed from a series of ESI MS traces recorded between 273 and 346 K, and for reaction
times between 102 and 402 s, from different solutions each with an As*":rfMT stoichiometric ratio of 131:1 with solutions containing 7.6 M apo-
rfMT and 2.5 mM As>*. (Top) 3D visualization of In(relative abundance) versus 1/7 and reaction time (on the z-axis) for a single component
species extracted from the total reaction. (Bottom) Contour diagrams calculated from the 3D plots. It is important to note that to aid visualization
and clarity of the trend in concentration as a function of time and temperature each 3D plot has been orientated so that the 0% relative abundance
of the specific species is at the front. For example, for apo-rfMT (A) and As;—5;-rfMT (B—D), the conditions for 0% relative abundances are high
temperatures and long reaction times, and the 3D plots are orientated such that high temperatures and long reaction times are at the front. The

contour diagrams provide more detail of the reaction profiles.

two (for y) and three (for ) sequential bimolecular reactions.
There is no indication of cooperativity in the metalation reactions
of each individual domain; that is, each of the stepwise species
form in sequence rather than predominantly forming the final
product, Ass-f-domain or As,-y-domain, at the expense of the
partially metalated species.

We have previously shown that As®* metalation of human MT
is temperature- and time-dependent (37, 50). Further, using the
ESI mass spectrometer and a thermostatted mixing tee, we have
shown that it was possible to measure the time, temperature, and

concentration dependence of the reaction of As®" with MT and
extract the activation energies and Arrhenius factors for each
step (31, 50). In this current study, the kinetic data were
determined for the As®" metalation of the more complex, two-
domain rfMT protein for a series of fixed reaction times at a
range of temperatures.

Figure 5 shows the 3D representation of the relative concen-
trations of each As species in the metalation of apo-rffMT with
As*" from As;-H,5-rfMT to Ass-H,-rfMT as a function of time
and temperature using the temperature-resolved ESI MS data.
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Table 2: Rate Constants, Activation Energies (E,), Arrhenius Factor (4), Activation Enthalpies (AH*), Activation Entropies (AS* ), and Activation Free
Energies (AG”) for the As>*-Induced Metalation of rfMT at pH 3.5

arsenic species formed 7% k,%at298 K/M~'s7' E YKkImol™t 4/10° M7 'sT' AHFKImol™! AST/ITK T 'mol™' AG* at 298 K/kJ mol ™!
As-Hy-yrfMT¢ ly 19.8 34 231 32 —112 65
Asy-H-yrfMT 2y 1.4 33+ 14 92+4 31+ 14 =138+ 115 72+ 69
As-Hg-prfMT¢ 1 16.3 32 62 29 —123 66
As,-H3-frfMT 28 9.1 3549 77 £ 18 3349 —121+£49 69+ 34
As3-frfMT 3p 2.2 27+7 1.6+0.4 25+6 —153+81v T1+£42
average N/A 2+ N/A 3041 12947 691

“For reactions as shown in Scheme 1, where k,, refers to the rate constant for a single step that involves addition of a single As*" forming a product with n
As®* bound. Each rate constant has a percent standard error of £7%. ”A temperature range of 270—3350 K and 51 data points were used to construct the 3D
plots that generated these activation parameters. ‘Due to the very fast reaction, data could not be obtained for a wide range of temperatures. The data for
ki(pandy) Were estimated from only two data sets.
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FIGURE 6: Temperature-resolved relative abundances of apo-rfMT and As,-rfMT (n = 1—5) following reaction of apo-rfM T with As®* at fixed
reaction times. ESI MS data were obtained for apo-rfMT at a series of fixed reaction times with increasing temperatures (273—346 K) in the
presence of excess As® . The fixed reaction times were 1025 (A), 200s (B), 267 s (C), and 402 s (1D). The reaction was carried out with an As® " :rfMT
stoichiometric ratio of 131:1 with solutions containing 7.6 uM apo-rfMT and 2.5 mM As>*. The smooth lines were calculated based on the
complete analysis of the kinetic data for the relative abundance of each component species for every set temperature at the specified times. The lines
are connected by a series of five sequential reactions shown in Scheme 1 and described in the text. The data points that comprise the theoretical lines
were calculated from analysis of data sets measured at all reaction times and temperatures to obtain the kinetic parameters, kimp, 4, and E5, which
were used with the experimental concentrations of the protein and the As®" to predict the concentration of each species at the specified
temperature and time. There will always be considerable uncertainty in any simulation that uses parameters extracted from the entire
temperature—time-relative abundance data set which is comprised of many different experiments.

Contour plots are also included in Figure 5. Multiple data
sets of the reaction concentrations during a set time course
were extracted at a range of reaction temperatures from
the 3D plots and analyzed using the reaction mechanism in
Scheme 1. The temperature-dependent rate constants were
calculated and plotted as In(k) versus 1/T (Supporting Informa-
tion Figure S3A) and In(k/T) versus 1/T (Supporting Informa-
tion Figure S3B) to evaluate activation energies, Arrhenius
factors, and the Eyring transition state parameters listed in
Table 2.

To test the validity of our method and the accuracy of the
parameters listed in Table 2, we have simulated the relative
abundance for each As,-rfMT species (n = 0—35) for every data
point measured during the temperature-resolved experiments

(Figure 6). The smooth lines in Figure 6 are simulations of the
five bimolecular reactions occurring over the range of reaction
times and temperatures shown. The simulations are reliant on the
specific temperature-dependent rate constants calculated from
the stepwise activation energies and Arrhenius constants, A,
shown in Table 2. In view of the inherent difficulties involved in
these temperature- and time-dependent experiments, we believe
that the fits of the data are remarkably good. In Figure 6A, it is
clear that at the 102 s reaction time and at cool temperatures the
dominant species are apo- and As; _»,-rfMT; however, at the same
reaction time but at higher temperatures, the dominant species
are Asy—s-rfMT, clearly showing that the reaction progresses
more rapidly at higher temperatures. The same trend is observed
for all other reaction times (Figure 6B—D).
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FiGURE 7: Comparison of the rate constants calculated from the
time-resolved ESI MS measurements for As®>* metalation of ahMT,
ShMT, fahMT (31), yrfMT, and frfMT. The rate constant data for
PhMT and SriMT were drawn with the value of n shifted by 3 to
illustrate the similarity to the rate constant trend of the final three
As>* binding to SohMT.

DISCUSSION

The seaweed F. vesiculosus metallothionein protein represents
an unusual member of a group of MTs where the two domains
are connected by a long interdomain linker. This atypical group
of MTs, when compared to mammalian MTs, is often observed
in MTs from plant and algae (3, 9, 10). This present report
details the first complete metalation pathway for any metal
binding to a plant or algal MT. The use of ESI MS data allowed
for the observation of all of the As-containing species present.
Statistical probability analysis based on the individual specific
rate constants and metal-domain occupation allowed for model-
ing of the metal distribution within the individual domains.
While the multiple metalation of the two-domain MT proteins
is unique, many other proteins with two metal-binding domains
likely undergo similar metalation reactions, the mechanisms
of which can now be analyzed using the methodology
discussed here.

Mechanism of As’" Metalation of rfMT. Our recent
studies of the two-domain human MT suggest that the As*"
binds first in the a and then in the f domain during the
metalation. The analysis of the time-resolved ESI MS studies
for rfMT reported here show that both the y and the  domains
bind the first As®" almost simultaneously. The mechanism in
Scheme 1 describes the binding of As*" to the two domains of
rfMT as two essentially independent reaction pathways and
where the rate law for each bimolecular reaction step is rate =
kn[AS,1,1MT][ASS+].

The presence of intermediates validated the assumption of a
sequential rather than a cooperative reaction mechanism. The
sequential mechanism and the lack of evidence showing thiolate
bridging (as there are unbound cysteines in the y domain) suggest
that there is no cluster formation with respect to As®". The ESI
mass spectra in Figure 2 show that the difference in mass between
As-MT peaks corresponds to approximately one As atom minus
three protons. Previous reports have proposed that each As®* is
coordinated to three cysteinyl sulfurs in a distorted trigonal
pyramidal geometry (25, 31, 51, 52).

Comparison and Implications of the Rate Constants. The
kinetic data listed in Table 2 clearly show that the rate constant
values systematically decrease with each additional As®" bound
for metalation of the 7-cysteine y domain and the 9-cystene
f domain, indicating noncooperative binding, which correlates
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well with our previous reports (25, 37). The values for kg and ki,
are too similar; thus we cannot suggest any significant reason for
ky, being greater than k4.

Figure 7 compares the rate constant values for rfMT with
those of human MT. The rate constants, k;_33 for frfMT
and k; 33 for human ShMT, are shown shifted by n = 3 places
to align them with k4_¢p, for human SaMT; this emphasizes the
relative closeness of these values to each other. On the basis of the
similarities between the rate constant values for the f domain in
human MT and rfMT, we can see that the 9-cysteine 5 domain
metalates similarly for the different species of MTs.

Overall, the metalation of the two-domain rfMT is much
slower than the two-domain human SohMT. In fact, the rate
constant values observed for rfMT are reminiscent of the rate
constant values observed for the individual f and o domain
fragments for human MT. We have proposed in our previous
report that the two-domain o human MT binds the first metal
faster compared with a single-domain MT because the two-
domain protein has a greater number of available and equivalent
binding sites (37). Given that the domains in rfMT are binding
As™" independently of each other, it is not surprising the rate
constants for the individual domains are slower as there are fewer
identical binding sites.

Implications of the Values of the Kinetic and Eyring
Transition State Parameters. Table 2 lists the activation
energies for the reaction forming As,-rffMT (7= 1-5). Support-
ing Information Figure S3 shows the Arrhenius plot and Eyring
plot for the ky—,, and k; 3. The activation energies are similar
for the formation of each As,-rfMT (n=1—>5) shown in Table 2,
while the Arrhenius factor is generally decreasing. We conclude,
therefore, that the Arrhenius factor (the statistical frequency of
collisions that result in product formation) is controlling the rate
of the As’ metalation reaction.

AHF, AS*, and AG* correspond to those calculated by Ngu et
al. (25, 31) and provide further confirmation that the underlying
chemistry for As*" metalation of rfM T is similar to that observed
in human metallothionein.

Comments on the Metalation of Multiple Domain Pro-
teins. Metalloproteins may contain multiple metal-binding do-
mains, and these domains may have different reactivities.
Studying these multidomain metalloproteins can be challenging
when one is unable to accurately predict which domain is
reacting. The results described in this report demonstrate that
domain-specific metalation information can be obtained from
a two-domain protein where the instrumentation cannot
discern domain specificity by applying the statistical probabilities
of the occupation of each domain by the incoming metal. The As-
rfMT species observed by the ESI MS are controlled by the
relative abundance of each As species per domain, which are in
turn controlled by the individual domain rate constants, for
example, kyg.

The Role of the Interdomain Linker. In mammalian M Ts,
the interdomain linker is only a few amino acids long (53, 54);
however, in plant MTs, the interdomain linker can be much
longer (10, 17). Studies on wheat 7. durum MT have reported that
the protein is a two-domain protein connected by 42 amino acid
interdomain linker (/7). The sequence of the interdomain linker
has been found to be conserved among plants. Homology
modeling and ab initio calculations of the wheat 7. durum MT
suggest that the interdomain linker may have both a structure
and a function (/7). An interesting study that focused on
changing the interdomain linker length showed that increasing
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the length of the interdomain linker could add flexibility to MT’s
rather compact structure and that the domains remain functional
after the interdomain space is perturbed (/8).

A major result of the analysis of the ESI MS data in this report
is that the two domains in rfMT act independently when binding
As**, whereas studies of As* metalation of recombinant human
PaMT show that the two domains in that protein interact during
metalation (37). This difference in behavior between the two
species of M T is surprising but may be explained by the difference
in the length of the interdomain linker. The recombinant human
PaMT protein we used in our previous report had a linker that
was 6 residues long (3/) compared to the 14 residues in the rfMT.
We believe that the increase in interdomain space for rfMT
compared to human MT allows the domains in rfMT to act
independently of each other when the protein metalates. This also
suggests that there may be a critical length between 6 and 14
amino acids where a transition in domain behavior occurs. We
can speculate, based on the kinetic data, that the short inter-
domain linker in M T represents an evolutionary enhancement for
species where cellular metal concentrations have to be maintained
at very low levels. As with the report of the trend in the rate
constant values as a function of As** bound for the fo. human
MT, we suggest that these new kinetic data provide quantitative
information concerning the metalation properties of MTs in
general that have previously been unavailable.

CONCLUSIONS

The analysis of the ESI MS data provides values for all five rate
constants, allowing a complete description of the reaction in which
As*" binds to rfMT. The five individual rate constants are shown
for the mechanism in Scheme | to control the location of the
individual As™" ions. These are the first data that describe the
stepwise metalation of a two-domain metallothionein showing
domain specificity, which clearly shows the importance of the
interdomain linker in controlling MT’s behavior with respect to the
rate of metalation and to the overall domain-specific mechanism.
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