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ABSTRACT: The small, cysteine-rich metallothionein family of proteins is currently
considered to play a critical role in the provision of metals to metalloenzymes.
However, there is limited information available on the mechanisms of these
fundamentally important interactions. We report on the competitive zinc metalation
of apocarbonic anhydrase in the presence of apometallothionein 1A using
electrospray-ionization mass spectrometry. These experiments revealed the relative
affinities of zinc to all species in solution. The carbonic anhydrase is shown to compete
efficiently only against Zn5−7MT. The calculated equilibrium zinc binding constants of
each of the 7 zinc metallothionein 1A species ranged from a high of (log(KF)) 12.5 to
a low of 11.8. The 8 equilibrium constants connecting the 10 active species in
competition for the zinc were modeled by fitting the KF values of the 8 competitive
bimolecular reactions to the ESI-mass spectral data. These modeled K values are
shown to be experimentally connected to the metalation efficiency of the carbonic
anhydrase. The series of 7 metallothionein binding affinities for zinc highlight the buffering role of zinc metallothioneins that
permit simultaneously zinc storage and zinc sensing. Finally, the significance of the multiple zinc binding affinities of zinc
metallothionein is discussed in relation to zinc homeostasis.

Zinc is the most abundant metal cofactor found in metal-
dependent enzymes, with nearly a quarter of identified

metalloproteins containing one or more zinc atoms.1,2 Despite
this ubiquity, free zinc levels are tightly controlled.3,4 The
homeostatic intracellular concentration of free zinc is buffered
within a narrow range using a symphony of zinc specific
sensors, importers, exporters, and chaperones.5−7 These
complex systems work together not only to maintain control
of the transport and storage of zinc8,9 but also to deliver and
insert zinc atoms into newly synthesized zinc enzymes.10−12

When this careful balance of zinc is disturbed, a large number of
health complications arise.13−15 Zinc has also been shown to act
as a transcription cofactor and has important roles in cell
signaling, development, and proper cellular function.16,17

Metallothionein (MT) is a ubiquitous family of metal-
binding proteins that are critical to the homeostatic control of
cellular zinc (and other metal) levels. Since MT was discovered
it has been implicated in toxic metal detoxification, oxidative
stress response, and essential metal homeostasis.18,19 It is
capable of binding multiple metals using the relatively high
number of cysteine residues for its small size. There are four
known human MT isoforms: the more common MT1 and
MT2 are predominantly expressed in the liver and kidneys but
are also expressed in numerous tissues and cell types; MT3 and
MT4 are minor isoforms specifically expressed in specialized
tissues such as the brain and epithelial cells, respectively.20

Numerous MT1 subisoforms have also been identified. MT1
and MT2 are associated with binding both zinc and cadmium in
vivo.

Human MTs bind up to 7 zinc atoms in tetrahedral
(ZnS4(CYS)) clusters using 20 cysteines. The fully zinc-saturated
Zn7hMT1A binds the zinc in two distinct domains.21 The N-
terminal beta domain binds 3 zincs using 9 cysteines, and the
C-terminal alpha domain binds 4 zincs using 11 cysteines.
There are numerous studies on the structure and properties of
fully saturated MT’s but little information on the important
partially metalated species.22−24 Of particular interest is the
relevance of these species to the donation of zinc from MT to
zinc-dependent apoenzymes.
MT has been identified as a key player in zinc homeostasis

and interacts with numerous metalloproteins.25 Critical to the
in vivo functions of MT species is the zinc occupancy of the
available metal binding sites. The ability of MT to act as both a
zinc donor and acceptor depends on the intracellular zinc (and
MT) concentration of the cell. Zn7MT has been shown to act
as a zinc donor to numerous zinc-dependent enzymes, while
apoMT is capable of removing and accepting zinc from holo-Zn
enzymes.26,27

With respect to the role of MT in donating Zn to enzymes,
very little has been reported on the mechanistic detail of these
important reactions. However, the property of MT acting as a
zinc chaperone in the acquisition of free metals and the
subsequent release of zinc to metalloenzymes has been
previously investigated.28−33 Carbonic anhydrase has been
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shown to accept donation of a single zinc atom from zinc-
saturated MTs at rates and concentrations that support in vivo
zinc donation as a function of MT.32 These studies have shown
that fully saturated Zn-MT is capable of donating zinc to the
apoenzymes, but the important mechanistic details are not
understood.
Carbonic anhydrase (CA), the first discovered metal-

loenzyme, binds a single zinc atom in its active site using
three histidine ligands. CA binds zinc relatively strongly34 with
an apparent stability constant (log(KF)) of approximately 11.4
at pH 7.35 Following de novo protein synthesis, apocarbonic
anhydrase must acquire and insert the enzymatically necessary
zinc atom into the active site. However, the estimated femto-4

to picomolar36 pool of “free zinc” is an inadequate zinc source
for metalloenzymes to metalate within a suitable time frame,37

and thus, the majority of the zinc must be acquired from zinc
chaperones, of which ZnMT is one example. In vivo, numerous
zinc sources, chaperones, and enzymes will be in constant
competition for the limited amount of zinc within the cell. The
range of zinc binding stability constants reported for zinc
importers and exporters provides an approximation of the
relative range over which zinc is buffered within the cytoplasm.
Though exact values are currently not known, there is evidence
that zinc importation starts at picomolar concentrations.38

Exportation of excess zinc is complicated by cellular processes
that are designed to protect the cell from metal toxicity, but
significant cellular disruptions arise when cells are treated with
zinc above 30−100 μM.39 The Kf values for MT1A zinc
binding, as determined by MT-MT competition, apparently fall
within the buffering range of functional cells.40,41

Studies by numerous groups have shown that Zn7MT
transfers a single zinc atom to CA.26−28 Zn7MT and apoMT
have been shown to exchange metals with cadmium substituted
CA, hypothesized through a protein−protein interaction.42

However, little is known about the interactions between the
apo or partially metalated MT and the apoCA. Since MT exists
in a number of partially metalated states,43 a complete
understanding of these interactions is critical to determine
the exact mechanistic details of the vitally important metalation
reaction of CA.
Recently, our group has reported data44,45 addressing

possible binding motifs for the partially metalated recombinant
human MT1A (rhMT1A), but no experimental data have been
reported that specifically describe the mechanism for zinc
transfers from these partially metalated MTs. The conclusion
from the binding motif studies was that a beaded 5 zinc
structure formed initially; addition of further zinc resulted in
the development of a clustered two domain structure
containing the full complement of 7 zinc ions. The
consequence of this result was that the last two zinc ions
bound with lower binding constants, and it was suggested that
these two zinc ions would be accessible for donation to
apoenzymes.46

In this paper, we report on the zinc titration of rhMT1a in
the presence of carbonic anhydrase. Apocarbonic anhydrase,
which remains folded following loss of zinc,47 acts as a putative
model for understanding the homeostatic control of zinc with
respect to the metalation of zinc enzymes. We report the
metalation status of CA and rhMT1A during a competitive
titration with zinc and have determined the relative stability
constants for each of the 7 independent MT-bound zinc ions
with respect to the single zinc stability constant for CA. The
data indicate that CA outcompetes rhMT1A for the 3 weakest

bound zinc atoms and shows little competition for the first four
zinc bound by rhMT1A. Finally, we discuss the homeostatic
control of zinc concentrations to demonstrate the suitability of
MTs as a zinc reservoir for apo zinc-dependent enzymes.

■ EXPERIMENTAL PROCEDURES

Preparation of apoMT. rhMT1A was expressed and
purified following previously reported methods.48 The MT
sequence used in this study is based on the recombinant human
MT1A sequence that consists of 72 residues: MGKAAAACSC
ATGGSCTCTG SCKCKECKCN SCKKAAAACC
SCCPMSCAKC AQGCVCKGAS EKCSCCK KAA AA. The
corresponding DNA sequence was inserted as an N-terminal S-
tag (for protein stability purposes) fusion protein into a
pET29a plasmid and expressed in BL21(DE3) E. coli cells as
Cd7MT. All solutions were rigorously evacuated and argon
saturated to impede cysteine oxidation. Following protein
purification, the S-tag was removed with a Thrombin
CleanCleave Kit (Sigma). Concentrated HCl was used to
adjust the pH to 2.7 before apoMT was separated from the
cadmium using SEC on GE Sephadex G-25 size exclusion
media using 5 mM formic acid pH 2.7 buffer as the eluent. The
deoxygenated apoMT was simultaneously concentrated and
buffer exchanged to pH 7.0 using Millipore Amicon Ultra-4
centrifuge filter units under argon (3 kDa MWCO).

Preparation of apoCA. Bovine CA (Sigma) was first
purified on a Sephadex G-50 gel filtration column with 5 mM
pH 7.4 ammonium formate buffer as the eluent. The fractions
containing only pure carbonic anhydrase 2 were pooled and
concentrated with 10 kDa MWCO Amicon centrifuge filter
units. The zinc was removed from the CA through modification
of methods previously reported.49 An equal amount of 50 mM
2,6-pyridinedicarboxylic acid pH 6 (PDA) was added to the
concentrated CA and spun down in the filter unit. The PDA
zinc wash was repeated 6 times. To remove PDA from apoCA
prior to MS experiments, the protein was exhaustively buffer
exchanged to 5 mM ammonium formate pH 7.4 until neither
PDA nor zinc were detected in the filtrate.

ESI-MS Procedures. Stock apo-rhMT1A concentrations
were determined by remetalation of a small fraction of protein
with Cd2+; formation of Cd7MT was monitored through the
250 nm thiolate-to-cadmium charge transfer band, ε(250) =
89,000 M−1 cm−1. Stock apoCA concentrations were
determined using ε(280) = 45,000 M−1cm−1. Zinc acetate
stock (10 mM) was prepared in deionized water; all molar
equivalents of zinc were determined through atomic absorption
spectroscopy. Equal concentrations of both stock apoproteins
were mixed in a vial, and equivalents of zinc were added under
argon atmosphere and allowed to equilibrate for a minimum of
3 min between addition and data collection; separate samples
were left for up to 1 h (data not shown), and there was no
change in zinc distribution with longer incubation times. ESI
mass spectral data were collected on a Bruker Micro-TOF II
(Bruker Daltonics, Toronto, ON) operated in the positive ion
mode calibrated with NaI. Settings: scan = 500−4000 m/z;
rolling average = 2; nebulizer = 2 bar; dry gas = 80 °C @ 6.0 L/
min; capillary = 4000 V; end plate offset = −500 V; capillary
exit = 175 V; Skimmer 1 = 30.0 V; Skimmer 2 = 23.5 V;
Hexapole RF = 800 V. The spectra were collected for a
minimum of 2 min and deconvoluted using the Maximum
Entropy (Max Ent) application of the Bruker Compass
DataAnalysis software package. All titrations were performed
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in at least triplicate to ensure accuracy and reproducibility of
results.

■ RESULTS

Figure 1 shows a selection of the deconvoluted mass spectral
data recorded during a competitive zinc titration to a solution
containing equal concentrations of apo-rhMT1A and apoCA.
The deconvoluted data shown here were calculated from the
charge state spectra in Figure S1. This Figure shows the

formation of the fully metalated Zn7MT and ZnCA (F) as a
function of six representative steps of the titration (A−E). The
abundance of each species was plotted relative to the most
abundant species of the protein: apoMT and apoCA in Figure
1A, and Zn7MT and holoCA in Figure 1F. Zinc equivalents
were determined from the concentration of the two proteins
and AAS measurements of the zinc solution. These equivalents
refer to a ratio such that 1 zinc equivalent would fill a single
zinc binding site. Therefore, 8 zinc equivalents (7 for MT and 1
for CA) are required to fill all the sites, completing the titration.

Figure 1. Deconvoluted ESI mass spectral data recorded for the equimolar competitive titration of apo-CA and apo-rhMT at pH 6.8. The apo-
proteins were mixed to a final concentration of 30 μM under argon. Zinc (1 mM in diH2O) was aliquoted into the solution of the combined
proteins. The sample was equilibrated for 3 min on ice before signal acquisition. The zinc speciation of the MT and CA is highlighted with vertical
gray lines. The mass range for each species has been normalized to 100% relative abundance.
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The relative concentrations of each metalated species were
plotted in Figure 2 as a function of the equivalents of zinc

added stepwise. The individual zinc metalated species were
extracted from the mass spectral data. Figure 2A shows the
experimental data for the 8 rhMT1A species (apoMT to
Zn7MT). Figure 2B shows the corresponding experimental data
for apoCA and ZnCA, as a function of the equivalents of zinc
added. The CA was 50% metalated when 6 equiv of zinc was
added. The change in the zinc binding efficiency of apoCA is
shown in Figure 2C as the first derivative (d[apoCA]/d[Zn
Added]) of the metalation of the apoCA line shown in Figure
2B. We will return to discuss the significance of the data
representations in Figure 2C below.

In order to determine the zinc binding affinity for each of the
rhMT1A species, the metalation state at each specific zinc
loading was simulated from a model that minimized the root-
mean-square difference between the experimental and a
theoretical data set determined by the 8 binding constants.
The model was based on 7 sequential bimolecular reactions
that resulted in the formation of Zn7MT from apoMT and the
competitive reaction of apoCA forming ZnCA. The relative
concentrations of each species depend on the relative binding
constants (KMT1−7 and KCA1).
Figure 3 shows a fit of the apo-rhMT1A and apoCA

experimental ESI mass spectral data using 7 consecutive

equilibrium binding constants for the apoMT coupled to the
single metalation equilibrium for the apoCA. The simulated
competition reaction used the following criteria: (i) the log KF
of CA is 11.4 under the conditions of the experiments,35 and
(ii) all reactions were coupled and reversible such that zinc
could freely redistribute to the preferred occupancy. This
model was used to simulate the speciation profiles shown in
Figure 2 to allow direct assessment of the accuracy of the fits.
The 7 KF values for MT zinc binding, determined by the model,
which most closely fit the experimental data, were log-
[KF(1−7 Zn)]: 12.35, 12.47, 12.52, 12.37, 12.21, 12.05, and 11.8.
In Figure 3A the stepwise metalation of rhMT1A proceeds

through 6 distinct intermediates between apoMT and Zn7MT.
Figure 3B shows the simulated metalation of apoCA as a
function of increasing concentration of zinc. There is very close
alignment between the simulated data in Figure 3A and the
experimental data in Figure 2A for the metalation of MT and

Figure 2. Experimentally determined zinc status of MT (A) and CA
(B) during the stepwise competitive zinc metalation based on the ESI
mass spectral data partially shown in Figure 1. Figure C shows the
metalation efficiency of CA calculated as the first derivative
(d[apoCA]/d[Zn2+ added]).

Figure 3. Simulation of the competitive zinc metalation of apo-MT
(A) in the presence of apoCA (B). The simulation uses log10(KF)
values for the MT of 12.35, 12.47, 12.52, 12.37, 12.21, 12.05, and 11.80
for the 7 sequential metalation events in the formation of Zn7MT.
These values were derived from extraction of the competition
speciation of the MT versus the known log10(KF) of CA of 11.4.
The simulations reported in (A) were developed from methods first
described by Sutherland, et al. for zinc metalation of MT.45
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between the simulated data of Figure 3B and the experimental
data from Figure 2B for the metalation of CA. Figure S2 shows
the overlaid model and experimental traces for assessment of
the quality of the fit. Because the set of 8 K values is determined
in a single calculation, we have confidence that the K values
determined in the model represent accurate values under the
conditions of the experiment. It should be noted that the
individual values of each Kn (n = 1−7) impact the quality of the
fit for all other species, since the equilibrium equations are all
coupled and successive while also being in competition with
each other and the CA. The experimental error on all reported
K values by the model is on the order of ±0.3 log units. An
overlay of each individual species fit and experimental data is
shown in Figure S2 for comparison. It should be noted that
since the model minimized the error and provided a fit for all
10 speciation traces (apo to Zn7MT and apo and holoCA)
simultaneously that not all the model traces exactly match the
data; Zn5- and Zn6MT, for example, show some deviation
between the model and experimental data.

Sequential Metalation Reactions for the Competitive Titration
of Zinc to apoMT and apo-CA
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The apparent stability constants for each sequential zinc
addition to MT are indicated by log(Kn) (n = 1−7), and the
apparent stability constant for zinc binding to apoCA is
indicated by log(KCA). The 7 log KF values for MT are plotted
in Figure 4A as a function of the MT zinc loading in order to
compare the magnitudes of the zinc binding constants. While
the first 2 constants are below the value of KMT3, the values of
KMT3 to KMT7 follow the expected linear decrease that results
from the statistical reduction of available zinc binding sites.
Figure 4B shows the superimposition of the change in

binding efficiency of apoCA as a function of the total zinc load

inverted from Figure 2C (line) and the binding constants
calculated for the 7 zinc rhMT1A species (points) relative to
the first K. This figure shows how the experimental data reflect
directly the calculated K values for both MT and CA. The
importance of this figure is that we observe the precise trend in
the value of K values that were calculated in the model from the
raw experimental data of the metalation of CA. These data are
particularly important in confirming the increase in K2 and K3
for the metalation of MT.
Figure 5 shows the experimental (red) mass spectral data at

representative zinc additions compared with the simulated
(black) mass spectral data predicted by the model shown in
Figure 3 above. Parts A−G of Figure 5 show the experimentally
determined relative abundance of 7 zinc containing MT species
from the full data set. Parts H−N of Figure 5 show the
predicted mass spectral data based on the model used in Figure
3 at these same zinc loadings. Parts O−U of Figure 5 show the
experimental and predicted mass spectral data again at the same
zinc loading values for CA. Only the apo and holo species
profiles are shown because CA binds a single zinc.

■ DISCUSSION
MT is a metallochaperone with the proposed role of supplying
zinc to apoenzymes. While numerous studies have discussed
the metalation of CA, even including interactions with Zn7MT,
we believe that no studies have previously addressed the
mechanism for a potential role of zinc buffering between MT

Figure 4. Calculated stability constants (A) and the experimental data
reflecting those values (B). (A) The calculated fitted K values of MT
that best fit the data shown in Figure 2 to produce Figure 3 based on
the competitive metalation of apoMT in the presence of CA. The solid
line shows the linear trend of decreasing K values as the MT metalates.
(B) Superimposition of the relative metalation efficiency of apoCA
(solid line) plotted against the calculated log(KF) values (points). The
two data sets were scaled such that the initial values (metalation
efficiency and first MT zinc binding K) were 1.
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and the apoenzyme. Results from both our lab and Maret et al.
indicate that a ladder of binding constants exists for the binding
of zinc to metallothionein.44,50

Our previous results showed that MT1A possesses 7
independent sequentially decreasing zinc binding affinities
from zinc competition experiments between the full rhMT1A
protein and individual N-terminal β and C-terminal α domains.
Our previous work44 used a much simpler modeling procedure
and manually set the span of the 7 K’s to extend over the data
reported by Maret and co-workers50 as a best estimate for the K
values. In this current report, the modeling of the K values is
locked to the known value of carbonic anhydrase metalation.
The model mathematically minimized the errors on the values
of K so the model best fits the data. In this way, this current set
of K values has both confirmed the existence of the 7

independent zinc binding affinities and calibrated their values to
accommodate the known value of CA.
In order to place the metalation of CA within this ladder, we

designed an experiment in which both aporhMT1A and apoCA
could compete for zinc as it was added in a stepwise manner.
The competition experiment is unique in that it is able to
leverage the difference in the relative binding affinities for such
high affinity sites.51 In the presence of a competitive zinc
binding site, such as that found in CA, the two proteins will
redistribute zinc to form the thermodynamically preferred zinc
distribution that will be governed by the relative magnitudes of
the 8 equilibrium constants. Our data show how apoCA
metalates with a sequence directly related to the relative
binding constants of the 7 individual sites in MT. This
establishes the buffering properties afforded by MT for zinc.
Figure 1A shows how the initial zinc binds in a distributed

fashion to the rhMT1A and, to a minor extent, to the CA. The
important observation is the change that takes place when a
further 3 zinc equivalents are added and the data in Figure 1B
recorded. At this point during the titration, the Zn3 and Zn4MT
species dominate the distribution of zinc metalation, whereas,
in contrast, the ZnCA fraction has increased only slightly.
These data clearly and unambiguously show that MT is binding
a greater fraction of the added zinc than the CA. This can only
occur under the equimolar conditions of the competition
experiment, if the relative binding constants favor MT zinc
binding. Addition of a further 2 zinc equiv (to 5.6 total added;
Figure 1D) results in both MT and CA binding significant
fractions of the added zinc. This means that the binding site
affinities in MT must be more similar to the binding site affinity
of CA. The major change in zinc binding to CA occurs with the
addition to 6.5 equiv (Figure 1E). Now approximately 70% of
the CA is metalated.
Figure 2A clearly shows the stepwise metalation proceeds as

reported previously for zinc binding, in that each individual
species (meaning Zn1 to Zn5) forms and then is replaced with
approximately the same fractional composition of about 30%
maximum. At each point in the titration, the data here show the
distribution of species simply by constructing a fractional
distribution. For example, at the 4.0 zinc added point, the slice
through the data shows that the relative concentrations are Zn4
> Zn3 > Zn5 > Zn2 > Zn6 > Zn1 > Zn7 > apoMT.
Figure 2B shows that the binding of zinc to apoCA takes

place nonlinearly as a function of zinc added. In the region from
0 to 5 zinc added, the data show that zinc binding to CA is
dependent directly on the relative binding constant for the
individual sites in MT. This means that, for example, the small
fraction of the initial addition of zinc is bound by CA when
Zn1MT is forming. However, when Zn3MT forms at about 3
zinc added, CA metalation is depressed so that between 3 and
almost 5 zinc added only about 5% of the CA metalates, due to
the increase in competition from the MT. The CA metalation
trend, therefore, mirrors the span of the 7 MT binding
affinities: when the binding affinity for CA is closer to that of a
single site in MT, CA metalates, but when the binding affinity
of CA is much less than MT, MT metalates.
The sensitivity of apoCA metalation to the presence of the 7

competing MT sites can be expressed by taking the derivative
of the metalation status of apoCA as a function of the number
of added zinc (Figure 2C). From points a to b, the binding
affinity difference increases between apoCA and the MT
species and CA metalation becomes less efficient with respect
to MT metalation (Zn1−3MT bind while CA essentially stops

Figure 5. ESI mass spectral data based on experimental data (red) and
data produced by simulating the titration using the best fit KF values
(black). A−G show the experimental mass spectral data collected for
all ZnnMT (n = 0−7) species during the competitive titration of
apoCA and apoMT. H−N shows the predicted ESI mass spectral data
for the same species generated from the simulated titration. O−U
shows both the experimental and predicted ESI mass spectral data for
apo and holoCA species.
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binding zinc). In the b−c region, CA metalation is essentially
zero (less than 10% change over 3 equiv of zinc added), in
contrast to MT metalation of Zn2−4MT. However, the c−d
region shows the onset of apoCA metalation; now CA is
competing more efficiently against the formation of Zn6−7MT.
The unusual region is the pivot point between b−c and c−d
because at this point there is a distinct reduction in the binding
affinity of the competitive species (ZnnMT). We interpret this
pivot point to represent the threshold in the binding affinities
of the MT species with respect to apoCA. This is demonstrated
in Figure 2C because if the binding affinities for every MT site
were the same, the derivative (d[apoCA]/d[Zn Added]) would
be constant for a competitor with the same binding affinity.
The binding affinity data calculated for Figure 3 introduced

an interesting trend. Whereas we expected the sequence of
binding affinities for MT to diminish, as we noted above, the
fits required that K1 and K2 should be lower than K3. The effect
of this can be seen in Figure 2B, as described above, where
apoCA metalates proportionally with a greater fraction than at
the higher zinc-added points. The 7 calculated equilibrium
constant values determined for each zinc addition from the
competitive titration experiments shown in Figures 1−5 are
shown in eqs 1−7 (note that the value of log(KCA) was taken
from the literature as 11.4).35

The unexpected increase in zinc affinity for the first two
binding constants (where K1 (apoMT) < K2 (Zn1MT) < K3
(Zn2MT)) could possibly arise from the much greater fluxional
nature of the apoMT strand and therefore lack of structured
zinc binding sites as compared to the partially metalated (and
therefore structured) Zn1- and Zn2MT species. The binding of
the first and second metal must rearrange the peptide backbone
to accommodate metal binding. This rearrangement facilitates
the subsequent metalation events (Zn1- to Zn2 and Zn2- to
Zn3MT) in a manner not previously observed due to the fact
that multiple species are metalating simultaneously as shown in
the modeling and especially the deconvoluted and raw ESI
mass spectral data. Once three zinc atoms have been
incorporated by the MT strand, this effect is no longer
observed, since a majority of the strand now must now possess
some organized structure.
We have previously noted this change in structure from the

charge state distribution following metalation of the apoMT.
For example, this same trend was observed in arsenic binding to
MT52 and may be connected with the globular conformation of
apoMT suggested from the ESI mass spectral data.53 This
arsenic work showed that the kinetics of arsenic binding was
mostly controlled by the rate of the on reaction (kon), as the
rate of the off reaction (koff) for each AsxMT species was
presumed to be similar. Since the equilibrium binding constant
(K) equals the ratio of (kon/koff) and since the koff values were
presumed similar, those kinetic parameters reflect directly the
equilibrium binding of arsenic to MT. While the values and
magnitudes are certainly not comparable, and even though it
used a different metal, these arsenic data highlight the
surprising similarity in the trends between these kinetic arsenic
data and the zinc equilibrium data described here.
The values of the subsequent Kn (n = 3−7) follow the

expected trend for distributed metalation in which the number
of sites available diminishes sequentially so that the value of Kn
also diminishes. Recent results have shown that even low zinc
occupancy MT species (ZnnMT, where n = 0, 1, or 2) adopt
structural characteristics that differ from the traditional view of
apoMT’s existing as a pure random coil.54,55

The span of the 7 stability constants, relative to the apoCA
zinc binding constant, shows that MT zinc binding occurs
throughout the range of zinc enzyme stability constants, the
start of the titration against much higher affinity MT binding
sites. As the MT binds zinc sequentially into each site, the
binding constants decrease to a point where the apoCA can
begin to compete more efficiently with MT for the incoming
zinc. CA then continues to compete with MT for the incoming
zinc until it saturates, and MT binds the remaining incoming
zinc until it too is saturated.
In order to visualize the effects of the relative binding

affinities on the zinc distribution, we have included the results
of a computational simulation that demonstrates the major
changes that take place in the fractional distribution of zinc as a
function of the relative magnitudes of the binding affinities of
an example metal chaperone (MT) and a metal-dependent
enzyme (CA).
For simplicity, we used only a single site competitor, and so

the x-axis is just up to 2 zinc added. We explored the effect of
the different ratios of the binding affinities and show those
results in Figure 6. The panels in Figure 6 examine the effect on
the metalation of apoCA for five scenarios: (A) where Kcomp <
KCA by 0.5 log units; (B) where Kcomp = KCA; (C) where Kcomp
> KCA by 0.5 log units; (D) where Kcomp > KCA by 1 log unit;
and (E) where Kcomp > KCA by 1.5 log units. What is important
in this figure is that the trend in the metalation of apoCA for
the set of values of binding affinities obtained from the fit
reported in Figure 3 can be simulated. Figure 6D shows that
competition with a competitor whose zinc binding affinity is
approximately 10× stronger than the zinc acceptor results in
inefficient metalation until over 50% of the zinc has been bound
to the competitor. The trend in apoCA metalation, therefore,
illustrates the situation at the different points in Figure 2B.
Figure 6A shows metalation taking place efficiently because the
competitor binding constant is modeled to be less than that of
CA. Clearly, the amount of zinc that is available for an enzyme
to acquire from MT is dependent on the relative zinc binding
constants. An enzyme with a high zinc binding constant has a
much larger zinc pool available than those enzymes that bind
zinc more weakly. The series of binding constants represent, in
sequence from high to low, the increase in the availability of
zinc to a zinc acceptor.
The efficiency in metalation of the apoCA, by which we

mean the fraction of the added zinc that apoCA binds
compared with the MT, confirms the presence of the multiple
binding affinities of the 7 MT sites. This effect is directly
dependent on the intricate equilibrium chemistry that takes
place when 8 possible binding sites vie for the zinc that is added
in a stepwise manner. This is, therefore, a zinc binding
landscape within which carbonic anhydrase competes for the
zinc needed for its single site. That the binding affinity of
apoCA is smaller than the last zinc bound to the MT sets up
the buffering action controlled by the 7 sites of MT.
When the cell is in a state of zinc excess, MT production is

induced. It would be advantageous for the newly synthesized
apoMT proteins to rapidly bind the weakly associated zinc that
turn on zinc specific transcription factors such as MTF-1. The
first few zinc that are bound to MT, therefore, act as a deep sink
of bound zinc. This deep sink is only accessible during times of
extreme zinc deficiency. The rest of the zinc binding constants
decrease approximately linearly. The more weakly bound zinc
act as a shallow source of zinc, to be exchanged between other
zinc sinks and enzymes. Our proposal is that MT acts as both a
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zinc chaperone (one of many others) and a zinc sensor for the
cell. When zinc levels are low and the cell is zinc starved, MT
binds all available zinc, which has two effects: to turn on zinc
importers and to cause upregulation of genes that code for zinc
importation. Both would result in the increase of cellular zinc
concentration. The facility of zinc-loaded MT to donate occurs

when the cell is zinc-loaded and the most predominant MT
species have >6 zinc bound. These species supply the weakly
bound zinc to zinc-dependent apoenzymes; the most weakly
bound zinc ion is also likely constantly exchanging with weak
zinc binding sites, highlighting the role of zinc buffering. If the
cell contains zinc in excess of the MT binding capabilities, these
“free” zinc are bound by nonspecific zinc sites, sequestered into
zinc vesicles, and/or bound by and exported by zinc
exporters,56,57 which have lower zinc binding constants. Thus,
MT is able to act as a zinc buffer, maintaining the appropriate
cellular concentration of zinc by utilizing the range of the zinc
binding constants.
In conclusion, in this paper, we show the precise metalation

status of both apoCA and apoMT during zinc metalation. By
using a competitive metalation strategy, we have been able to
calculate the relative stability constants for each of the seven
independent, sequential binding reactions for zinc binding to
apoMT. The experimental data indicate that CA out-competes
MT only for the three weakest bound zinc atomsthese are
the last zinc to bind to the MT. The fractional zinc occupancies
in terms of the speciation for each of the 10 species that coexist
during the titration were reported and modeled by simulations
involving 8 competitive bimolecular reactions. The change in
fractional zinc metalation of the apoCA as a function of zinc
added to the mixture of apoCA and apoMT was shown to
mirror the relative values of the binding affinities for the 7 MT
sites. These data provide a detailed and sensitive indication of
the buffering role of ZnMT both in providing a zinc sink and in
delivering zinc to a zinc-dependent enzyme.
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