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Abstract: Each of the seven Zn(ll) ions in the Zn3Se and Zn,Si; clusters of human metallothionein is in a
tetrathiolate coordination environment. Yet analysis of Zn(ll) association with thionein, the apoprotein, and
analysis of Zn(ll) dissociation from metallothionein using the fluorescent chelating agents FluoZin-3 and
RhodZin-3 reveal at least three classes of sites with affinities that differ by 4 orders of magnitude. Four
Zn(l1) ions are bound with an apparent average log K of 11.8, and with the methods employed, their binding
is indistinguishable. This binding property makes thionein a strong chelating agent. One Zn(ll) ion is relatively
weakly bound, with a log K of 7.7, making metallothionein a zinc donor in the absence of thionein. The
binding data demonstrate that Zn(ll) binds with at least four species: Zn4T, ZnsT, ZneT, and Zn;T. ZnsT
and ZneT bind Zn(ll) with a log K of ~10 and are the predominant species at micromolar concentrations of
metallothionein in cells. Central to the function of the protein is the reactivity of its cysteine side chains in
the absence and presence of Zn(ll). Chelating agents, such as physiological ligands with moderate affinities
for Zn(ll), cause dissociation of Zn(ll) ions from metallothionein at pH 7.4 (Zn;T = Zn;_,T + nZn?"), thereby
affecting the reactivity of its thiols. Thus, the rate of thiol oxidation increases in the presence of zZn(ll)
acceptors but decreases if more free Zn(ll) becomes available. Thionein is such an acceptor. It regulates
the reactivity and availability of free Zn(ll) from metallothionein. At thionein/metallothionein ratios > 0.75,
free Zn(ll) ions are below a pZn (—log[Zn?*]wee) of 11.8, and at ratios < 0.75, relatively large fluctuations
of free Zn(ll) ions are possible (pZn between 7 and 11). These chemical characteristics match cellular
requirements for Zn(ll) and suggest how the molecular structures and redox chemistries of metallothionein
and thionein determine Zn(ll) availability for biological processes.

Introduction cance only in the context of biological redox partriesmother
example, where the biological context had been largely ignored,
is the focus on only the structure of MT in attempts to explain
its function, while in fact the apoprotein thionein (T) is present
in tissues and cells at concentrations commensurate with
those of MT>~7 Since T is a chelating agent, the fact that it is
not saturated with Zn(ll)in »ivo demonstrates limited cel-
lular availability and buffering of Zn(ll) ions. In essence, the
redox state and the metal load of the biologically active mole-
cule must reflect the cellular milieu, which does not appear to
be compatible with fully reduced and fully metal-loaded
MT.” Additional knowledge from biological research is
needed to interpret the results from chemical studies. For
h example, a purely chemical characterization of the Zn(ll)
binding properties of MT provides values of Zn(ll) binding
constants that become meaningful only in the context of
the distinctive features of biological Zn(ll) chemistry, such as
the very low concentrations of cellular free Zn(ll) ions

Metallothionein (MT) was discovered in 19%Mammalian
MT is a dumbbell-shaped molecule with two domains. In one
domain nine cysteinyl residues bind three Zn(ll) ions, and in
the other domain eleven cysteinyl residues bind four Zn(ll) ions,
forming two metal/thiolate clustefss Each zn(ll) is in a
tetrathiolate coordination environment, although the use of
bridging thiolates causes an overall deficit of eight ligands in
the two clusters when compared to mononuclear tetrathiolate
coordination. A quest for a function of MT has been ongoing
for 50 years. Studies of its remarkable coordination chemistry
and structure have provided only limited insights into its
biological function. Since bioinorganic chemistry is context-
specific, insights from biology are required to direct the searc
for a function. In its cellular environment, MT is a redox-active
protein, in which sulfur-ligand-centered chemistry confers
redox activity on the clusters, a property that gains signifi-
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Zinc is a constituent of hundreds of enzymes and thousandsprofound binding and redox properties of the zinc/thiolate

of proteins with zinc finger domains, and it needs to be

clusters suggest ways of how the protein can participate in

redistributed and made available to supply newly synthesized Zn(ll) buffering in tissues that may require different Zn(Il)

apo-metalloproteins with the Zn(ll) ion. However, the avail-
ability of Zn(ll) must be regulated tightly, because increases of
cellular [Zr#*]see are potent inhibitors of enzymes; are employed

for biological control, such as gene expression; occur when cells

proliferate, differentiate, or undergo programmed cell death

availabilities.

Experimental Section

Materials. Trizma base (Tris), Bis-Tris propane, glycine, bicine,
L-alanine, 2,2dipyridyl, 2,2-dithiodipyridine (DTDP), 5,5dithiobis-

(apoptosis); can cause protein misfolding; and, if sustained at (2-nitrobenzoic acid) (DTNB), dithiotreitol (DTT), adenosing- 5

higher levels for longer periods of time, are cytotoXicl®
A complex network of proteins, including zinc transporters of
the ZIP (SLC39) and ZnT (SLC30) families, zinc sensors such

triphosphate disodium salt (ATP), nitrilotriacetic acid, trisodium salt
monohydrate (NTA), ethylenediaminéN'-diacetic acid (EDDA),
ethylene glycol-bis(2-aminoethylethéx)N,N',N'-tetraacetic acid (EGTA),

as metal response element-binding transcription factor-1 and ethylenediaminetetraacetate disodium salt dihydrate (EDTA) were

(MTF-1), and MTs, participate in cellular and subcellular zinc
trafficking and homeostasi$2° The present chemical studies
seek an understanding of how MT and T control {Zfee
availability. Sensitive fluorimetric detection methods based on
chelating agents with high quantum yields upon the binding of
Zn(Il), the availability of relatively large amounts of expressed
and highly purified MT, and redox control with the reducing
agent tris(2-carboxyethyl)phosphine hydrochloride (TCEP),
which has negligible affinity for zZn(ll), make it feasible to
examine the coordination dynamics of the zinc/thiolate
clusters?'25 A remarkable heterogeneity in the affinity of MT
for Zn(ll) is found. It includes a weak Zn(ll) binding site that
makes significantly more Zn(ll) available than when Zn(ll)
availability is based on average stability constants of 2012
M~1 (pH 7.0) for the seven Zn(ll) ion%.In the presence of T,

purchased from Sigma-Aldrich. FluoZin-3 tetrapotassium salt, RhodZin-3
dipotassium salt, and TCERCI were from Invitrogen. Perchloric acid
double distilled (70%) was from GFC Chemicals Ii2-Hydroxy-
ethylpiperazineN'-2-ethanesulfonic acid (HEPES) was OmniPure grade
from EMD Chemicals Inc. Boric acid, zinc sulfate heptahydrate,
hydrochloric acid (37%), formic acid (88%), sodium hydroxide,
potassium hydroxide, sodium perchlorate monohydrate, potassium
nitrate, sodium citrate dihydrate, potassium phosphate monobasic and
dibasic, anhydrous were from FisherHistidine was from AppliChem
GmbH, and Chelex 100 Resin (1:6R00 mesh, sodium form) was from
BioRad.

Thionein Expression and Purification/Preparation of Metal-
lothionein. Human T, isoform 2, (MDPNCSCAAGDSCTCAGSCK-
CKECKCTSCKKSCCSCCPVGCAKCAQGCICKGASDKCSCCA) was
expressed iEscherichia colas an intein fusion protein without addition
of metal ions to the growth medium, and the T was purified by affinity
chromatography (IMPACT system, New England Biolabs Ift.).

Zn(lN) is not available at concentrations governed by the weak T, obtained after intein cleavage induced by 0.1 M DTT, was acidified

binding site in MT. The data demonstrate that MT and T can
buffer Zn(ll) in a much wider range of pZn—og[Zn*Jeq

to pH 1 with 1.2 M HCI and spun at 14 000 g for 10 min before
loading onto a Sephadex G-25 (Amersham Biosciences) gel filtration

than previously postulated on the basis of average tight binding column (1 cmx 120 cm). The column was eluted with 0.01 M HCI

of Zn(l1).2” Competition of T or other Zn(ll) acceptors with
MT for Zn(ll) modulates the thiol reactivity of MT. When the

(degassed). Concentrations of T in the fractions were determined
spectrophotometricallyefo = 4.8 x 10* M~ cm™?) and by thiol assays

number of acceptor sites increases, Zn(ll) dissociates from MT With DTNB and DTDPZ® Thionein was stored at pH 2 at liquid nitrogen
and the protein becomes more susceptible to oxidation, with temperatures or used immediately for the experiments. The identity

concomitant dissociation of more Zn(Il). The remarkably
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exchangeable” Zn(Il) that is readily bound to chelating agents. Either term
is an operational definition and has its limitations. For the lack of a better
term, we use the term free Zn(ll), albeit with the understanding that the
chemical nature of cellular ligands of Zn(ll) is unknown.

(9) Peck, E. J., Jr.; Ray, W. J., . Biol. Chem1971, 246, 1160-1167.

(10) Simons, T. J. BJ. Membr. Biol.1991 123 63—71.

(11) Outten, C. E.; O’'Halloran, T. VScience2001, 292, 2488-2492.

(12) Bozym, R. A.; Thompson, R. B.; Stoddard, A. K.; Fierke, CAES Chem.
Biol. 2006 1, 103-111.

(13) Krezel, A.; Maret, W.J. Biol. Inorg. Chem2006 11, 1049-1062.

(14) Maret, W.; Jacob, C.; Vallee, B. L.; Fischer, E.Ptoc. Natl. Acad. Sci.
U.S.A.1999 96, 1936-1940.

(15) Butler, J. S.; Loh, S. NBiochemistry2007, 46, 2630-2639.

(16) Frederickson, C. J.; Koh, J.-Y.; Bush, A.Nat. Re. Neurosci.2005 6,
449-462.

(17) Eide, D. JBiochim. Biophys. Act2006 1763 711—-722.

(18) Laity, J. H.; Andrews, G. KArch. Biochem. Biophy2007, 463 201—
210.

(19) Kambe, T.; Yamaguchi-lwai, Y.; Sasaki, R.; Nagao, Gkll. Mol. Life
Sci.2004 61, 49-68.

(20) Cousins, R.; Liuzzi, J. P.; Lichten, L. A. Biol. Chem2006 281, 24085~
24089.

(21) Chang, C. J.; Nolan, E. M.; Jaworski, J.; Burdette, S. C.; Sheng, M.; Lippard,
S. J.Chem. Biol.2004 11, 203-210.

(22) Kikuchi, K.; Komatsu, K.; Nagano, TCurr. Opin. Chem. Biol2004 8,
182—-191.

(23) Kimura, E.; Aoki, SBioMetals2001, 14, 191-204.

(24) Hong, S.-H.; Toyama, M.; Maret, W.; Murooka, rotein Expr. Purif.
2001, 21, 243-250.

(25) Krezel, A.; Latajka, R.; Bujacz, G. D.; Bal, Winorg. Chem.2003 42,
1994-2003.

(26) vask, M.; Ké&gi, J. H. R.Met. lons Biol. Syst1983 16, 213-273.

(27) K&gi, J. H. R. InMetallothionein It Suzuki, K. T., Imura, N., Kimura,
M., Eds.; Birkhaiser: Basel, 1993; pp 2%5.

10912 J. AM. CHEM. SOC. = VOL. 129, NO. 35, 2007

and purity of T were confirmed by mass spectrometry with a MALDI-
TOF Voyager DE STR spectrometer (Applied Biosystems) (Biomo-
lecular Resource Facility core at UTMB). The/z values found/
calculated were 6042.8/6043.2 (MH)". Aliquots of purified T were
mixed with zinc sulfate at a molar ratio of 1:10 under a nitrogen
atmosphere, and the pH adjusted to 8.6hvdt1 M solution of Tris
base. The sample was concentrated with Millipore Centricon centrifugal
microconcentrators (MWCO 3,000), loaded onto a Sephadex G-50
(Amersham Biosciences) column (1 cm120 cm), and eluted with

20 mM TrisHCI, pH 8.6. The concentration of MT was determined
spectrophotometricallyefo = 1.59 x 1° M~ cm1).28 Zn(Il) and thiols
were determined by flame atomic absorption spectrophotometry and a
thiol assay with DTDP, respectivety Accordingly, MT contained 6.9

+ 0.2 Zn(ll) and 20.3+ 0.7 sulfhydryls per molecule.

Reduction of Thionein/Metallothionein. The use of a reducing
agent is critical for the following experiments because T and MT are
sensitive to oxidation. Since commonly employed reductants are thiols
that can interfere with Zn(ll) binding, the use of TCEP turns out to be
critical. Zn(ll) binding to TCEP is weak, with an apparent stability
constant of 3x 10? M~ (pH 7.4) for the Zn(II>>TCEP complex.
Therefore, submillimolar concentrations of TCEP do not compete with
MT for Zn(l1).%% In contrast, DTT, a thiol-based reductant, binds Zn-
(1) with an apparent stability constant of 8 10" M~1.30

(28) Schifer, A. Methods Enzymoll991, 205 529-540.

(29) Pedersen, A. O.; JacobsenEdr. J. Biochem198Q 106, 291—295.

(30) Krezel, A.; Lesniak, W.; Jepwska-Bojczuk, M.; Mlynarz, P.; Brasud.;
Koztowski, H.; Bal, W.J. Inorg. Biochem2001, 84, 77—88.
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General Spectroscopic MethodsHEPES and borate buffers con-
taining KNG; and NaClQ, respectively, and TCEP were prepared fresh,
the pH value adjusted to 7.4 with pure concentrated solutions of HCI,
HCIO,, or NaOH, and stored with 2% (w/v) Chelex 100 overnight.
Zn(Il) stock solutions (50 mM, 1 mM, and 1Q0M) were prepared from
99.5% ZnSQ x 7H,0, and their titers were determined by atomic ab-

Competition of Metallothionein and NTA for Zn(ll). The effect
of NTA (10 uM — 20 mM) on Zn(ll) release from MT (0.4M) was
studied at 25°C in 50 mM HEPES, pH 7.4, 5@M TCEP ( = 0.1
from KNOs). Samples incubated f@ h were subjected to gel filtration
on a G-25 Sephadex column (1 ce25 cm) using 50 mM HEPES,
pH 7.4, containing TCEP as eluant at a flow rate of 10 mL/h. Fractions

sorption spectrophotometry. FluoZin-3 and RhodZin-3 potassium salts (0.5 mL) were diluted 35 times with 0.25 M HNQ, and their zinc

were dissolved in Milli-Q water to concentrations of about 1 mM and
treated overnight with Chelex 100 resin. The purity of both dyes was
greater than 97% by HPLC (Beckman Coulter, System Gold). Fluorime-
tric titrations with Zn(ll) stock solutions were performed in triplicate
to determine titers of 0.81 and 0.99 mM for FluoZin-3 and RhodZin-3,
respectivelyt> TCEP and DTNB stock solutions were prepared daily
in HEPES or borate buffers and filtered through Millipore 022
filters. A 500uM DTDP stock solution for determination of thiols was
prepared in 0.1 M formic acid and adjusted to pH 3.5 with NaOH.
UV Spectrophotometry. Electronic absorption spectra of T and MT
were recorded at 25C with a Beckman Coulter DU 800 spectropho-
tometer in 1 cm quartz cuvettes. Stock solutions of T in 0.01 M HCI
were diluted to final concentrations ofidM in degassed and Chelex-
treated 50 mM borate, pH 7.4 € 0.1 from NaClQ), 50 uM TCEP.
Fluorimetry. Fluorescence of FluoZin-3, RhodZin-3, and their Zn-
(I1) complexes were measured at 26 in the ranges 486560 nm
and 5306-670 nm with 492 and 550 nm excitation, respectively, with
an SLM 8000 spectrofluorimeter with ISS data acquisition and Vinci

content was determined by graphite furnace atomic absorption spec-
trophotometry (Perkin-Elmer 5100 instrument). Complete Zn(ll) transfer
to EDTA was effected by incubating MT with EDTA (0.01 and 1 mM).

Results

Thionein as a Zn(ll) Ligand. Zn(ll) binding to a buffered
solution of T can be studied by observing a ligand-to-metal
charge transfer (LMCT) transition in the far UV region of the
electronic absorption spectruthSpectral deconvolution analysis
demonstrated at least three LMCT transitions centered at 231,
219, and 205 nM@ Analysis of the UV spectra (Figure 1A) by
difference spectroscopy over the whole range of T titration with
Zn(ll) demonstrates a hypsochromic shift of the center of the
bands from 222.4 to 217.8 nm (Figure 1B). After the addition
of 5 equiv of Zn(ll), the center remains at 217.8 nm (Figure
S1) and the absorbance increases until 7 equiv of Zn(ll) have
been added (Figure 1C). UV spectral changes and titration

Multidimensional Fluorescence Spectroscopy software. Meas“reme”tsbreakpoints after addition of3 equiv of Cd(ll) have been

were performed in 1 cnx 1 cm fluorimetric PMMA (poly(methyl
metacrylate)) cuvettes (Fisher). To avoid any carryover of fluorescent
material, cuvettes were used only once.

MT was incubated with 65 uM FluoZin-3 or RhodZin-3 in 50
mM HEPES, pH 7.41(= 0.1 from KNG;), 50 uM TCEP for 2 h.
Maximum Fmay and minimum Fnmin) dye fluorescence were determined
after adding zinc sulfate or EDTA to final concentrations of 100 and
500 uM, respectively. These values allow calibration of fluorescence
response ) and free Zn(ll) concentration according to the formula
[Zn2+]free =K1x (F - Fmin)/(Fmax - F)

Reaction of Thionein and Metallothionein with DTNB in the
Presence of Zn(ll) Chelators and Zinc Sulfate.Oxidation of T or
MT by DTNB was studied spectrophotometrically at equimolar
concentrations of the reactantsy) at 25°C in buffered solutions,
pH 7.4 ( = 0.1 from KNG;) at 412 nm. Chelating agents-élanine,
glycine, sodium citrate, ATR.-histidine, 2,2-dipyridyl, NTA, EDDA,
EGTA, and EDTA) were added to final concentrations of 1 mM in 50
mM HEPES ([ = 0.1 from KNG;). The effects of 50 mM borate,
phosphate, Tris, Bis-Tris propane, glycine, and bicine solutions at pH
7.4 were studied in the same way, while the effect of Zn(ll) was studied
in HEPES by adding 13 uM and 0-1000uM of zinc sulfate to T
and MT, respectively.

Unless noted otherwise, stability constants are given as apparent

stability constants at pH 7.4. Because of different stoichiometries of
some Zn(ll)/ligand complexes (from 1:1 to 1:3 in terms of metal-to-
ligand ratio), conditional stability constants;, are expressed as the
sum of every mononuclear Zn(Il) complex over the product of{%R.

and free, unbound ligand (eq 1). According to such a definitiin,

values vary at different pH values and at different reactant concentra- (40
tions but are constant when the ligand is in large excess. This procedure

allows comparison of the ligands on the basiKobfvalues under the
same conditions (1 mM ligand overiM Zn(ll)) (Table S1), despite
differences in coordination mode and aclthse properties of chelators.
Stability and protonation constants were obtained from the Stability
Constants Database SCDbasé! 4°

Z [ZnH L]
1

[20*Jjee x ) [HIL]
J

K =

@)

detected in the formation of the cadmium/thiolate clusters in
MT.4” Furthermore, a hypsochromic shift of the absorption
maximum occurs in the conversion of gZdnto Cd; T as a result
of significant decreases and increases of two bands at lower
energy out of the three that constitute the absorption envéfope.
Significantly, near the equivalence point (Figure 1C) the data
points deviate considerably from a titration expected for tight
Zn(Il) binding with an average stability constant ofx2 102
M1, indicating that some Zn(ll) is bound with weaker affiniy.
The strength of Zn(ll) binding to T was investigated in the
presence of competing chelating agents that fluoresce more
strongly when binding Zn(ll). FluoZin-3 and RhodZin-3 were
chosen as Zn(ll)-sensitive fluorescent probes with apparent
stability constants at pH 7.4 of 14 10° for FluoZin-3 and 7.1
x 10’ M~1 for RhodZin-3 (Figure S2)3 They emit with high
guantum yields at 517 nm (Zn-FluoZin-3) and 575 nm (Zn-
RhodZin-3) when excited at 492 and 550 nm, respectit&1).
During titrations of T with zinc sulfate in the presence of the

(31) Sorago, I.; Kiss, T.; Gergely, APure Appl. Chem1993 65, 1029-1080.

(32) Kiss, T.; Seago, |.; Gergely, A.Pure Appl. Chem1991, 63, 597-638.

(33) Meites, L.J. Am. Chem. Sod.951, 73, 3727-3731.

(34) Chaudhuri, P.; Sigel, H. Am. Chem. S0d.977, 99, 3142-3150.

(35) Krezel, A.; Wojcik, J.; Maciejczyk, M.; Bal, WChem. Commun. (Carjb

2003 704-705.

(36) Griesser, R.; Sigel, Hnorg. Chem.1971, 10, 2229-2232.

(37) Schwarzenbach, G.; Freitag, lHelv. Chim. Actal951, 34, 1492-1502.

(38) Chaberek, S.; Martell, A. El. Am. Chem. S0d.952 74, 6228-6231.

(39) Anderegg, GHelv. Chim. Actal964 47, 1801-1814.

) Schwarzenbach, H.; Gut, R.; Anderegg, K&lv. Chim. Actal954 37,

937-957.

(41) Banerjea, D.; Kaden, T.; Sigel, thorg. Chem.1981, 20, 2586-2590.

(42) Fischer, B. E.; Haring, U. K.; Tribolet, R.; Sigel, Bur. J. Biochem1979
94, 523-530.

(43) Scheller, K. H.; Abel, T. H.; Polanyi, P. E.; Wenk, P. K.; Fischer, B. E;
Sigel, H.Eur. J. Biochem198Q 107, 455-466.

(44) Van den Berg, C. M. GGeochim. Cosmo. Acti984 48, 2613-2617.

(45) Krishnamoorthy, C. R.; Nakon, R. Coord. Chem1991, 23, 233-243.

(46) vask, M.; Kagi, J. H. R.; Hill, H. A. Biochemistry1981, 20, 2852-2856.

(47) Willner, H.; Vask, M.; Kagi, J. R. H.Biochemistryl987, 26, 6287-6297.

(48) Meloni, G.; Zovo, K.; Kazantseva, J.; Palumaa, P.:&{a®!. J. Biol. Chem.
2006 281, 14588-14595.

(49) Gee, K. R.; Zhou, Z.-L.; Qian, W.-J.; Kennedy,.RAm. Chem. So2002
124, 776-778.

(50) Sensi, S. L.; Ton-That, D.; Weiss, J. H.; Rothe, A.; Gee, KC&l Calcium
2003 34, 281—-284.
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Figure 1. Spectrophotometric titration of thionein with Zn(ll). T (@) from a degassed stock solution in 0.01 M HCI was titrated with a AMI0or 1

mM stock solution of Zn(ll) to final concentrations of-@5 4M in 50 mM borate, pH 7.41(= 0.1 from NaClQ), 50 uM TCEP. (A) UV spectra. (B)
UV-difference spectra obtained by subtracting the absorbance of the protein from each spectrum after adding Zn(ll). The arrow indicates anltypsochro
shift of the center of the absorption envelope. (C) Absorbance changes at 218 nm as a function of the Zn(ll)/T ratio.
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Figure 2. Titration of thionein with Zn(ll) in the presence of FluoZin-3 (A) and RhodZin-3 (B). T (@) in 50 mM HEPES, pH 7.4, 5aM TCEP (

= 0.1), and 3.25:M dye was titrated with Zn(ll) to a final concentration of 13:M. Fluorescence (au, arbitrary units) was measured at 517 and 575 nm

with excitation at 492 and 550 nm for FluoZin-3 and RhodZin-3, respectively. Semilog plots of the same data are presented to visualize changes during
titration with the first 7 equiv of Zn(Il) (C and D). Fluorescence responses (A and B) were calibrated to obtdihdZand are shown as a function of

Zn(I)/T (E and F). Data were fitted to a model with four independent species and their stability constants (Table 2), known concentrationssparehgent
stability constants of dyes, using species distribution soft@iStability constants for the two Zn(ll) sites with intermediate affinity were chosen to obtain

the best fit with the lowest?.

fluorogenic dye, fluorescence increases significantly above than the fluorescent probes, while it binds an additional three
Zn(I)/T ratios of 6 with a stoichiometry of seven Zn(ll) ions  Zn(ll) ions more weakly. A two-step calibration of fluorescence
(Figure 2A, B). A plot of fluorescence increase on a logarithmic allows determination of free Zn(Il){log[Zn**]xee) at various
scale reveals a titration breakpoint at four Zn(ll) ions per protein Zn(l1)/T ratios (Figure 2E, F). Changes of [Zijee are small
(Figure 2C, D). Above this ratio, significant competition for during the binding of the first four Zn(ll) ions. Buffering of the
Zn(Il) occurs between partially Zn(ll)-loaded T and FluoZin-3 additional three Zn(ll) ions is weaker, resulting in significant
or Rhodzin-3. Thus, T binds four Zn(ll) ions much more tightly changes of [Zfi"]#ee Over 3 orders of magnitude. Because of
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Figure 3. Zn(ll) transfer from metallothionein to NTA. MT (0.4M) was
incubated with NTA—@— (10 uM to 20 mM) or EDTA—O— (0.01 and
1 mM) in 50 mM HEPES, pH 7.4, 5aM TCEP ( = 0.1). Samples

equilibrated fo 2 h were separated on Sephadex G-25 and fractions analyzed

for Zn(Il) with graphite furnace atomic absorption spectrophotometry. (A)
Elution profile (gel filtration) of an MT sample treated with 1 mM NTA
(—m-). Peaks | and Il correspond to MT and the ZnfINTA complex,

higher concentrations, such as 20 mM, bind 95%2{%ne was
calculated according to eq 2:

nX T
I+”” @)

C - X ———
NTA cZn | + 11

1 K
== X

2+
[Zn free ™ K

whereK andczp, cyTa are the apparent stability constant of the
Zn(1)—NTA complex (2.1x 18 M~1 at pH 7.4) and the total
concentrations of Zn(ll) and NTA, respectively. Fitting a plot
of —log[Zn?*]free VS ZN(I)ransterredwith Hill's equation gives a
Zn(ll) stability constant (log<) of 11.84 0.2 (Hill coefficient

n = 1.5+ 0.2 within a range of-log[Zn?*]fee from 9.5 to 15)
(Figure 3B). It is significant that even a slight molar excess of
NTA competes with Zn(Il) bound to MT because the function
levels off at about 20% zn(ll) transferred (arrow). Such
competition is possible only if one or more Zn(Il) ions are bound
with an affinity lower than 11.8.

FluoZin-3 and RhodZin-3, with apparent stability constants
of ~10° M™%, compete with T for zZn(ll) (Figure 2) and,
therefore, were employed to examine whether or not they
compete with MT for Zn(ll) and, if so, to determine the stability
constants of the weakly bound Zn(ll) ion(s). A time-dependent
increase of fluorescence is observed immediately after mixing

respectively. (B) The percentage of Zn(ll) transferred to NTA/EDTA was  the dyes with MT. It reaches a maximum after—19 min.

calculated by integrating the peak areas in the chromatograms and the dat

plotted as a function of free zine;log[Zn?*]see. The arrow indicates a
plateau that corresponds tel.6 Zn(ll) ions dissociated from MT at low
concentrations of NTA.

this spread, the binding data reveal at least three additional site

with lower affinities than those of the four tightly bound Zn(Il)
ions. To further evaluate this finding, the Zn(ll) binding
characteristics of MT were investigated.

Metallothionein as a Zn(ll) Donor. EDTA or the apoforms
of zinc metalloproteins compete with MT for Zn(f}->° Several
low molecular weight agents with intermediate Zn(ll) affinity,
such as NTA, 4-(2-pyridylazo)resorcinol (PAR), terpyridyl, and

3-ethoxy-2-oxobutyraldehyde bis(thiosemicarbazone), also com-

pete with MT for Zn(l1)36-58 Despite its relatively low affinity
for Zn(ll), remarkably, micromolar concentrations of NTA
release Zn(ll) from 0.4M MT (Figure 3A). In this experiment,
MT was incubated with different concentrations of NTA for 2

h and the products were separated by gel filtration. Collected

fractions were analyzed for Zn(ll) by atomic absorption spec-
trophotometry. Analysis of the areas of zinc peaks | (MT) and
Il (NTA) (Figure 3A) allows determination of the percentage
of Zn(ll) transferred. The amount of Zn(ll) removed from MT

depends on the NTA concentration. Lower concentrations of

NTA, 10—200 uM, bind 22-27% of Zn(ll) in MT, whereas

(51) Li, T.-Y.; Kraker, A. J.; Shaw, C. F.; Petering, D. Rroc. Natl. Acad.
Sci. U.S.A198Q 77, 6334-6338.

(52) Brady, F. OTrends Biochem. Sci982 7, 143—-145.

(53) Jiang, L.-J.; Maret, W.; Vallee, B. IProc. Natl. Acad. Sci. U.S.A.998
95, 3483-3488.

(54) Jacob, C.; Maret, W.; Vallee, B. Proc. Natl. Acad. Sci. U.S.A998 95,
3489-3494.

(55) Zaia, J.; Fabris, D.; Wei, D.; Karpel, R. L.; FenselauP@tein Sci.1998
7, 2398-2404.

(56) Li, H.; Otvos, J. DJ. Inorg. Biochem1998 70, 187—194.

(57) Shaw, C. F.; Laib, J. E.; Savas, M. M.; Petering, DItdrg. Chem199Q
29, 403-408.

(58) Shaw, C. F.; Savas, M. M.; Petering, D. Methods Enzymoll991, 205,
401-414.

S

Hence, fluorescence was determined after a 2-h equilibration.

Plotting the dye concentration vs its fluorescence demonstrates
saturation above ZM dye with equivalence points at 0.65 and
0.55uM for FluoZin-3 and RhodZin-3, respectively (Figure 4).
The competition of the dyes with MT for Zn(ll) is close to a
dye-to-protein ratio of 1:1 based on equivalence points of 0.65/
0.5= 1.3 and 0.55/0.5= 1.1 (Figure 4). The percentage of
Zn(Il) bound to the dye was calculated after complete oxidation
of MT with DTDP to effect 100% dissociation of zZn(ll).
FluoZin-3 (3—-5 uM) binds up to 20% (1.3 Zn(ll) ions) of total
Zn(ll) from MT, while RhodZin-3 binds about 16% (1.1 Zn(ll)
ions) at the same concentration (Figure 4A, B).{Re. at
each concentration of dye was calculated based, &ax Fmin,
and the apparent stability constant of the Znfillye complex.
Plotting —log[Zn?"]#ee versus dye fluorescence and fitting the
data with Hill's equation yield stability constants of 78Q.1)
and 7.7 £0.1) (logK) for a weakly bound zn(ll) ion in MT
from either FluoZin-3 or RhodZin-3 titrations (Figure 4).
Reactivities of T and MT with 5,5'-Dithiobis(2-nitroben-
zoic acid). 5,5-Dithiobis(2-nitrobenzoic acid) (DTNB) was
employed to determine how zinc-binding agents affect the thiol
reactivity of MT. Based on the stoichiometry of the reaction
between thiols and disulfides, a maximum of 10 molecules of
DTNB can react with the 20 cysteines in one molecule of T if
only intramolecular disulfides are form&¥%To decrease the
possibility of intramolecular disulfide formation, a stoichiometry
of 1:1 (1:20 in terms of thiols) between oxidant and apoprotein
was chosen (Figure 5). The pseudo-first-order kinetic constant
(Kobsg Obtained from monitoring the absorbance increase of TNB
at 412 nm depends on the Zn(l1)/T ratio (Figure 3AUp to 4
equiv of Zn(ll) ions drastically diminish thiol reactivity from

(59) Savas, M. M.; Shaw, C. F.; Petering, D. H.Inorg. Biochem1993 52,
235-249.

(60) Jiang, L.-J.; Maret, W.; Vallee, B. IProc. Natl. Acad. Sci. U.S.A998
95, 9146-9149.
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RhodZin-3 (uM) of T with Zn(ll). T (1 xM) was oxidized with 1uM DTNB in 50 mM

Figure 4. Zn(ll) transfer from metallothionein to FluoZin-3 or Rhodzin-  HEPES, pH 7.4i(= 0.1) in the presence of-812.6uM Zn(ll). Different

3. MT (0.54M) was mixed with 6-5 «M FluoZin-3 (A) or RhodZin-3 (B) aliquots of T were mixed with a Zn(ll) sulfate solution under a nitrogen
in 50 mM HEPES, pH 7.4, 5@M TCEP ( = 0.1) and incubated for 2 h. stream and incubated at 26 for 30 s, and DTNB was added. (B) Oxidation

Fluorescence was measured at 517 or 550 nm, and the backgroundates kobsg of MT as afunct_ion of an excess of Zn(ll). Pseudo-first-order
fluorescence of the dyes was subtracted and calibrated by adding Zn(ll) rate constants were determined from the linear rates of absorbance increase

sulfate or E+DTA to final concentrations of 100 and 5@4, respectively. at 412 nm.
ey, AT s S o 5 e gty regctiviy of MT vith DTN was employed to examine this
Fluozin-3 and RhodzZin-3, respectively. question. Fully Zn(ll)-loaded protein was mixed with DTNB
in the presence of ligand, and absorbance readings at 412 nm
0.42 s1to 0.05 s. After addition of 6 equiv, the rate is 0.008 were taken immediately. Pseudo-first-order rates were fitted to
s™1. The rate decreases slightly upon further addition of zinc obtain kypse In the absence of ligand, the value for MT in
sulfate, but the reaction is not quenched completely. The resultsHEPES buffer is 2.2« 1072 s7L. This value is identical to the
indicate that four to six Zn(ll) ions engage virtually all of the one obtained from the reaction of DTNB with T when incubated
cysteinyl residues of T in coordination. If the incomplete with 7 equiv of Zn(ll) (Figure 5A). Pseudo-first-order rates in
guenching is due to dissociation of weakly bound Zn(ll) from the presence of weak physiological Zn(ll) ligands are 4.3
MT, adding Zn(ll) to MT is expected to shift the equilibrium  (citrate), 4.9 (ATP), and 5.4 10 3s* (L-histidine). Chelating
between fully and partially Zn(ll)-loaded MT to the former (eq agents with intermediate strength increksgd 1.2 (dipyridyl),
3), thereby decreasing the reaction with DTNBmphasis 1.9 (NTA), 2.8 (EDDA), and 4.1x 1072 (EGTA) s* (Figure
added). Indeed, adding 10, 100, or 1Qa@ Zn(ll) to MT in 6A, Table S1). The strongest chelating agent used, EDTA,
HEPES reducekosgto 1.4, 0.97, and 0.44 1073 s~ (Figure increasesonsd to 0.23 s1. At concentrations of 1 mM (vs 1
5B), which is beyond the apparent limiting values in titrations «M Zn(ll)), glycine and L-alanine with conditional Zn(ll)
of T with zinc sulfate (Figure 5A). Thus, the reaction rate is stability constants of 7.4 1% and 2.1x 10> M~ at pH 7.4,
controlled by dissociation of weakly bound Zn(ll) from MT, respectively, virtually do not affect the rate3? The ligands
and even fully Zn(ll)-loaded MT reacts with DTNB at pH 7.4. used bind Zn(Il) with micromolar to femtomolar affinities at
pH 7.4 (Table S1). Notably, the stronger the affinity of the
nT=7Zn,_ T+ nzn?* 3) chelating agent for Zn(ll), the faster the oxidation of MT with
DTNB (Figure 6A). A plot of the conditional stability constants
These observations raise the possibility that relatively weak of the ligands (logK") vs logkonsgiS linear over the entire range
biological Zn(ll)-binding agents compete with MT for Zn(ll).  of chelating agents (Figure 6B, Table S1). The effects of
If Zn(Il) binding to MT is as strong as suggested by an average chelating agents with relatively low Zn(ll) affinity demonstrate
K of 1011—10' M1, the agents will bind virtually no Zn(ll)  that some Zn(ll) in MT is bound with an affinity significantly
from MT. If, on the other hand, the binding is as weak as lower than 11.8 (logK). Increased reactivity with higher
suggested by the competition with FluoZin-3 and RhodZin-3, affinities of the chelating agents indicates competition between
the agents will compete with MT for Zn(ll) and their Zn(ll)-  MT and chelating agents for Zn(ll) and an increase in the free
binding properties may be important physiologically. The thiol/thiolate ratio in partially Zn(Il)-loaded MT.
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Figure 6. Effects of chelating agents and an excess of Zn(Il) on the rate Time (min)

of metallothionein oxidation with DTNB. (A) MT (kM) was mixed with

1 mM chelator in 50 mM HEPES, pH 7.4 € 0.1) and 1uM DTNB, and
kobsda Was determined. (B) The affinity of each chelating agent was
transformed to a conditional stability const#&t(eq 1, Table S1) and plotted
againstkopsd (R = 0.998, p< 0.0001).

Table 1. Pseudo-first-order Rate Constants (kobsd) Of the Reaction
between 1 uM Metallothionein and 1 M DTNB in Different Buffers
(50 mM, pH 7.4, I = 0.1)2

buffer (50 mM) Kopsa % 10° (574
HEPESNat+ 22+0.1
borateNa* 2.1+0.1
Tris+HCI 35+0.1
Bis-Tris propane 5604
phosphateK+ 5.7+£0.2
glycine 6.7+ 0.3
bicine? (100 mM) 20.5+ 0.3

(75 mM) 155+ 0.5
(50 mM) 11.6+0.8
(25 mM) 7.9+ 04
(10 mM) 3.9+0.1

aThe dependence dfopsg ON the buffer concentration is given for
bicine.

Importantly, rates of the reaction between MT and DTNB
depend on the type of buffer, its Zn(ll)-binding characteristics,
and its concentration. The rate in borate is identical to that in
HEPES (Table 1). In Tri$dCl or Bis-Tris propanekopsqis 2

Figure 7. Competition between metallothionein and thionein for Zn(ll) as
monitored by FluoZin-3. MT (0.2M) was incubated with 2ZM FluoZin-3

for 25 min in 50 mM HEPES, pH 7.4, 5oM TCEP ( = 0.1). At the end

of the incubation (arrow), different amounts of T were added to final
concentrations of 0.01 (a), 0.02 (b), 0.04 (c), 0.06 (d), 0.08 (e), and 0.14
uM (f). Only one trace for the initial increase of fluorescence is shown
because each experiment gave identical results.

Effect of Thionein on Zn(ll) Availability from Metal-
lothionein. T is an excellent chelator that binds up to seven
Zn(ll) ions with different affinities. Further studies were
designed to address the question of how MT and T jointly
control the availability of free Zn(Il). Two limiting conditions
apply. If there were only ZT, virtually no Zn(Il) would be
available above a pZnlog[Zn®"]uee of 11.8. If there were
only Zn;T (MT), too much Zn(Il) would be available (pZn of
about 7). Such pZn values are not compatible with estimates of
picomolar concentrations of free Zn(ll) in eukaryotic c&#81213
Since both MT and T are present in tissues and cells, it was
investigated how the presence of T influences the availability
of zZn(ll) from MT. Upon addition of FluoZin-3 to MT,
fluorescence increases immediately in a process twith~ 1
min (Figure 7). However, the reaction is biphasic, and full
equilibration is not reached until at ldak h later. When T is
added, Zn(ll) is transferred from the dye almost instantaneously
to form MT (Figure 7). Based on Zn(ll) affinities, MT and T

and 3 times higher, respectively. Commonly used buffers (50 jointly should buffer Zn(Il) in the pZn range from 7 to 11. To

mM) increase the reactivity in the following order: HEPES
borate< Tris*HCI < Bis-Tris propanex phosphate< glycine

< bicine (Table 1). This order correlates with the conditional
stability constants of the Zn(ll)/buffer complex&s4s Glycine

at a concentration of 50 mM affects MT/Zn(ll) equilibria, while
1 mM has no measurable effect (see above). A similar

examine this buffering capacity,:BM FluoZin-3 was added to
mixtures of MT and T that contain a final concentration of 1
uM total protein (MT+ T). Fluorescence was measured after
a 2-h equilibration. A plot of measuredlog[Zn?*]see vVersus

the fraction of T (T/(T+ MT)) yields a buffering profile that
clearly demarcates ranges of picomolar and nanomolar Zn(Il)

concentration-dependent rate increase was observed with bicinebuffering (Figure 8). Importantly, buffering in the low picomolar

which binds Zn(Il) tighter than glycine (Table 43In summary,

range would require an excess of T over MT. Thus, from such

chelating agents, Zn(ll)-coordinating buffers, or Zn(ll) modulate @ Zn(ll) buffering system and in the presence of a competing
the reactivity of MT with an oxidant such as DTNB because dye as an acceptor, Zn(ll) ions are available in the nanomolar
these agents affect the equilibrium between fully and partially to picomolar range, in which free Zn(ll) ions have been observed
Zn(IN)-loaded MT (eq 3). The thiol reactivity of MT with redox by direct measurements in cetfs!?

reagents depends on the availability of Zn(ll) in solution. At Metallothionein Speciation. T has an apparent average
low Zn(Il) concentrations, the reactivity of MT is high, whereas Zn(ll) affinity of log K = 11.8 for the four tightly bound

at high Zn(lIl) concentrations its reactivity is correspondingly Zn(ll) ions. A value of 7.7 pertains to a relatively weakly bound
lower. Thus, in any study examining the thiol reactivity of MT, Zn(ll) ion in MT. The slope in the range of the intermediate
the choice of buffer is critical. buffering capacity (Figure 3E, F) indicates that the remaining
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Figure 8. Effect of thionein on [ZA]xee controlled by metallothionein. Figure 9. Distribution of Zny—7T species at a &M concentration of protein

MT + T (1 uM) was incubated with %M FluoZin-3 in 50 mM HEPES, as a function of the Zn(ll)/Thionein ratio; g — free thionein &), ZnsT

pH 7.4, 50uM TCEP ( = 0.1) for 2 h. Reduced T was added to a solution (¥), ZneT (a), and ZnRT (M). Speciation is based on the stability constants

of MT in such a way that the total protein concentration was\VL(T + (Table 2). Distribution of Zp-4T species is based on assuming identical

MT). Fluorescence was measured at 517 nm with excitation at 492 nm. apparent stability constants of Iég= 11.8 (solid lines). The sum of these

Free Zn(ll) calculations are based Brin andFmaxVvalues and the apparent ~ four species is also given (dashed line) because these constants are

stability constant of Zn-FluoZin-3. In the absence of Fluozin-3, Zn(ll) indistinguishable by the methods employed.

buffering extends to pZr= 7, as shown by the curve calculated from the

stability constants in Table 2 (-). The dashed line (- - -) corresponds to

the theoretical behavior of MT and T if all seven Zn(ll) ions had the same . . -

affinities as the four strongly bound Zn(ll) ions. be calcula_ted (Flgure 9, dashed I_|ne). Below a Zn(II)/T |_ra_t|_o of
4, Zn(ll) is available only to ligands that have affinities

higher than 11.8 or are in significant excess over MT. At ratios

Table 2. Apparent Stability Constants (log K) and Apparent ; ; i
Formation Constants (log ) of the Zn(ll)—Thionein System at pH abgve 6 Fhe Zn(ll) buffering capacity of MT.IS exhausted
7.4 (1=0.1) and a significant amount of Zn(ll) becomes available to poten-
log K tial acceptors. What is particularly important is the interme-
eaction o oz oo e logf diate range, where two species, sZnand ZnrT, make
— 26p = d 2 pg(ﬁ 98(2) g 5 Zn(ll) available. According to estimates eflog[Zn?*]ree in
4zt + T=2znT 12.0 11.R 11.5(2) 11.8(1) K, 11. 47. - . :
72+ ZnT = ZneT 10.5 10.6 Ko 10.45(7) 57.6 the plcomolar 9r?g]92e£3 these species do seem to be important
et + ZnT=ZneT 9.9 10.R Ks 9.95(7) 67.8 physiologically?%12
Znt+ ZngT=2znT 7.8 7.8 7F TR K, 7.7(1) 753

Discussion
a Based_on fitting binding isotherms (Figure YBased on Zn(Il) transfer
to NTA (Figure 3).°Based on competition between either FluoZin-3 or Cellular proteins bind zn(ll) with relatively high affinity

Rhodzin-3 and MT for Zn(ll) (Figure 4)¢ Values of stability constants 2 N1 . PR .
recalculated per one Zn(II§.log f ZniT = 4 x log Ky; 10g 8 Zna:nT = _(~101 M™1), and its _avallab|I|ty is regt_llated tightR:. Accord- _
log B Znuin-1T + log Ku+n, wheren = 1-3.TF means experiment  ingly, the concentrations of free Zn(ll) ions are very low, posing

performed in the presence of FluoZinRBmeans experiment performed in - 5 conundrum namely how do thousands of zinc proteins obtain
the presence of RhodZin-3. o . )
their zinc. Until recently, only total Zn(Il) concentrations could
be determined in biological samples. With the advent of
two Zn(ll) ions in MT have binding constants in the range fluorogenic chelating agents, it became possible to examine very

between 7.7 and 11.8. Stability constants for these Zn(ll) ions oW amounts of free Zn(ll). Estimates are in the picomolar
could not be obtained with the titration methods employed. 'ange®*%123To keep free Zn(ll) concentrations so low, cells
However, their affinities can be estimated by fitting the data to USe @ micromolar Zn(ll) buffering capacityin contrast to most

a model with four species: Zm, ZnsT, ZneT, and Z3T (Table chemical metal buffering systems, biological systems use sulfur-
2). With the parameters listed in Table 2, an excellent fit of the donor-based chemistry to buffer Zn(#).Based on previous
experimental data is obtained (Figure 3E, F). For both dyes, a®@stimates of the affinity of MT for Zn(ll), MT should,
model with equal Zn(ll) affinities of Z&T and ZnT gave a essentially, be a thermodynamic sink for Zn(ll) and should be
less satisfactory fit than a model with two different affinities. Saturated with Zn(Il). The detection of binding sites with lower
A species distribution can be calculated from these data (Figure@ffinities, hoyvever, suggests a dynam|c. role of MT/T in cellular
9). The NTA competition method employed detects neither ZN(ll) buffering. The chemical properties of MT need to be
differences in binding of the four tightly bound Zn(ll) nor any "elated to both the cellular requirements for Zn(ll) and the
significant degree or type of cooperativity. Given the complexity speciation of MT in terms of metal load and redox staféus,

of the structure of MT, there is na priori reason to assume both chemical and biological approaches come to bear on the
that the four Zn(ll) ions bind with equal affinity. Nevertheless, : .

applying OckNa's razor 1o this issue and assuming four (E3) Varel WEHOemsnoo0s a3 2008 3200 o
equal binding constants, a species distribution for-4h can 200.
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guestion of how the unique coordination chemistry of the zinc/ (Figure 4, Table 2). However, since the dyes are in slight molar

thiolate clusters in MT controls cellular Zn(ll).
In previous work, the Zn(ll) affinity of MT was determined

excess over the one Zn(ll) ion in MT, more than one Zn(ll) ion
is released (20% and 16% for FluoZin-3 and RhodZin-3,

by competition with either protons or chelating agents and by respectively, with 14.3% corresponding to one Zn(ll)). Also,

observation of either LMCT (S> Zn(ll)) transitions in MT or

more than one Zn(ll) ion is available from MT when it is mixed

characteristic absorbance changes when the chelating agents bindith a 25-fold excess of NTA (Figure 3) with an apparent Zn-

Zn(11).26:27.63 These approaches did not reveal differences in
Zn(Il) binding. The interpretation of pH titrations is based on a
model of three cysteinyl protons competing with one metal ion
in the clusters (a ratio of 20 thiols to 7 Zn(ll) ions corresponds
to a stoichiometry of 2.9). Equilibrium constants/&f, = 2.1

x 107° M2 and Bu,, based on an average thiokKpvalue of
8.9, were calculated according to ed®4:

g L Zn0dIH 7

20 [(LH) ()]
b = [(LH)s 1

LOIHT (KD

The resulting cumulative stability constadyjr = 1 x 108
(Bzn % Phy) can be converted to any pH value. Thus, the

apparent stability constants arex210'2 and 3x 101 M~ at
pH 7.0 and 7.4, respectively. Calculated valueggfand S,

“4)

(1) stability constant of 2.1x 108 M~1 (pH 7.4), which is, thus,
relatively close to those of the fluorogenic probes (Figure
S2)1337Higher concentrations of chelators compete with more
than one Zn(ll) ion, including Zn(ll) from stronger binding sites.
The contributions of these stronger binding sites are negligible
in the presence of a25-fold excess of FluoZin-3 or RhodZin-3
because of 24 orders of magnitude differences in affinities
between strong and weaker binding sites (Table 2).
Previously, it was reported that 100/ of 4-(2-pyridylazo)-
resorcinol (PAR) with a conditional stability constant of<2
10° M~ ! binds<14% of Zn(ll) from 1uM MT in 0.2 M TRIS-
HCI, pH 7.4538%9Using the stability data in Table 2, one can
calculate that, under equilibrium and at this particular concentra-
tion, PAR binds 25% of Zn(Il) from MT. 10@M of the much
weaker chelating agent 2-[2-[alpha(2-hydroxy-5-sulfophenyl-
azo)benzylidenelhydrazino]benzoic acid (Zincon), with an ap-
parent stability constant of 8 10° M~1 (25 °C, pH 7.4), binds
only about 4% of total Zn(Il) from MT, which is in agreement

are based on assuming equal contributions of 20 cysteines toWith a calculated value of 5% at equilibrium (Table’2)! Thus,

either the LMCT transitions or the absorbance of thiol/thiolate,

Zincon competes with the weakly bound Zn(Il) in MT while

i.e., assuming that the absorbance at 220 nm is a linear function®AR can compete with the stronger bound Zn(ll) ions. Based

of metal or proton binding to T. The cysteinyl residues are

on an average overall tight binding of Zn(ll) to MT, it was

grouped in seven motifs that are separated by stretches of aguggested that Zincon does not compete with MT for Zn(ll),
least three or more amino acids. Within these motifs, ligands and accordingly, the detection of about 4% of Zn(ll) in MT

are provided from CysX—Cys (7 times), CysCys (3 times),
and Cys-X—X—Cys (3 times) sequencésPotential differ-
ences in [, values among the 20 thiols can significantly affect
the value of the cumulative stability constant. Cysteih p
values differ even in apo-phytochelatins with the repetitive
amino acid sequencg+Glu-Cys).55-%6 Varying proximities of

when Zincon was mixed with MT was attributed to spurious
Zn(ll) in the preparatioft®58Clearly, in studies of the reactivity
of MT, conditions such as buffer, pH, and choice and concen-
tration of chelating agent are critically important.

Strong Zn(ll) Binding Sites in Metallothionein. T binds
four Zn(ll) ions with an apparent stability constant ofk610'*

cysteinyl residues to Ser and Lys in MT-2 are expected to result M~* per Zn(ll) (Figure 3, Table 2), a value that is in good

in different K, values of thiol functions, and such differences
are likely responsible for the fact that the Hendersblassel-
balch slopeApH/Alog([RS]J/[RSH]) of pH titrations between
7 and 12 is<1.026:6768|n contrast to these methods that lead
to a model of seven Zn(ll) ions binding with equally strong
affinity to MT, the results described in this manuscript

agreement with the previously determined average value of 2
x 10" M~125°C, pH 7.4 obtained from competition with NTA

or H,KTSM,.83 An apparent stability constant ofs7 1022 M1

(pH 7.0) for MT was measured by competition with 8-hydroxy-
quinoline-5-sulfonic acid. This value seems to overestimate the
affinity, because it would be even higher at pH 7.&Remark-

demonstrate that fluorimetric measurements have the capacityably, aside from another value 0f2102 M~ in the literature,
to uncover at least three classes of Zn(ll) binding sites in MT. these are the only values availaBi&xperimental details about

A Weak Zn(Il) Binding Site in Metallothionein. Although
a weak Zn(ll) binding site in MT was implicated from the

how these constants were obtained were not reported, and neither
the source nor the isoform of MT was specified. Added to this

observation of Zn(ll) transfer to apo-metalloenzymes, a method scarcity of data is the fact that equal affinity of all binding sites

to quantitatively study this site and differentiate it from the
others was not availabfé:>* Zn(Il) competition with FluoZin-3
or Rhodzin-3, which are dyes with very high quantum yields

was assumed. This assumption is chemically perhaps intuitive
due to the similar coordination environments, but it turns out
to be incorrect. The existence of one weakly bound Zn(ll) in

in response to Zn(ll), demonstrates that one Zn(ll) ion binds to MT does not contradict the generally strong affinity of this

the protein with an apparent stability constant of 5.0 M~

(63) Otvos, J. D.; Petering, D. H.; Shaw, C.Gomments Inorg. Chem989

(64) Kojima, Y.; Berger, C.; Vallee, B. L.; Kg, J. H. R.Proc. Natl. Acad. Sci.
U.S.A.1976 73, 3413-3417.

(65) Dorck, V.; Krezel, A. Dalton Trans.2003 2253-2259.

(66) Spain, S. M.; Rabenstein, D. Anal. Chem2004 75, 3712-3719.

(67) Snyder, G. H.; Cennerazzo, M. J.; Karalis, A. J.; FieldBiachemistry
1981 20, 6509-6519.

(68) Edsall, J. T.; Wyman, Biophysical ChemistryAcademic Press: New
York, 1958; Vol. 1, p 487.

protein for Zn(ll), as determined in past studies. With apparent
stability constants of four strongly, two moderately strongly,
and one weakly bound Zn(ll) (Table 2), one calculates an
average binding constari{{ x (4K;—4 + Ks + Kg + K7)) of 4

x 10" M~1, This value is almost identical to the affinities of
the strong binding sites and is not readily distinguishable from

(69) Tanaka, M.; Funahashi, S.; Shirai, lKorg. Chem.1968 7, 573-578.
(70) Chen, Y; Maret, WEur. J. Biochem2001, 268 3346-3353.
(71) Sadek, F. S.; Schmid, R. W.; Reilley, C. Malanta1959 2, 38-51.
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the average value 2 10'* M~1.63 Thus, the binding properties  ions. Therefore, the nomenclature used for the isolated forms
are dominated by the four strongly bound metal ions, and the becomes fuzzy when applied to biological systems. Indeed, all
contribution of one weakly bound metal ion is not readily four species (ZiT—Zn;T) are observed by mass spectrometry
detectable by less sensitive methods. when the apo-form of the zinc finger peptide Ncp7{B3) is
Medium Strength Zn(ll) Binding Sites in Metallothionein. mixed with rabbit MT-273 In cells, “metallothionein” is a
Transfer of more than one Zn(ll) ion to an excess of chelators dynamic protein with species constantly changing due to
with medium strength, such as NTA, demonstrates removal of Zn(ll) transfer to apo-metalloproteins and re-equilibration when
Zn(ll) from stronger binding sites in MT. The binding constants T expression is induced. Furthermore, species distribution
of the weak and strong binding sites (Table 2) differ by 4 orders depends on the total protein concentration, which is estimated
of magnitude. The properties of sites that bind Zn(ll) with to be micromolar but can vary 400-fold’”> Changing MT
medium strength cannot be measured directly because of theconcentrations in the range 18-108 M modulates [ZA"]fee

overlapping affinities of weak and strong binding sites. Zn(ll)
titration of T in the presence of FluoZin-3 or RhodZin-3
demonstrates that two Zn(ll) ions are bound with affinities that
differ from the strong and weak binding sites (Figure 2). A fit
of the binding isotherm with values of @ 10° and 3 x 10
M~ (K¢ and Ks) for the Zn(ll) ions that bind with medium

from 0.2 to 10.6% of total Zn(ll) as a result of Zn(ll) dissociation
from Zmn;T and formation of ZgT (Figure S3). Thus, at the
millimolar concentrations of protein used for structure deter-
mination in solution, there is virtually no dissociation of zinc
from Zn;T. However, in the physiological range of MT
concentrations, ZT and ZnT are the predominant forms in

strength (Figure 2, Table 2) demonstrates excellent agreementhe absence of T. i predominates below a concentration of
between estimates of these parameters and experimental dat&80 nM of total MT.

Effect of Thionein on the Metal Load of Metallothionein.
Different binding properties of MT are very well resolved in
the case of its titrations with T. If MT were to bind seven
Zn(ll) ions with the same strong affinity, the Zn(ll) buf-
fering capacity would be limited to 11.& 0.25 units on a
—log[Zn?*]see Scale, and Zn(l1) would not be buffered in such

Reactivity of Metallothionein as a Consequence of Dif-
ferent Zn(ll) Affinities. Chelating and other Zn(ll)-binding
agents serve as surrogates for biological zinc acceptors, and
DTNB serves as a surrogate for oxidants or reactive electro-
philes. DTNB oxidizes thiols faster in partially Zn(ll)-depleted
MT than in fully Zn(ll)-loaded MT because of the higher

a wide range as is experimenta”y observed (Figure 8) Tis a reaCtiVity of free thiols Compared with Zn(“)-bound thiolates

strong acceptor of at least four Zn(ll) ions, and MT is a donor
of at least one weakly bound zZn(ll). Therefore, MT containing
Zn(ll) bound with such a wide range of affinities is expected
to transfer weakly bound Zn(ll) as well as some of the Zn(ll)
ions bound with intermediate strength to T. The implications
for biology are that any newly synthesized T re-equilibrates with

(Figure 5A)>* Even ligands with a relatively weak affinity for
Zn(ll) compete with MT for Zn(ll) and increase the rate of thiol
oxidation (Figure 6A, B). Different oxidation rates were
observed when DTNB oxidizes MT in the presence of ATP,
ADP, and AMP whose Zn(ll) affinities decrease in this ortfer.
Addition of Zn(Il) to MT, however, decreases the oxidation rate

any already existing MT, with the important consequences that Pecause the equilibrium (== Zn;_nT + nZn?*) shifts toward

MT and T do not coexist, as previously inferred from data that

Zn;T (Figure 5B). These observations uncover a property of

were interpreted as cooperative binding, and that metal clustersMT that is important biologically, namely that the chemical

that are not fully loaded with Zn(ll) are functionally relevaat.
Using the affinities of MT for Zn(ll) (Table 2), a species
distribution as a function of Zn(Il)/T ratios can be calculated
(Figure 9). The strongly bound Zn(ll) ions interact with T with
little, if any, cooperativity i = 1.5+ 0.2, Figure 3). Zgl and

activity of MT changes when biological ligands compete with
MT for Zn(ll) and affect its metal load. In other words, Zn(ll)
availability and reactivity of MT are linked in a way that reflects
the demand for Zn(ll). MT can switch between functions in
either storage or delivery of Zn(ll). At high availability of

ZnsT species exist when the T concentration relative to that of ZN(ll) the molecule is least reactive. However, if the availability

total protein (T/(MT-+ T)) is below 0.43 (corresponding to a
T/MT ratio of 0.75). Above this value, only Zm exists (Figures

8 and 9). It is now possible to compare this information with
our knowledge about T/MT ratios in cells. Analysis of MT and
T in human colon cancer (HT-29) cells by differential chemical
modification with the fluorescent agent ABD-F (7-fluorobenz-
2-oxa-1,3-diazole-4-sulfonamide) yields T/MT ratios in the
range 0.28-0.43 for control cells and cells treated with zinc
sulfate®® Thus, the cellular T/MT ratios are below the critical
value 0.43, clearly supporting the physiological importance of
the ZrT and ZisT species. The differential chemical modifica-

of Zn(ll) is low, the molecule becomes increasingly more
reactive to supply Zn(ll) for cellular functions.

Speciation and Structure.Any discussion of MT function
is based on the high resolution solution and crystal structures
of the protein, which has 20 reduced cysteines and 7 Cd(ll)
ions. There are limitations with this model. First, Zn(ll) is
expected to behave differently from Cd(ll) because it binds at
least 4 orders of magnitude weaker and its exchange kinetics
are slower. Second, both oxidized and partially metal-loaded
species are present in tissues, supporting the notions that redox
reactions are important in the regulation of Zn(ll) availability

tion assay does not have the capacity to distinguish between Tand that the protein does not exist in the form known from its

that is completely devoid of Zn(ll) and a mixture of spedes.
The finding of binding sites with different affinities for Zn(ll)

resolves this issue. Though MT and T can be prepared and

studied in the test tube, the form of the protein in cells is a

three-dimensional structur€? Thus, there are issues about

(73) Hathout, Y.; Fabris, D.; Fenselau, [ot. J. Mass Spectron2001, 204,
1-6.

Krezoski, S. K.; Villalobos, J.; Shaw, C. F.; Petering, D.Bibchem. J.
1988 255, 483-491.

(74)

mixture of species with a complement of less than seven Zn(ll) (75) Woo, E. S.; Monks, A.; Watkins, S. C.; Wang, A. S.; Lazo, JC&ncer

(72) Duncan, K. E. R.; Stillman, M. Jl. Inorg. Biochem2006 100, 2101~
2107.
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2006 281, 681-687.
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where in the structure of MT the weak Zn(lIl) binding site is
located and whether or not the ZgT species have unique three-
dimensional structures. One weakly bound Zn(ll) originates from
the N-terminal-domain®® Similarly, a more weakly bound
Cd(ll) has been localized to the C-terminal portion of the
B-domain’® From studies with the isolated domain peptides,
which can be synthesized chemically, thedomain has an
average binding constant of 2 10'* M~ at pH 7.07°80The
crystal structure of MT was determined with asZd, T species,
and a remarkable feature of this structure is that the two Zn(ll)
ions occupy defined positions in thedomain® Presumably,
Cd(ll) is bound to the same sites that have a strong affinity for
Zn(ll), suggesting from which sites Zn(ll) ions have dissociated
in ZneT and ZniT and which cysteines would become exposed
for reactions with oxidants and electrophiles. Zn(ll) binding in
the C-terminalt-domain is stronger with at least two different
classes of affinitie€? Likewise, differences in cadmium binding
in the Cd-o-domain were observed by UV and CD spec-
troscopies! No evidence for cooperativity of cadmium binding
in the formation of the cadmium/thiolate cluster in the isolated
C-terminal domain of human MT-1a was fouftdCo(ll) is a
much better isostructural probe than Cdgf)rhe four tightly
bound zZn(ll) ions are thought to interact with T without using

bridging ligands, in the same way postulated for the pathway

for forming CoT, where EPR spectroscopy demonstrated that
four Co(ll) ions bind to T without spirspin interaction§?
Above a Co(Il)/T ratio of 4, the intensity of the EPR signal

connectedvia sulfur bridges, preferentially in the- and later

in the 8-domaind+8> From this observation and the fact that
four to six Zn(Il) ions quench the reactivity of all the cysteines,
it seems clear that the four tightly bound Zn(Il) ions do not
correspond to the four Zn(ll) ions in the M cluster. The
above data do not provide information about whether the binding
mechanism for seven Zn(ll) ions to MT is sequential or
concerted. Even in the RING finger domain of BRCAL with a
pattern of ligands interleaving the two zinc sites, metal binding
is sequential with anticooperativi#§.Regarding the two zinc/
thiolate clusters in MT, it is remarkable how variation of binding
constants over 4 orders of magnitude can be achieved given
that all Zn(ll) ions reside in a tetrathiolate coordination
environment.
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