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Mobility of Copper in Binding Sites in Rabbit Liver Metallothionein 2
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We describe the first direct evidence for mobility of Cu(l) atoms within the metal binding sites in mammalian
metallothionein based on temporal changes in the emission spectrum-®iTCn = 1—20) in the 600 nm
region. The emission intensities are specifically dependent on the temperature and on the metal:protein molar
ratio between 1 Cu(l), 12 Cu(l), and 20 Cu(l) [Green, A. R.; Presta, A. P.; Gasyna, Z.; Stillman,Ifdrgl.

Chem 1994 33, 4159-4168]. We report that this emission spectral intensity systematically changes with time
in the period following the initial binding of Cu(l) to rabbit liver Z#MT that can be interpreted on a molecular
level in terms of the adoption by Cu(l) of different copp¢hiolate cluster structures within the binding site over

a period of 18 min (at room temperature) following initial binding of the Cu(l) atoms. The kinetic traces show
three significantly different trends depending on the Cu(l):MT ratio. Quantitative analysis shows that the rate of
this reaction slows considerably when -€8.ys—Cu bridges must form. After an initial rise in the emission
intensity during the first 5 min, the emission intensity either (i) decreases8 @u(l)), (ii) increases (912

Cu(l)), or (iii) remains constant (320 Cu(l)). The latter two trends in particular confirm the stability of the
copper(l)-containing protein over time. Both qualitative and quantitative interpretation show that the final structure
adopted is not the same as that formed immediately after the Cu(l) binds to the thiolate groups in Zn-MT for all
metal loading ratios between 1 and 12 Cu(l). The data confirm that Cu(l) initially binds#®Znin both the

o andf domains in a noncooperative, random manner. After equilibration, the Cu(l) atoms rearrange to fill the
less emissiv@ domain preferentially. This rearrangement is similar to that observed for Cd(ll) during the formation
of Cds-MT a-fragment when Cd(ll) is added to ZMT [Stillman, M. J.; Zelazowski, A. JBiochem J. 1989

262, 181-188] and accounts for the decrease in emission with time—&& Qu(l) are added to ZAMT. The

data for +-12 Cu(l) can be interpreted on a molecular level in terms of the mobility of bound Cu(l) between
different sites in the protein and in terms of the flexibility of the peptide chain providing the first direct spectroscopic
evidence that Cu(l) atoms migrate between thiolate cluster sites following initial binding. The Cu(l) bound in
thea domain in the kinetically-controlled domain-distributed product migrates t@ ttemain to form the domain-
specific thermodynamically-controlled product. The data thus provide evidence for the origin of the previously
reported domain specificity for Cu(l) binding to Zn-MT. Further rearrangements by the peptide backbone account
for the increase in emission intensity with time as12 Cu(l) are added to ZrMT.

Introduction Ma(Sey911 and Ms(Scys)o metal-thiolate cluster structures, re-
spectively! The cysteinyl thiolates bind both in a bridging
manner (M-RS—M) and in a terminal manner (RSM).

As the structural aspects of the metal-binding site within
metallothionein have become well established, interest has begun
to focus on the chemical reactivity of the protein. Studies of
the dynamics of the metal binding reaction, of the equilibrium
processes involved in metal substitution reactions and of the
kinetics of competitive metal chelation by other ligands may
provide important clues towards the biological function of
metallothionein. 13Cd NMR spectroscopic studies on €MT
suggest that the metal-thiolate clusters are quite dynamic with
the bound metals involved in continuous exchange between
different site$® Competition for the metals in the metallothio-
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Metallothioneins (MT) are a class of proteins characterized
by a high cysteine content and an absence of both aromatic
amino acids and disulfide bondsA key feature is that the
tertiary structure of the metallated protein is completely de-
pendent on the formation of metathiolate bonds in the metal
binding sites. A wide range of metals bind to the apo-protein
(metal-free metallothionein) or displace an existing méfadr
example, cadmium binds to both mammalian apo-MT and to
mammalian ZaMT to form Cd-MT.2 NMR*5 and X-ray
diffraction studie&” have established that Zn(Il) and Cd(ll) bind
to metallothionein with tetrahedral coordination (that is in
MS, units) in two domains, named andp, that are based on
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hydrasé3 and between GeMT and Hg-MT6 imply that direct
interaction between the proteins occurs at the site of metal
binding. The accessibility of these metal sites allows metal-
lothionein to undergo associative ligand substitution reactions
which result in facile metal exchange reactiongitro3817-20
and as well, presumablyin vivo. Finally, litle has been
reported on the role of the peptide flexibility in accommodating
the large number of metals that can bind to theg9SOptical
experiments indicate that the environment of the protein
influences the possible metal:protein stoichiometries that form
in the binding site, for example, the formation of Zo,-MT
2_20

This lability introduces the possibility of a change in the site
of metal binding that can be induced by the addition of
subsequent metals. Changes in CD spectral data between
and 50°C indicate that considerable thermally-induced rear-
rangement takes place after Cd(Il) or Ag(l) initially bind to
Zn;-MT.317.18 QOptical studies using both circular dichroism and
emission spectroscopy indicate that similar thermally-induced
rearrangements occur when Cu(l) binds te-Efl.1920 In sitro
analytical studies suggested that for mammalian apo-MT, the
B domain fills first to form the domain-specific @&cys)s metal-
thiolate cluster structur€. Significantly, the optical spectral
studies of Cu(l) binding to rabbit liver ZFMT suggest that

Green and Stillman

has been attributed to metal-centere@3Htriplet excited states,
and we have shown that the excited state lifetimes of the
luminescence do not depend on the Cu(l):MT réfio.

In this paper, we report that the time dependence of the
intensity of the emission spectrum recorded from,-GAT (n
= 1-20) reveals that the Cu(l) is significantly mobile following
initial binding. The data also show for the first time that Cu(l)
atoms migrate within the. domain when both domains are filled
at the Cu(l):MT= 12 point. Although there has been increasing
interest in the ligand competition reactions of metallothiofit?
there has been no previous quantitative study on the kinetics of
internal metal rearrangement within the protein or discussion
of the effects of flexibility of the peptide chain in controlling
the actual structure of the metal binding site.

5

Materials and Methods

Zn;-MT was isolated from rabbit livers followingn vivo induction
procedures using aqueous zinc salts. The protein was purified using
gel filtration and electrophoresis as previously descri®édAqueous
protein solutions were prepared by dissolving the protein in argon-
saturated distilled water. Protein concentrations were estimated from
measurements of the-SH group and zinc concentrations. These
estimations were based on the assumption that there ar&SR0groups
and 7 Zn atoms in each protein molecule. The concentration of the
—SH groups was determined by the spectrophotometric measurement

the prior presence of the Zn(ll) in the tetrahedral sites changest the colored thionitrobenzoate anioas = 13 600 M cm?)

this domain specificity>22 Analysis of the temperature
dependence of these Cu(l) titrations indicated that Cu(l) binds
initially to both domains!®2° Following equilibration at high
temperatures the first six Cu(l) are located in thdomain?®
Clearly, the Cu(l) must be able to migrate from one domain to
the other. Li and Wesét have suggested a mechanism for
copper binding that assumes random binding across both
domains in the same way proposed for cadmium binding to
Zn-MT 317

This paper now provides the first direct spectroscopic
evidence of this migration. Many techniques that can monitor
the site of metal binding precisely are either too slow, or too
insensitive to be useful in this case. However, for both Cu(l)-
and Ag(l)-containing metallothioneins, the emission spectrum
observed in the 500600 nm region is extremely sensitive to
the metal to protein stoichiometric ratio, with maxima at 12 for
Cu-MT, and 12 and 17 for Ag-M12:22-26 This luminescence
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Biochem 1995 227, 226-240.

(21) Nielson, K. B.; Winge, D. RJ. Biol. Chem 1984 259, 4941-4946.
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127. (b) Stillman, M. JCoord Chem Rev. 1995 144, 461-511.
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produced by reaction with DTNB (54lithiobis(-2-nitrobenzoic acid))
in the presencef® M guanidine hydrochloridé& Zinc concentrations
were determined by flame atomic absorption spectrometry (AAS).
Cu(l), in the form of [Cu(CHCN),]CIO4*°in a 30% (v/v) acetonitrile/
water solution, was added to the argon-saturated aqueous solutions of
Zn-MT. The final concentration of acetonitrile in the solutions was
less than 4% (v/v). The number of Cu(l) and Zn(ll) atoms bound to
the protein after each experiment was determined by AAS analysis
following chelation of the free metal by Chelex-100. Emission data
were recorded on a Photon Technology Inc. LS-100 spectrometer
purged with nitrogen or argon gas. Optical glass filters were placed
over the excitation (Corning-754 or Schott BG-24) and emission slits
(Corning CS 3-74 or Schott GG-420) for observation of emission in
the 500-700 nm region with excitation at 300 nm. Rate constants
were determined from the slope of pseudo-first-order plots of InfInt(
— Int(e0)) or In(Int(e0) — Int(t)) vs time.

Results

The absorption spectra of copper metallothioneins are very
broad, extending from 200 to 350 nm, superimposed on a rising
background that extends to 210 nm. The absorption spectrum
encompasses many overlapping individual peptide-based and
ligand-to-metal charge transfer bartfid223 Excitation into the
charge transfer bands results in the appearance of a strong broad
emission band centered near 600 nm at room temper&tlire
significant feature of this emission is that the intensity is entirely
dependent on the presence of Cu(l) bound to the cysteinyl
thiolates of the metallothionein. Thus the emission spectral
intensity reports on copper binding directly from the metal
binding site. Since interactions with the solvent provide a
radiationless path for degrading the energy of an excited state,
room temperature emission of solvated complexes is ungual.
Room temperature luminescence of inorganic Cu(l) complexes
has been observed only when the metal center is protected from
the solvent environment as in Cu(l) complexes with heteroaro-
matic ligand&'~36 and in inorganic Cu(l) clustefg3° Given

(27) Zelazowski, A. J.; Szymanska, J. A.; Witas,Ptep. Biochem 198Q
10, 495-505.

(28) (a) Ellman, G. L.Arch. Biochem Biophys 1959 82, 70-77. (b)
Birchmeier, W.; Christen, FFEBS Lett 1971, 18, 209-213.

(29) Hemmerich, P.; Sigwart, &xperiential963 19, 488-489.
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500 Table 1. Metal Content (mol equiv) of Metallothioneins
Zn-MT + 13Cu(l) Zn-MT
solution Cu(l) Zn(Il) Zn(11)
400 before Chelex 13.#0.1 7.0+£0.1 7.0+0.1
after Chelex 12 0.1 0.35+ 0.05 7.1+ 0.1

(between 598 and 620 nm) on the Cu(l):MT molar ratio at 20
°C is plotted in Figure 1. The emission spectrum is not
significantly dependent on the excitation wavelength chosen
between 270 and 330 nm. An excitation wavelength of 300
nm was chosen to ensure excitation of charge transfer, rather
than peptide-based, states. The broad shape of the absorp-
tion envelope does not change as 1 to 12 Cu(l) are added to
Znz-MT, rather the absorbance between 250 and 350 nm

300

200

Normalized Emission Intensity

100 : X . X ;
increases linearly in correspondence with the formation of
Cu(l)-thiolate bondg°® The addition of +10 Cu(l) to
Zn;-MT produces emission spectra consisting of a single broad
0 k= ; ; ; emission band centered at 6811 nm° This emission band
0 5 10 15 20 center shifts to 598 nm when 11 or 12 Cu(l) have been added

Mol Eq Cu(l) and then red-shifts steeply to roughly 620 nm by the time 15
Figure 1. Normalized emission intensities as a function of the Cu(l): Cu(l) have been addéd. The elapsed times between Cu(l)
MT molar ratio. The dependence of the normalized emission intensity additions in Figure 1 were chosen to best illustrate short mixing
at Amax (see ref 19) calculated as [(measured intensiti-atnear 600 (10 min) and more complete equilibration (30 min) times. The
nm)/(Cu(l):MT molar ratio)] on the Cu(l):MT molar ratio at I in figure shows unambiguously that the normalized emission

aqueous solution is shown. THeangles represent the intensities . - - I . -
obtained when the solution was equilibrated for 5 min after each intensities depend dramatically on the equilibration time,

addition of Cu(l) before acquiring the emission spectrum. The scan Particularly when<9 Cu(l) have been added to the protein.
took 5 min, resulting in intervals of 10 min between each addition of Significantly, the dependence of the intensity on the molar ratio
Cu(l). Thesquaregepresent the intensities obtained when the solution of Cu(l):MT is not linear in either case We would expect the
was equilibrated for 25 min after each addition of Cu(l) before acquiring emission intensity to increase proportionately with the number

the _e_mission spectrum (resu_lting in in_tervals of 30 min between each ¢ copper atoms added. This effect would produce a horizontal
addition of Cu(l)). The vertical bars in the lower part of the graph line in Figure 1. Clearly, this is not the case. The yield in

indicate the final Cu(l):MT molar ratios of the data presented in Figures TR : . .
2 and 3. emission intensity follows a complicated mechanism as there

is an absolutedecrease in emission yield between 2 and 7
this, changes in the magnitude of the emission intensity from Cu(l) addedn both the 10- and 30-min data sets. A significant
copper-substituted metallothioneins can be attributed largely feature evident from the data in Figure 1 is that the temporal
to the efficiency with which a particular metal binding structure dependence of the emission intensity is greatest in the Cu:MT
shields the copperthiolate cluster from the aqueous seht range 18 and least between 8 and 18.

The more open or porous the structure, the more exposed the In order to ensure that this dramatic time dependence in the
copper-thiolate cluster will be and the lower the emission emission intensity, that also depends on the Cu(l):MT ratio (as

intensity expected Therefore, the effect of thece—Cu—Syys seen in Figure 1), did not arise from incomplete binding of
cross-linking on the wrapping of the peptide chain round the Cu(l) over a short period of time, the metal contents of the
metals will directly relate to the solvent access to the-Gys metallothionein solutions 5 min after the addition of Cu(l)
clusters. were determined as follows. A single aliquot of 13 mol

Figure 1 shows the phenomenological basis for the conclu- equiv of Cu(l) was added to 2 mL of @M Zn,-MT and the
sions reached in this paper. The results of two experiments solution stirred for 5 min. A 100 mg sample of Chelex-100
are shown. Following excitation at 300 nm, emission spectra resin was added to 1.5 mL of this solution and stirred for 5
were measured either every 10 or every 30 minutes following min to sequester free metal ions in solution. The super-
sequential additions of Cu(l) to ZMT. The dependence of  natant and the 0.5 mL of solution not exposed to Chelex were
the normalized emission intensitghat is, intensity per mole  analyzed for Cu and Zn by AAS. The results of these analyses
equivalent of Cu(l) added or quantum yield expressed on a perare shown in Table 1. As a control, Chelex-100 was added to
Cu(l) basis rather than on a molecular basis) at the band centersl0 uM Zn;-MT alone. Chelex-100 binds free Zn(ll) and Cu(l)
ions up to a capacity of 22g of Zn(ll)/mg of Chelex and 19
(31) g:jy:r:t,JAhﬁérl-:C'Vrl](;'\rfqilggég-zgziogioe_tﬂgg'zBUChECkeﬂ C. O ug of Cu(l)/mg of ChelexX? The control data show that Chelex-
32) Palmegr], CE A.;gMcMillin, D. Rlnorg. Chem 1987, 26, 3837 100 does not remove Zn(ll) bound to metallothionein under

3840. these conditions. The data for ZMT + 13Cu(l) show that
(33) Dietrich-Buchecker, C. O.; Marnot, P. A.; Sauvage, J.-P.; Kirchhoff, complete replacement of the Zn(ll) bound to the protein by the

J. R.; and McMillin, D. RJ. Chem Soc, Chem Commun1983 513— ; ; ;
515 (Errata: 1984 204). 12 Cu(l) occurs and that there is no free Cu(l) in solution after

(34) Blaskie, M. W.; McMillin, D. R.Inorg. Chem 1980 19, 3519-3522. 5 min. Figure 1 in our previous repéttprovides full details
(35) Rader, R. A.; McMillin, D. R.; Buckner, M. T.; Matthews, T. G.;  of the stoichiometric replacement of Zn(Il) by Cu(l). At low

Casadonte, D. J.; Lengel, R. K.; Whittaker, S. B.; Darmon, L. M.; moeratur linear relationshi ween I n
Lytle, F. E.J. Am Chem Soc 1981 103 5906 5912. temperatures, a linear relationship between Cu(l) added and

(36) Everly, R. M.; Ziessel, R.; Suffert, J.; McMillin, D. Rnorg. Chem Zn(ll) displaced is found, with all Zn(ll) displaced at the 12
1991 30, 559-561. Cu(l) point. At warm temperatures>(5 °C) hysteresis is
(37) Henary, M.; Zink, J. 1J. Am Chem Soc 1989 111, 7407-7411. observed in the Zn(ll)-remaining vs Cu(l)-added plot. We

(38) Vogler, A.; Kunkely, HJ. Am Chem Soc 1986 108 7211-7212.
(39) Sabin, F.; Ryu, C. K.; Ford, P. C.; Vogler, lorg. Chem 1992 31,
1941-1945. (40) Cai, W.; Stillman, M. Jinorg. Chim Acta1988 152, 111—-115.
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Figure 2. Emission Intensity as a function of time for several hours
after the addition of Cu(l) to metallothionein solutions. (A) 1 mol equiv s5{E 4750 5
of Cu(l) was added through a septum to an argon-saturated solution of
30 uM Zn+-MT at 19 °C and the intensity at 600 nm was measured m
every minute for 16 h (960 min). (B) 2 mol equiv of Cu(l) was added v 4000
to an argon-saturated solution of M Zn,-MT at 2 °C and the - :
emission intensity at 600 nm monitored oeh (360 min). Since the 108 {F Ny st # G | 66D 1) T
proprietary software package controlling the LS-100 only allows for In,-MT +17 Cu
the collection of 999 data point per trace, the data were obtained in 98 4 k500 4 40 °C -
three separate traces using increments of 3, 3, and 60 s for the first,
second, and third traces, respectively. The blank areas represent the
periods in which the spectrometer was reinitialized and no data points 8 } 0 v
could be collected. (C) The emission intensity at 600 nm was monitored 0 9 18 0 g 18
over 6 h following the addition of 1 mol equiv of Cu(l) to M . . .
Cio ZMi-MT at 6 °C. Time /min Time /min

Figure 3. Variation in emission intensity over 18 min following the
interpreted these effects in terms of domain specific binding addition of Cu(l) to MT. The 12 plots (AL) show the emission
following the thermodynamically-induced rearrangement of the intensity measured at 600 nm eydr s starting 95 s after the addition

3 . ; of Cu(l) to the solution identified on each plot. Note that thaxes
Cu(l) initially from the o domain to thefi domain. These do not start at zero and are plotted in arbitrary emission intensity units.

previous analytical data extend those reported here and arerpe piots are arranged to show the changes that take place during the
completely coincident: essentially under all conditions tested, 18 min following initial metal binding. In each experiment, a single

12 Cu(l) displace 7 Zn (IlI), minor deviations from a linear aliquot containing the stated mol equiv of Cu(l) [(A) 1 at 20, (B)
relationship can be interpreted in terms of the extent of 2 at20°C, (C) 2 at 40°C (D) 4 at 20°C, (E) 6 at 20°C, (G) 8 at 20
thermodynamic equilibrium. °C, (H) 11 at 20°C, (1) 12 at 20°C, (J) 12 at 40°C, and (L) 17 at 40

. °C]was added to a solution of Zn-MT, except for plot A where
Figures 2 and 3 show that even th(_)ugh the Cu_(l) atoms arethe] concentration ofjﬂ\:/la ZMT was 3(;:4M, plot F \?/herepl mol equiv
completely bound to the metallothionein within 5 min, emission 4t ¢y (1) was added to a 30M Zns,Cus-MT solution at 20°C, and
spectral changes continue to occur for several more hours. INnpjot K where 1 mol equiv of Cu(l) was added to a 80 Cuy-MT
these figures the emission intensity at 600 nm was monitored solution at 2°C. Note: The minor fluctuations in the signals are due
following the addition of varying amounts of Cu(l) to metal- to instrumental instability.
lothionein. The 0.0 min point on the-axis of each plot
represents the moment of Cu(l) addition. Note thatytaxes 10 minute points in the kinetic plots of Figures 2 and 3. Over
do not always start at zero and are given in arbitrary lumines- time, these intensities change to those represented by the squares
cence intensity units. The actual emission intensity dependsin Figure 1 (the intensities at the 30-min points).
on the Cu(l):MT ratio as seen in Figure 1. The vertical barsin  The three panels in Figure 2 (A, B, and C) show how the
Figure 1 show the final Cu(l):MT molar ratios of the data shown emission intensity of copper-substituted metallothionein varies
in Figures 2 and 3. The kinetic traces (Figures 2 and 3) show over long periods of time. Figure 2 shows that the temporal
the intensity change between the mixing timie=(0 min) and dependence of the emission intensity from Cu(l) bound to the
reaction time up to 960 min. The triangles in Figure 1 represent thiolates in metallothionein directly depends on the Cu(l) to
the normalized emission intensities measured between the 5 andMT molar ratio and the temperature. The emission intensity at
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600 nm that can only be observed for a shielded-Swyroup 3K, 1 mol equiv of Cu(l) is added to a solution of GtMT.
either rises rapidly then falls or simply rises over a period of As in Figure 3l (Zr-MT + 12 Cu(l)), the emission intensity
10 minutes to 16 hours with a characteristic pattern that dependsrises rapidly at the beginning and then continues to increase
on the Cu(l) to MT molar ratio (rise and fall for Cu:M38, for the entire 18-min period. This provides strong evidence
only rises for Cu:MT> 8). These observed changes in the that the temporal changes in emission intensity arise from
emission intensity mean that the instantaneous environment ofstructural changes associated with binding the newly added
the Cu(l) must be changing as a function of time. The time Cu(l). That is, the incoming Cu(l) forces changes on the
course plotted is 16 h for Figure 2A and 6 hours for Figure existing Cu-thiolate cluster structure, over and above simply
2B,C. The data show how, following an initial rapid increase extending the cluster structure.

in intensity that is associated with the Cu(l) binding to the  pars ¢, J, and L of Figure 3 show how the emission intensity
protein (the Cu(l) precursor is nonemissive), the emission 5t oo nm changes as a function of time at®@when Cu(l)
intensity changes more gradually to reach an equilibrium value js 4qded in a single aliquot containing (C) 2 mol equiv of
by the end of the monitoring period. It is important to note cu(l), (3) 12 mol equiv of Cu(l) or (L) 17 mol equiv of Cu(l)
that the direction of change established after the first 10 min to Zn-MT. The initial emission intensity maximum is reached
continues until equilibrium is reached. After addition of 1 mol | .ihin the 95-s period before data acquisition starts at this
equiv of Cu(l) 1o an argon-saturateq splut!on of7.ZVIT ina. temperature. The intensity thelecreasedn a manner similar
sealed cuvette (Figure 2A), the emission intensity maximizes to that at 20°C (Figure 3B). When 12 Cu(l) are added to
after approximately 5 min, then decreases approximately Zn-MT at 40°C (Figure 3J), the emission intensitycreases

exponentially over 16 h. The low equilibrium intensity is for 18 min following the addition of the Cu(l). When 17 Cu(l)

significantly greater than the intensity of ZMT alone (ap- are added at 4%C. the intensity i
. . o , y increases sharply and then levels
proximately O on they-axis). After 16 h, the addition of 11 off about 10 min after the addition (Figure 3L).

mol equiv of Cu(l) to this CyZns-MT sample results in the . _ .
emission intensity maximum associated with . EMT. A First-order rate constant&)(were derived from the data in

similar exponential decrease in emission intensity is observed Figurgs 2”and 3. Thgse rate constapts are bqsed on the
when 2 mol equiv Cu(l) have been added to, AT at 2 °C oversimplified assumption that all Cu(l) in tlkedomain have

(Figure 2B). In complete contrast, Figure 2C shows that the equivalent luminescent quantum yields and that all Cu(l) in the

emission intensity at 600 nm of ZMT + 11 Cu(l)increases B domain have equivalent luminescent quantum yields. Ac-
over 4 h. cording to standard kinetic treatments of first order reactions, a

Figure 3 shows in detail how the temporal variation in plot of In[Int(t) — Int(e)] versus time will have a slope ofk

emission intensity retains its dependency on the Cu(l):MT molar regardless of the initial Cu(l) distribution and the relative

; . 1
ratio. The observed emission intensity at 600 nm is plotted as IummescC?nIt quantulr)n ylet!d OI tdhe allndﬁ]doKmalné. lcif not
a function of time following the addition of Cu(l) to solutions measured, In) can be estimated using the Kezefywinbourne

of metallothionein at 20 and A&. The emission intensity was method in _WhiCh the intensity at timg(Int(t)) is plotted versus
then measured at 600 nm eydrs starting 95 s after the addition (€ intensity at a constant time later (Intt + 7)). The

of the Cu(l). There are four significant trends illustrated by in_tersection of the line th4rlo4uzgh the d_ata ppints with the e
the traces shown in Figure 3. gives the value of Intf).*142 Choosing different values af

(1) MT + <8 Cu(l). Those samples containing between 1 produces variations in the value of Isf( of approximately 1%

: s . 0 . P
and 7 Cu(l) (Figure 3AF) exhibit a rapid increase in emission \(’:V:r;g?a:;ssu'téi "l]r:<4lgh/(()) ng(;]ro\'lc tt:eesgsr::g]t?]tcl)(c)jg gfr;h; rﬁ; to
intensity in the first 5 min after Cu(l) addition, followed by a the dat 'f F'g 3B (ZAMT + 2Cu(l) at 16°C) and Fi pp
steady decrease in intensity. The samples containth@u(l) 3; ga CI:/IT Eu(r:e : (t 19°C). Fi u(h ZA i zatn ﬂ|]gure
(Figures 3B-F) exhibit a much steeper decline in emission (Cunr- u() a )- Figure 44 illustrates the use

intensity than the sample containing only 1 Cu(l) (Figure 3A). of the Kezdy-Swinbourne treatment to yield a value of 124

. for Int(w) for the data of Figure 3B. This value is used in the
(2) MT + 8 Cu(l). When 8 Cu(l) have been added (Figure _ P
3G), the intensity increases during the first 5 min, after plot of In(Int(t) - Int(<e)] shown in Figure 4B. The data can

- . X . . be fit with two linear segments: (i) a short positively-sloped
ﬁ( 0,
decreasing slightly-¢10%), the intensity begins to level off. segment through the initial data points, and (ii) a line with a

(3) MT + 9—12 Cu(l). Following addition of 11 (Figure  gohe of—1.11 x 10-3 s~ fit through the decreasing data. The
3H) or _12_Cu(_|) (F|g_ur§ 3Kt a metallotr_uonem §o|ut|on, slope of the line through the data at longer times directly yields
the emission intensity increases over the first 5 min and then o ate constant of the slower step of the reactiap (The

either levels off (Figure 3H) or continues to increase {340%) contribution of the slower step to the early part of the data must
(Figure 3K during the next 15 minutes. be subtracted from the observed data before obtaining the rate
(4) MT + >12 Cu(l). When >12 Cu(l) are added t0  constant of the faster step#! The contribution of the fast
Zn;-MT (Figure 3L), there is a rapid increase in emission during component of the data can be defined dywhereA is the
the first 5 min after the addition. The intensity then remains gitference between the initial observed data points and the
constant for the remainder of the experiment. extrapolation of the long-time line to earlier tim®s. The
One might expect to observe differences between Cu(l) resulting plot of InA versus time for the data between 1.5 and
binding to Zn-MT (Figure 3E,) and Cu(l) binding to 3 min (shown as the inset in Figure 4B) yields a valudgadf
ZnCun-MT (Figure 3F,K). However, we have found that there 1 28x 10251 This treatment can be applied to all the kinetic
areno qualitative differences in the kineticsWhen a single data of this paper including that shown in Figure-3Kl in
mole equivalent of Cu(l) is added to an equilibrated solution \hich the intensity continues to increase for the entire 20 min.
of Zn,Cun-MT, the same general trends in the dependence of | these latter cases, In[lntf—Int(t)] is plotted versus time in
the emission intensity on time are observed. Figure 3 shows grder to obtain the rate constantsakd k, as shown in Figure
two examples of this type of experiment. In Figure 3F, 1
mol equiv Cu(l) is added to ZgCus-MT. As in Figure 3E : .. - :
(Zn7-MT + 6Cu(l)), after reaching a maximum at 5 min, the (1) Eﬁf’g’;ﬁi”&;n*ﬁf;?{;,‘,‘Ceﬁofg”nig‘fscinn‘iﬁaef’fgg’i.MeC“a”’MGraW‘
emission intensity decreases over the next 15 min. In Figure (42) Swinbourne, E. SI. Chem Soc 196Q 2371-2372.
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220 - Table 2. Observed Rate Constants &ndks) for the Binding and
Kezdy-Swinbourne Rearrangement of Cu(l) to Metallothion&in
200 = g 10k 10%
180 o Int(=9=124 solution conditions rawdata (sY) (s
1 Zn-MT + Cu(l) 30uM Figure 2A  0.67  0.19
™ 160 — Zn-MT + 2Cu(l) 2°C Figure2B 0.12 0.11
45°line 19°C Figure 3B 1.28 111
140 — 40°C Figure3C ¢ 1.63
A Zn-MT + 4Cu(l) Figure 3D 2.28  2.65
LI L. TCLMT L CU)  30uM  HiguesF 103 12
N4, Cle- u u igure . .
120 180 1 s 170 180 ZnMT -+ 8Cu(l) Figure 3G 2.19  1.68
46 Zn-MT + 11Cu(l) Figure3H 0.74 d
Cuio,Zm-MT + Cu(l) 6°C Figure2C  0.30 0.14
4.4 Zn-MT + 12Cu(l) 19°C Figure3l  0.39 2.38
T a0 40°C Figure3J ¢ 251
a * Cuy-MT + Cu(l) 30uM Figure 3K 1.15 0.38
:j 40 - Zn;-MT + 14Cu(l) notshown 3.00 d
§« 3.8 aKinetic parameters derived from the data of Figures 2 arfd@ta
- were obtained at 19C with a metallothionein concentration of 401
3.6 = unless otherwise noteflk; was not determined at £ since this step
5.4 e ) occurred before the start of data collectiéis could not be determined
) for these reactions due to one of two possibilities: (i) the reaction is
5.7 — o actually monophasic or (ii) the second step occurs very quickly and
< could not be observed.
= 567 EZ_%
E o5 T namically stable, domain-specific spectésAlthough the stable
4 Time Gmin.) thermodynamic product following metal rearrangement can be
< 54 detected by allowing the protein to reach equilibration, the direct
- observation of the migration of metals within metallothionein
537 C shortly after binding has not previously been reported. In the
5.0 o experiments described here, the emission intensity of the copper-
003 & 9 12 15 18 substituted metallothionein is used to minitor the copper

Time (minutes)

Figure 4. Example of kinetic treatment of data. (A) Kezdy
Swinbournce treatment of the data shown in Figure 3B;Mi +
2Cu(l) at 20°C. The plot shows the intensity at tinb€Int(t)) vs the
intensity 8.5 min later (Int(+ 8.5)) (shown by the circles) intersecting
with the 45 line at 124 intensity units (In&)). (B) Plot of In[Int(t) —
Int(c0)] versus time for the data shown as Figure 3B. (C) Plot of In-
[Int(e0) — Int(t)] (where Inteo)=705) vs time for the data shown in
Figure 3K (Cus-MT + Cu(l) at 20°C (note: the intensities in Figure
3K were multiplied by 0.1 for this analysis). In both B and C, the fits

thiolate structures formed following mixing.

Rearrangement of Cu(l) in MT at High Temperatures.
We have previously reported that the binding of Cu(l) to
Zn;-MT in aqueous solution involves a rearrangement from a
kinetically-controlled distributed product to a thermodynami-
cally-controlled domain-specific produ&. This was determined
in part by making sequential additions of Cu(l) toz2dT at
10 and 40°C and measuring the emission spectrum after each
addition. The effect of the degree of Cu(l) loading on the

through the two data sets indicate the biphasic nature of the change innormalized emission intensity at.axis summarized in Figure

emission intensity. The slope of the line through the latter data (from
5.5 to 18 min) gives the rate constant of the slowest skgp (The
insets show the plots of IA vs time and the corresponding rate constant
(ks) whereA is the difference between the observed data points between
1.5 and 3 min and the extrapolation of the long-time line. In all plots,
only every fifth datum point is displayed for clarity of presentation.

4C. The results from similar kinetic treatments of all raw data
in are given in Table 2.

Discussion

Although the stability constants of metals bound in the metal-
thiolate clusters of metallothionein are high ¥aor Cd?+19),
spectroscopic evidence suggests that these metals are quit
labile. CD and!''3Cd NMR spectroscopic studies indicate that
at room temperature Cd(ll) displaces Zn(ll) from;2dT in a
random manner, with Cd(ll) atoms binding evenly distributed
across the two domains of the protéihl? If the temperature
is raised, the metallothionein-bound Cd(ll) and Zn(ll) rearrange
from this distributed species into the domain-specific species
with a filled Cd-a. domain, as found naturalB2’ The presence

5. These data are displayed so that the emission intensities at
the 1 Cu(l) point are equivalent in order to remove the effect
of increased thermal solvent deactivation at higher temperatures
(which decreases the absolute intensity at all Cu(l):MT molar
ratios). The observation of the maximum in emission intensity
at the 12 Cu(l) point in the titration corresponds with the
formation of a CurMT species with two copperthiolate
clusters that are protected from solvent access by the protein
backboné?2° As more Cu(l) is added (from 12 to 18 mol
equiv), the decreasing emission intensity indicates that the tight
cluster structure opens to allow greater solvent actess.

The difference in the pattern of normalized intensities for
the titrations carried out at 10 and 40 indicate that the Gy~
MT structure must form differently at the two temperatures. At

%0°C, the guantum yield per Cu(l) increases reasonably linearly

as -7 mol equiv of Cu(l) are added to ZtMT, whereas, at
40 °C, the quantum yield per Cu(l) actually decreases-ag 2
mol equiv of Cu(l) are added (Figure 5). At high temperatures,
equilibration to the thermodynamically-controlled product occurs
rapidly. The formation of the Gys domain from the recon-
stitution of the whole protein with 6 Cu(l) detected under the
relatively harsh conditions of proteolysis indicates that this

of a carrier such as EDTA during the digestion of the thermodynamically-controlled product of Cu(l) binding to

Cd-substituted protein with subtilisin catalyzes the rearrange-

ment of the metals from the kinetic product to the thermody- (43) Stillman, M. J.; Zelazowski, A. Biochem J. 1989 262, 181-188.
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Figure 5. Normalized emission intensities as a function of mol equiv Z Product
of Cu(l) at 40°C and at 10°C. This is a summary of data reported in IE

ref 19. Cu(l) was added in sequential approximate mol equiv aliquots
to a solution of Z&-MT at the stated temperature. After each addition,
the emission spectrum was obtained aéies min equilibration time.
The normalized intensity represents the emission intensitymat
divided by the mol equiv of Cu(l). The data is displayed so that the
intensities for 1 mol equiv of Cu(l) are equivalent to account for the
differences in thermal solvent deactivation at the two temperatures.
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metallothionein involves Cu(l) binding exclusively to tife
domain for 6 Cu(l)2144 At low temperatures, equilibration

to the thermodynamic product occurs much more slowly and
the kinetically-controlled product dominates. We have previ-
ously reported that this product involves Cu(l) filling both the
o and g domains statistically in the so-called distributed
mannert®29 The decrease in the normalized emission intensities
at 40°C between 1 and 6 mol equiv of Cu(l) added must then
be caused by Cu(l) binding in thdomain indicating that, in 0
the whole protein, Cu(Bthiolate clusters in the. domain emit 0 S 10 15 20 25 30

more strongly than those in tiiedomain by a factor of about Time (min.)

101° The temperature dependence data shows that Cu(l)Figure 6. Predicted change in emission intensity as a function of time
initially binds across both domains at all temperatures, followed following addition of Cu(l) to metallothionein. Calculated variations

by a rapid redistribution of Cu(l) to th@ domain at high in the emission intensity recorded at 600 nm from Cu-MT at room
temperature&? temperature following addition of 6Cu(l) to ZMT are shown. The

. . . . first step in each case is the formation of the kinetic product which is
Qualitative Interpretation of Luminescence Time Depen- accompanied by an overahicreasein emission intensity during the

dence. The data from this study (Figure 1) indicate that the first 5 minutes of the reaction. (A) No further rearrangement occurs.
rearrangement of the bound Cu(l) also occurs at room temper-For calculations shown in parts B and C, the temporal effects on the
ature, but at a much slower rate (30 vs 5 min). In the emission intensity of subsequent rearrangements by zero order (B) or
experiments portrayed in Figures 2 and 3, we monitor the changef"St order (C) kinetics is shown. The region after 5 min in each plot

; i ; P i was calculated using initial Cu(l) concentrations of @@ in each
gu?:;][[f)sﬁgt2|t|g?hﬁg¥1:itrleoo nm with time after the addition of domain and assigning each mol equiv of Cu(l) (i.e.t4d) in the a

domain an emission intensity of 150 and each Cu(l) inAtdomain
Following the addition of Cu(l) to ZAMT, we might expect an emission intensity of 15. The total emission intensities after 5 min
the emission intensity to change with time according to one of were determined based on calculations of the concentration of Cu(l)
the selected scenarios shown in Figure 6. If the Cu(l) initially In €ach domain following (B) a zero-order rate equation ity 2
binds to the protein in the most thermodynamically stable #M/min and (C) a first-order rate equation wiki= 0.2 mirr™.
manner, we would expect to see a plot similar to that seen in distributed manner (the kinetically-controlled product), the Cu-
Figure BA. In this model, the emission intensity increases as (I) migrates to fill the less emissiv8 domain (the domain
the Cu(l) binds to the ZaMT and then remains constant when specific product). Theoretical decreases in the emission intensity
all the Cu(l) is bound. Parts B and C of Figure 6 show plots are shown for a redistribution of 6 Cu(l) following zero-order
expected for a rearrangement from a highly emissive copper (Figure 6B) or first-order (Figure 6C) kinetics. The curves
thiolate cluster to a less emissive cluster environment. Again beyond 5 min were calculated as follows. (i) At a time of 5
the emission intensity increases over the first 5 min as the min, the concentration of Cu(l) in the and 3 domains was
Cu(l) binds to the protein. After the Cu(l) is bound in a assumed to be equal (30M—3 mol equiv in each domain of
a 10uM solution of protein). (ii) The emission intensity was
(44) Kille, P.; Lees, W. E.; Darke, B. M.; Winge, D. R.; Dameron, C. T.; a@Pproximated by arbitrarily assigning each mol eq Cu(l) (i.e.
Stephens, P. E.; Kay, J. Biol. Chem 1992 267, 8042-8049. 10 uM) in the a. domain an average intensity of 150 and each

73
8

8

Emission Intensity

8
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Cu(l) in the domain an average intensity of 15. (Of course,
from the data we can see that this last approximation is
invalidsince if all Cu(l) in thes domain contributed equally to
the emission, the 4%C curve in Figure 5 would be a horizontal
line from 1 to 6 Cu(l); however, the use of this assumption
simplifies the model.) (iii) In the case of zero-order kinetics
(Figure 6B), the concentration of Cu(l) in each domain after 5
min was calculated using an arbitrary rate gif/min as the
rate of decrease of Cu(l) in the domain (which must equal
the rate of increase of Cu(l) in the domain). After 20 min,

all 6 Cu(l) would be in theg domain and the emission would
remain constant. (iv) In the case of first-order kinetics (Figure
6C), the concentration of Cu(l) in tedomain is equal to [30
uM]e K wherek was given an arbitrary value of 0.2 mihand

t is the actual time<5 min). The concentration of Cu(l) in
the f domain is then 6&M minus the concentration of Cu(l)
in the a. domain.

Green and Stillman

binding reaction of 2 mol equiv of Cu(l) to ZmMT (Figure

2B) is slowed by a factor of 10 compared to the reaction at
room temperature. At 460C (Figure 3C), the reaction occurs
too quickly for us to observe the initial formation of the kinetic
product. As seen in Figure 3C, the initial rise in emission
intensity has already occurred by the time our data acquisition
begins, 95 s following the addition of 2 mol equiv of Cu(l) to
Zn-MT. Kinetic analysis confirms the monophasic nature of
the data at 40C (Table 2). The single rate constant obtained
at 40°C can be associated with the slower room temperature
step (k).

Although direct comparison of the values obtained for the
rate constants are difficult due to the assumption of equal
luminescent quantum yields of evefifCu and everyo-Cu,
examination of Table 2 yields some interesting trendk.irt
appears that the rate of domain-distributed Cu(l) binding
depends not only on the concentration of Cu(l) added, but also

The actual data in Figures 2 and 3 display examples of the On the structure of the species being formed. Whe® ol

scenarios portrayed in Figure 6A,C, plus an additional scenario.

At room temperature (26C), all of the reactions appear to be

equiv of Cu(l) are added to 1M Zn;-MT, the rate constant
of binding on a per Cu basis is (6& 0.4) x 1073 sL

biphasic (Figure 3). The initial step is associated with a steep Similarly, when a single 3&M aliquot of Cu(l) is added to
and steady increase in the emission intensity and occurs in the€ither 30uM Zns,Cus-MT or Cu-MT, ki is approximately 107

first five minutes following the addition of Cu(l). After that,

s 1. When 8-12 mol equiv of Cu(l) are added, this per Cu

the direction of the change in emission intensity depends upon rate constant decreases appreciably. A possible explanation is

the degree of copper loading. Emission from samples wih
Cu(l) (Figure 3A,B,D-F) slowly decrease# intensity over

18 min (similar to the scenario shown in Figure 6C). The
emission from solutions with between 9 and 12 Cu(l) (Figure
3H,1,K) increases slowlywhen compared to the rapid increase
of the first 5 min) over 18 min (the new scenario). The data
for Zn;-MT + 8Cu(l) (Figure 3G) may indicate a “crossover”
point when 8 Cu(l) are present. The emission intensity levels
off after only 10 min instead of continuing to decrease for the
entire 18 min. This “dividing line” between spectroscopic

properties has been seen previously in differing temperature
cycling effects on the luminescence spectra of copper-containing

metallothionein¥ and in the formation of a highly chiral
Clo,Zn-MT species at high temperatdfe When>12 Cu(l)
are bound to the metallothionein (Figure 3L), the emission
intensity variesonly slightly (5%) within 18 min after the
addition of Cu(l) (similar to the scenario shown in Figure 6A),
decreasingonly when further copper is added. The stability

of these latter species indicates that neither the Cu(l) nor the

protein has been oxidized since oxidation would result in a

rapid decrease in emission signal as the oxidized protein re-

leased Cu(l).

Physical Interpretation of k;. The changes observed in the
emission intensity with time following the addition of Cu(l) to

Zn;-MT and the observed rate constants can be interpreted in

terms of changes in the configuration of the protein from a
kinetically-controlled product to a thermodynamically more

stable product. The initial step, proceeding with a rate con-
stantk;, can be associated with the initial binding of Cu(l) to

Zn-MT in a domain-distributed manner. At room temperature,
the formation of this domain-distributed kinetic product is

essentially complete in 5 min as indicated by the initial steep
rise in emission intensity due to unique-€8 groups in solvent-

the difference in cysteine binding modes with a low or high
number of Cu(l) mole equivalents present. When each domain
is only half full or less than half full, no CaScs—Cu bonds
have formed yet. Each Cu(l) is bound to either a termin@l S

or to one which is bridging to Zn(ll) (CuSys—2Zn). Thus,
each Cu(l) coming into the protein will bind in this simple
manner at about the same rate. When each domain is more
than half full, Cu-Sys—Cu bridges must form and the rear-
rangement needed to accommodate the incoming Cu(l) is more
complex causingdk to decrease.

Physical Interpretation of ks for the Addition of <8 mol
equiv of Cu(l) to MT. While k; can provide significant details
concerning the initial binding of Cu(l), similar details can be
derived fromks only following determination of the physical
origin of this slower step. Since the metal displacement studies
(Table 1) indicate that all the Zn(ll) ions have been displaced,
this second rate constant is not simply the result of biphasic
metal displacement, such as that observed with Gh-MT
and gold sodium thiomalat&. The changes in the emission
intensity over the 18 min period following the binding of &
mol equiv of Cu(l) to Zr-MT can be interpreted as follows.
After formation of the kinetic product, further changes in the
emission intensity indicate that the Cu(l) atoms and the peptide
rearrange to form a more stable product. From parts B and C
of Figure 3, it is clear that, after the first two Cu(l)s bind
randomly across the two domains inz2d T, Cu(l) atoms move
to a more exposed site (as indicated by a decrease in emission
intensity) in the thermodynamic product. The decrease in
emission with time s 27 mol equiv of Cu(l) are added to
Zn;-MT must arise from the migration of Cu(l) from the
domain in the kinetically-controlled domain-distributed product
to fill the less emissives domain in the domain-specific
thermodynamically-controlled productks is thus the rate
constant for the migration of Cu(l) from tredomain to thes

isolated sites. The metal analysis data in Table 1 show that for gomain The formation of the domain-specific thermodynamic

Zn-MT + 12 Cu(l), all the Cu(l) ions are indeed bound to the
protein within 5 min. Sincég for Zn,-MT + 12 Cu(l) has a

product should dominate at higher temperatures while the
domain-distributed kinetic product should dominate at lower

lower value than that for any of the other solutions (see Table temperatures. Indeed, the £d cluster, the thermodynamic

2), the Cu(l) should be bound within 5 min in all the other
solutions also. The rate of formation of this kinetic product

product of Cd(ll) binding to Z#MT, does not form below 5

should increase with temperature. The data summarized in(4s) shaw, C. F., Ill; Laib, J. E.; Savas, M. M.; Petering, D. IHorg.

Table 2 show that this indeed is the case. A the initial

Chem 199Q 29, 403-408.
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°C because at least one Zn(ll) remains bound tootltBwmain Zn-MT to form Hg-MT, Hgi:-MT, and HgeMT, respec-
sufficiently tightly to resist replacement below&.17” A similar tively.#”48 Through the temporal changes in emission intensity
preference for the domain-specific product at higher tempera- (Figure 3H-K), we can observe the conformational rearrange-
tures has also been reported for the binding of Cu(l) to ment of the protein backbone in Cu-MT. As the binding site
Zn,-MT?and is also evident in this study from the data in Table structure is tightened and solvent access restricted, the emission
2. When 2 mol equiv of Cu(l) have been added t@-EAT, ks, intensifies. This conformational rearrangement of the protein
the rate of Cu(l) redistribution from the domain to thes backbone occurs slightly more rapidly at high temperatures (30%
domain, increases dramatically upon increasing the temperaturéincrease at 40C in Figure 3J) than at low temperatures (20%
from 2 to 19 to 40°C. A plot of In(kdJT) vs 1TT yields the increase at 20C in Figure 3I) resulting in a 5% increase kg
activation enthalpy and entropssH* andAS' for this process.  for Zn,-MT + 12Cu(l). This more rapid rearrangement of the
a AH* value of 50 kJ/mol was obtained from the slope of this peptide chain at higher temperatures results in the extreme
plot and aAS' value of—140 J K'* mol~* from the intercept.  jncrease in the quantum yield of emission as 8 to 12 Cu(l) are
These values are comparable to those values obtained for theydded to ZaMT at 40°C as compared to that obtained at 10
reaction between DTNB and M. The negative value foAS 6C (Figure 5}° These data then are evidence that the copper
indicates the entropically unfavored nature of the rearrangement.ihiolate cluster structures are dynamic in the binding site;
Physical Interpretation of ks for the Addition of >8 different structures are adopted, driven by the lower free energy
Cu(l) to MT. The effect of Cu(l) moving from the. domain o the new product. At elevated temperatures sufficient thermal
to theff domain cannot alone explain the phenomena seen whengnergy is available to exceed activation energy barriers to the
between 9 and 12 mol equiv of Cu(l) are added to metallothio- o4 rangement of the peptide chain that is required if cysteinyl

nein (Figure 3HK). It is also significant that the emission  (:0/ates move within three-dimensional space.
intensity increases even when 12 Cu(l) have been added (Figure

3I=K). At this level of copper loading, the kinetically- Acknowledgment. We acknowledge useful discussions with
controlled product can be superficially formulated as the ame pr, Anthony Presta at U.W.O. and the assistance of John Dixon
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(46) Zhu, Z.; Goodrich, M.; Isab, A. A.; Shaw, C. F., llinorg. Chem (48) Lu, W.; Zelazowski, A. J.; Stillman, M. Jnorg. Chem 1993 32,
1992 31, 1662-1667. 919-926.




