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Metallothionein (MT) domains of different origins, exhibiting distinct, highly conserved cysteine positions, show
differences in metatcysteine coordination and reactivity. Lobster MT, which includes twgSe@ domains,

was chosen as a basic model to study the strueturgction relationship among the clusters. The possible influence

of (1) the position of the cysteine residues and (2) the steric and electrostatic effects of neighboring amino acids
on the folding and stability of MT clusters have been examined with the native Ighsterd Sy domains, each

having nine cysteines and binding threé*Mons, and a modified domaific—n, in which the cysteines of the
C-terminal domain are relocated so they are spaced as in the N-terminal domain. Each has been synthesized and
characterized by UV, CDLCd NMR, andH NMR spectroscopies. The synthetic native domains;fc@nd

Cdyfn) displayed spectroscopic properties, metal-binding affinities, and kinetic reactivity similar to those of the
holo protein. In contrast, the modified gty domain was unusually reactive and, in the presence of Chelex,

a metal-ion chelating resin, was converted to &(B¢l-n)2 dimer. These differences in structure and reactivity
demonstrate that the requirements for formation of a stable type-BSoCfl cluster are more stringent than
simply the sequential positions of the cysteines along the peptide chain and include specific interactions with
neighboring amino acids. Molecular mechanics calculations suggest that changes of even a single amino acid in
lobster Cdpy toward lobster Cgbc—n or in mammalian MT1 or MT2 toward GA-MT3 (GIF) can destabilize

their structures.

Metallothionein (MT) was first discovered in horse kidney Human and mammalian MTs bind 7 Znor Cd2" ions with
by Margoshes and Vallee in 1937t is a small molecular 20 cysteine residues, forming two independent and dynamic
weight protein that lacks aromatic amino acids but is rich in clusters: type A, Cg5;1, and type B, CgSs, which constitute
cysteine residues, which confer the capacity to bind metal ions. cores of thea (or C-terminal) ang3 (or N-terminal) domains
Some of the biological functions in which MT appears to be of the polypeptide chain, respectivély.}* The folding of the
involved are heavy-metal detoxification (Hgand Cd™), protein domains depends on the thiotateetal interactions in
metabolism of essential ions such agZar Cu, detoxification the two clusters; therefore, the loss of metal ions results in the
of reactive oxygen species, and metabolism of electrophilic disappearance of any tertiary structdtel’ In these clusters,

metallodrugs and alkylating agerts® cysteine sulfhydryl groups bind each Tdwith tetrahedral
coordination, with some of the thiolates acting as bridging
» To whom correspondence should be addressed. ligands between two metal ions and others serving as terminal
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ligands. Previous studies demonstrated that the two domains ofdomain generated by transposition of eight amino acids, four

mammalian MTs differ in their kinetic and thermodynamic cysteines with four other amino acids, resulting in a sequence

properties:®=22 This has been related to the possibility that each that retains the amino acid composition and 80% of the non-

domain of the protein plays different biological roles or that cysteinyl sequence gfc but locates the cysteine residues in

the presence of two different domains in the protein expands the positions corresponding to thosedip(Table 1). They have

its range of reactivity with electrophilic specis?! been chemically synthesized and characterized by a range of
The conserved position of the cysteine residues in MTs from physicochemical techniques. These studies are complemented

different mammals suggests their importance for the formation by the molecular modeling of the effect of specific amino acid

of stable, functional clusters. Nevertheless, MTs from different substitutions on the GIF and lobs{@rdomains.

phyla exhibit differences in amino acid composition, cysteine

content and location, folding of the domains, and metal-ion Material and Methods

content. Crustacean MTs are useful models for the study of MT  ReagentsFmoc (9-fluroenylmethoxycarbonyl) amino acids, Fmoc
because they exhibit limited variations in sequence and structurealanine-Sasrin resin, Fmoethreonine-Sasrin resin, HOBt (1-hy-

when compared to mammalian MTs. Lob3téfand craB®> MTs
contain only 18 cysteines and 6 €dwhich generate two type-
B, CaSy clusters each with 6 terminal and 3 bridging thiolates.

Previous structural studies carried out on MT from both species

by two-dimensional NMR techniques show that the-Cgisteine

droxybenzotriazole), and DCQ(N'-dicyclohexylcarbodiimide) were
purchased from Bachem. DCM (dichloromethane), NM¥n{eth-
ylpyrrolidone), acetonitrile, trifluoroacetic acid, ammonium sulfate, ethyl
ether anhydrous, Cdglsodium acetate, HCI, NaOH, and KCI were
obtained from EM-Science. Trizma base, ninhydrin, trimethylsilyl
bromine (TMSBr) m-cresol, and 2-mercaptoethanol were obtained from

coordination and, hence, the folding differ between C-terminal sigma. Thioanisole was obtained from Janssen Chimica. DTNB,

and N-terminalg domains gc and S, respectively) and are
different from that found for thes domain in mammalian
MTs.2425 The reactions of lobster MT with thiolate reagents
such as DTNB (5,5dithiobis(2-nitro benzoate)) or DTP (dithio-
pyridine) exhibit biphasic behavior like those of mammalian
MT but occur more rapidly®2” Thus, both Cd-thiolate
coordination and kinetic reactivity differ among these thfee

domains. Therefore, we propose that the reactivity is related to

the detailed folding of the peptides around their clusters.

In addition to the thre@ domains known in crustacean and
mammalian MTs, a fourth type has been identified in MT-3,
the brain-specific isoform of MT also known as growth inhibitor
factor (GIF). The amino acid sequence of thedomain of

piperidine, and ammonium bicarbonate were obtained from Aldrich.
1,2-Ethanedithiol was obtained from Merck Shurchardt.

Peptide Synthesis, Purification, and AnalysisAutomated synthesis
of the f-domain sequences of lobster MT-1 was accomplished with
standard Fmoc chemistry on an Applied Biosystem (abi) Peptide
synthesizer 430A. The side-chain functional groups were protected as
follows: O-tertbutylaspartic acid,N-(tert-butyloxycarbonyl)lysine,
O-tert-butylserine, and9)-Acm-cysteine€®®32 The N-acetylated peptide
was cleaved from all side-chain protecting groups except for Acm
(acetamidomethyl) using the procedure recommended by the manu-
facturer. The Acm3 domains were purified by reverse-phase chroma-
tography (Brownlee aquapore octyl 2én, 250 x 10 mm) in an abi
HPLC, and the purity of each fraction was examined on an analytical
reverse-phase HPLC column (Aquaporg @00 A, 4.6 x 30 mm).

human GIF exhibits about 77% sequence identity with those of Fractions exhibiting less than 95% purity after a second chromato-

other mammalian MTs (MT-1 or MT-2) including the preserved
location of the nine cysteine residu@sNevertheless, its
spectroscopic featuredH NMR, CD, MCD, and electronic

absorption) indicate marked structural differences with the

homologous? domains of MT-1 or MT-2°
In the present report, the structuriinction relationships in

graphic run were discarded. Electrospray mass spectrometry (ES-MS)
was used to analyze and verify the identity of the ABndomains
obtained. The experimental molecular weights were in good agreement
with the theoretical values in parentheses: A¢lg 3811 g/mol (3814);
Acmg-fn, 3545 g/mol (3554); Acfc—-n, 3815.6 g/mol (3814).
Removal of the Acm group from the cysteine sulfhydryl groups was
accomplished using the mercuric acetate deprotection proc&didre

the 8 domains have been studied by investigating the effect of followed by treatment with 2-mercaptoethanol to remove Hg(ll). The
(1) the position of the cysteine residues and (2) the charge andfiltered apo peptide was purified over a Sephadex G-25 column using

size of the side chain of neighboring amino acids on the-Cd

20 mM acetate buffer (pH 4.0) and collected in fraction tubes containing

SCy connectivities and, hence, on the overall folding and the 500xL of 0.1 N HCl to prevent the formation of disulfide bonds. The
reactivity of the domains. The present study includes the €luted apo peptide was analyzed and characterized by is/and

synthetic native lobstgtc andfy domains and a modifigblc -y
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ES-MS spectroscopies and amino acid analysis, and the absence of
mercury was demonstrated by GF-AAS (graphite furnace, GBC 904
atomic absorption spectrophotometer) using 1% HBitl 1% (NH).S.
Peptide concentrations were quantitated spectrophotometrically at 570
nm using the Ruhemann’s Purple metfddmino acid analyses carried
out in the Protein/Nucleic Acid Shared Facility of the Medical College
of Wisconsin agreed well with the theoretical values in parentheses:
Pc—Cys 7.1 (9), Asx 1.2 (1), Thr 3.2 (3), Ser 3.87 (4), GIx 2.3 (2), Pro
3.94 (4), Gly 1.38 (1), Ala 1.26 (1), Lys 5.27 (§)c—n—Cys 8.1 (9),
Asx 1.07 (1), Thr 3.2 (3), Ser 3.81 (4), GIx 2.29 (2), Pro 3.97 (4), Gly
1.2 (1), Ala 1.36 (1), Lys 5.3 (5); anfin—Cys 7.4 (9), Asx 1.2 (1),
Thr 2.02 (2), Ser 0.99 (1), GIx 2.3 (2), Pro 1.9 (2), Gly 4.5 (4), Ala 1.9
(2), Lys 4.35 (4), Arg 0.97 (1) (Cys determination error after performing
acid oxidation averages17%).

Mass SpectroscopyThe Acm-protected peptides, the purified gpo-
peptides, and their GA derivatives dissolved in a mixture of 50%
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p77.

(32) McCurdy, S.Pept. Res1989 2, 147—152.
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ol gF MeOH/H,0 and 1% acetic acid (as a source of protons) were analyzed
NIF and identified using ES-MS in a VG AutoSpec, Fison Instrument,
ol 5% equipped with a Harward syringe driver.
Qe Cd Reconstitution. The apop sequences were incubated with a
o) ® slight excess of Cd in Tris-HCI buffer at a pH of~7.5 and in the
NIS < presence of 2-mercaptoethanol to avoid oxidation of the thiolates. After
concentration, the reaction mixture was loaded onto a Sephadex G-10
© UR O 5 desalting column. Cadmium analysis by AAS was used as the detection
N method to locate the Cd peptide in the eluted fractions. Then, they
s g were treated with Chelex-100, previously activated with 0.1 N HCI
& 2 < and 0.1 N NaOH, to remove adventitiously bound?Cdrhe Cdp
20 19 derivatives were characterized by YVis, CD, and ES-MS spec-
J|e © troscopies and Cd/SH content. The thiolate content was assayed
spectrophotometrically by thiol titration withDTNB at 412 nm ¢ =
o £ & 13600 Mt cm™1). 273 Cadmium concentrations were quantitated on
N an Instrumentation Laboratory aa/ae 357 AAS.
o j,x |§ Chromatographic Analysis of Dimer Formation. The formation
N of dimers for the Cgf derivatives was investigated by analyzing its
oL o elution volume from a Sephadex G-25 gel filtration columnx(1L11
= Jgo cm) previously calibrated with blue dextran (2 000 000 g/mol), cyto-
2 o chromec (12 327 Da), insulin (5 733 Da), and vitamin&1 355 Da).
o O x pH Titrations . Spectrophotometric titrations of 13/M Cd-f
N o o domains with microquantitiesfd N HCI were carried out in 5 mM
,:'O I8) Tris-HCI/0.1 M KCI (pH 7.5) until the pH was-1.8. Then the pH
b was increased back to 7.4, ugih N NaOH, in three sequential steps
f N4 (_%’ to study the reversibility of the Celthiolate binding.
®© Circular Dichroism (CD) Spectroscopy. Characterization of the
e apoy; domains and their C@-derivatives (26-30 uM) in 5 mM Tris-
o |~ < F o5 HCI/0.1 M KCI (pH 2 and 7.5, respectively) was carried out in a Jasco
o oW 5 9, single-beam CD spectropolarimeter model J-715. The absorption
S O ¥ E corresponding to a blank containing the buffer solution was subtracted
28 % from each sample spectrum.
b ,j" o 63 o Nuclear Magnetic Resonance (NMR) Spectroscopyone-dimen-
3 10 % sional*Cd{*H} NMR spectra of thé'*Cdy8 domains in 5 mM Tris-
=1 D@Q C“T’ < di1-HCI at pH 7.4 (90% HO/10% DO) were obtained at 25C with
§ < % a Bruker DPX 300 MHz NMR spectrometer equippedhagt 5 mm
S| g = 8 Z-gradient broad-band probe. Proton decoupling was accomplished
= x O using WALTZ composite pulse decoupling during acquisition. The
Il B = sweep width was 10 638 Hz, centered at 640 ppm. H@d chemical
A0 B shifts are reported with respect to external 0.2%Cd(CIQy); at 0.0
~ 3 ppm.
2 - So f § One-dimensionaH NMR spectra of**Cdy3 domains were obtained
'g » s at 25 EC in a Bruker DPX 300 MHz NMR spectrometer by using
B — Og;O S g WATERGATE for solvent suppressich® The sweep width was
o S 3591.9 Hz (128 scans were collected).
O = By S g Reactivity toward DTNB'. To characterize C@#- derivatives, the
E X g reaction with DTNB in 5 mM Tris-HCI/0.1 M KCI at pH 7.5 was
@ ol ~ % spectrophotometrically followed at 412 nn=€ 13 600 Mt cm1).27:34
2 S8 2 A Perkin-Elmer Lambda 6 U¥vis spectrometer and, when the reaction
= pt was too fast for conventional UV spectrophotometers, a stopped-flow
L © (5‘%’ 0g ¢ spectrometer (Durrum; extensively modified as described elsewhere)
a L were used to study the kinetics of the reaction betweegb & ds-
e ~l B s Q (Bc—N)2, CaBc—n, and Cdpy domains and increasing concentrations
%’_ o 3 of DTNB (varying from 0.3 to 5 mM).
s ol 5 o 2 Molecular Modeling Calculations. Molecular mechanic calculations
5 FEx 5 were performed on a Silicon Graphics workstation running Sybyl 6.3,
g ol @ f using the MAXIMINZ38 function that employs the following energy
s SOl g equation:
= [
2] o~ =
8. v !m O 6 S Etotal = Estretch+ Ebend+ Eoutfoffplane bend+ Etorsi0n+
1S 2 E
8 ol ® o @ Evanderwaais™ Eelect
e Wl w a” g
Q
< N % (34) Jocelyn, P. CMethods in Enzymology 143akoby, W. B., Griffith,
_E ox0 £ O. W., Eds.; Academic Press: London, 1991; pp-84.
g L= =3 (35) gg%tto, M.; Saudek, V.; Sklenar, \J. Biomol. NMR1992 2, 661—
N ' O .
—i et 8 (36) Sklenar, V.; Piotto, M.; Leppik, R.; Saudek, ¥.Magn. ResonSer.
ko) z 5’) A 1993 102 241—245.
S obz (37) Ejnik, J. Ph.D. Thesis, University of WisconsiMilwaukee, Mil-
e KRR waukee, WI, 1996.
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Table 2. Stoichiometry and Properties of the Synthgti©Domaing

after size-exclusion after Chelex MW UV Ace-s CD Acd-s o (*5Cd)
chromatography treatment (kDa) (nm) (nm) (ppm)
Cdsfc Cdsfc 3.4 204, 230, 247 258 664.4,642.7,616.2
Cdsfc—n 210, 221, 247.7 248.3 ~650 (Avy, = 4330 Hz)
Cob(Be—n)2 6.8 213,228, 254.2 247.4 ~640 (Avy, = 4330 Hz)
Cdsfin Cdsfn 3.4 201, 221, 247 261.8 649.7, 646.7, 621.6

2 Cadmium content was analyzed by AAS. Protein concentration was analyzed by measuring the SH*binéergsonancesi¢q) for the
N-acetylated**Cdg3y cluster stabilized after a period of 6 months. The initial resonances appeared at 659.2, 650.1, and 646.6 ppm. The source of
this unique chemistry is under investigation. When the sample was reconstituted a second time after treatment with HCI for 30 min, the initial set
of resonances was again observed, indicating that the process is reversible and ruling out the possibility of protein denaturation (i.e{ cleavage a
the arginine position or the oxidation of the cysteine thiolates).

All of the structures modeled were based on the calculated NMR 0.4 0.25
structures for the synthetic lobster £8d and Cdfn domains of lobster + cd (B ) cd B
MT (Mufioz et al., unpublished results) which show the same metal 0.3+ S5\MC-N/2 3 +0.2
cysteine connectivities and overall folding of the polypeptide chain
around the metal ions as those of crab MTCadmium-cysteine g T oy e +0.15
distances and bond angles were defined according to the experimental £ 0.2 72 *] cuggoms ™ insuin
NMR values @ice-s ~ 2.52 A andOs-c4-s ~ 109.5, which are in 3 1 gaoe 101
good agreement with the values reported for model metal comgfexes o ik
and the published structure of crab MT)o which force constants of L R R -0.05
200 kcal/moiA2 for the bond stretching and 20 kcal/raic? for the T
bond angles were applied. Because the tertiary structure of the modified 0 0
domain is unknown, the modlf.le.ﬂcw domain was modeled using 0 10 20 30 40 50 60 70 80
the cadmium-cysteine connectivities of both th domain and the Fraction #

A~ domain. Dynamic runs followed by minimization were carried out Figure 1. Elution profile for the gel-filiration chromatographic

in each case after removing the steric violations by using an algorithm ) 4
that scanned distances, angles, and torsional angles until the energeti§(':‘par"’ltIon of Ceic and Cd(fc-n). carried out over a Sephadex G-25

cally most favorable structure was found. Specific changes in the amino fﬁ;gmn é;&é&%ﬁ?&ﬁgequmbmm with 5 mM Tris-HCI (pH 7.5).
acids adjacent to the cysteine residues offfidomain to those of the
Pc—n domain were made to study the influence of the electrostatic Resylts
effects of the side chain on cluster stability. ) ) N

The distribution of the charges was calculated using the method of ~ Synthesis The nativefc and iy and the modifiedc—n
Gasteiger-Hakel, and the cutoff value for the nonbonded interactions domains of lobster MT-1 were synthesized by solid-phase
was set to 8 A. The minimizations were carried out using the Tripos methods using Fmoc-protected amino acids. After cleavage of
force-field"® conjugate-gradient method that incorporates energy changesthe protecting groups, the synthesized domains were purified
and displacementsand employs a dielectric constant of 1 for the by reverse-phase HPLC. Sequential treatment with Hg{CH
evaluation of electrostatic energies. All of the structures were refined COOY, and 2-mercaptoethanol removed the Acm groups of the
until the final energy change was less than 0.0001 kcal/mol. Molecular cysteine residues and resulted in the correspondingfapo-
dynamic simulations were run in the absence of solvent at 350 K, for domains. The UV spectra and Hg analysis indicated that the

a total time of 50 000 fs, using time steps of 1 fs, with velocities df h of th | tid
assigned by a Gaussian approximation to the Maxwidltzmann mercury was removed irom each or the polypeptide sequences.

distribution. The pairlist was updated every 25 fs. The 20 lowest Chromatographic separation from the excess of 2-mercaptoet-
potential-energy structures obtained at temperature values higher tharanol was accomplished under acidic conditions to prevent
320 K were minimized according to the previous protocol until the Cysteine oxidation. ES-MS carried out at each stage of the
energy changes observed were less than 0.0001 kcal/mol, and theirdeblocking process of these synthetic sequences showed a good

values were compared. agreement with the theoretical values (Figures S1 and S2).
In a similar fashion, the energies corresponding tqiilemains of Amino acid analysis of the resulting apo peptides confirmed
the human and rabbit MT, as determined by NMR studié3were the expected composition.

calculated aftgr the minimization step. Bgca_uge the tertiary structure  The reaction of the apB-domains with CdGlunder reducing
El;] Iil:]((a) Vﬁvndﬁrcva;g r?wfo gﬁe-ll-(;?j 3; irt1het rf;erocv{\;tdh n:_rr;hub:tc‘;rinf:‘étgr:’n SCIEVItIISe . conditions generated Gelderivatives which were stable during
of the mémmaliarﬁ domains. Qépeciﬁc chagées in the amino acids geI-echusion chromatography. Analysis of metal _and thiolate
adjacent to the cysteine residues of the hurfiadomain to those of c_ontent Car_”ed out by AAS a_nd the DTNB reé_‘Ct'on' respec-
the MT-358 domain were carried out to study the impact on cluster tVely, confirmed that metaithiolate clusters with SH/Cd
stability. ratios equal to 3 are formed in each case. However, treatment
with Chelex-100 to remove loosely bound Cdrevealed a
(38) Labanowski, J.; Motoc, I.; Naylor, C. B.; Mayer, D.; Dammkoehler, Mmarked difference between native and modified sequences
R. Quant. Struct-Act. Relat.1986 5, 138-152. (Table 2). Chromatographic analysis of the Chelex-treated

(39) (a) Dance, |.; Fisher, K.; Lee, Gletallothioneins: Synthesis, Structure
and Properties of Metallothioneins, Phytochelatins and Metal complexes showed that gt and Cdfy eluted, as expected,

Thiolate ComplexesStillman, M. J., Shaw, C. F., Ill, Suzuki, K. T., @t 3.4 kDa, while a species analyzed as, §d— eluted at
Eds.; VCH: New York, 1991; pp 284345. (b) Watson, A. D.; Pulla 6.8 kDa (Figure 1). This indicates that in the presence of Chelex

2826, () Lacell, S Stevens, W, C. Kz, b. . ar: Richardson, e MOdified sequence, ey, aggregates (o a dimer, €d
3. W.. Jr: Jacobson. R. Anorg’. Chern 1984 23, 930-935. ' (ﬂc__.N)z, with loss of one cd per dimer (eq 1), wherez_as the

(40) Clark, M.; Cramer, R.; Van Opdenbosch,NComput. Chen1989 native sequences retain their €dcontent and remain as
1, 982-1012. monomers.

(41) Kini, R. M.; Evans, H. JJ. Biomol. Struct. Dyn1991, 9, 475-487.
(42) Messerle, B. A.; Schaffer, A.; Vas, M.; Kagi, J. H. R.; Withrich, . +
K. J. Mol. Biol. 199 214, 765-779. 2Cdc .y = Cay(Bc_), + CF 1)
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Figure 2. (a) UV—vis spectra for 1M Cd-5 domains: Cgfc (@),
Cdsfin (O), Cas(Bc—n)2 (¥), and CdBc—n (V). (b) CD spectra for 26
30uM Cd-fn (O) and Cdfc—n (O) domains and C4AT (@). Spectral
measurements were carried out in 5 mM Tris-HCI/0.1 M KCI at pH
7.5, in a PE Lambda 6 U¥vis spectrophotometer and a Jasco CD
spectropolarimeter model J-715 (using 2.0 nm band width and 20 mdeg
sensitivity, respectively).

220 240 300

UV spectra of the Cgbc and Cdpy native domains and
Cdyfc—-n and Cd(Bc—-n)2 modified sequences show the absorp-
tion band at~250 nm, characteristic of ligand-to-metal charge
transfer (LMCT; S-Cd; Figure 2). Vaak et all® reported that
an increase in the number of bridging thiolates shiftsAhs
values of the Cd&S charge-transfer bands toward shorter
wavelengths (higher energies). Table 2 lists thgx obtained
for the Cd# type-B clusters when their absorption bands were
mathematically resolved into their three different components.
The higherimax values obtained for Ce(fc—n)2 suggest that
the dimer contains a smaller fraction of bridging thiolates than
the Cd monomer, consistent with the loss of one?Cger
dimer.

The strongest CD signal generated by thefzdand Cdfy
domains displayed a maximum &260 nm when the cluster
formed and S Cd—S—Cd—S units were created. This signal,
designated as typel?;1843is due to symmetry-related interac-
tions between coupled asymmetric cadmium sites (Cd$e
CD spectrum of the Gffc showed a negative absorption band
centered at-230 nm (spectrum not shown). It was also observed
in the spectrum of the holo protein and is thought to originate
from an excitonic coupling between transition dipole moments
of bridging thiolate ligands within the G cluster?* However,

(43) Li, Y.-J.; Weser, Ulnorg. Chem.1992 31, 5526-5533.
(44) Law, A. Y. C.; Cherian, M. G.; Stillman, M. Biochim. Biophys.
Acta 1984 784, 53-61.
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Figure 3. Absorbance at 245 nm vs pH plots for the pH titrations
carried out in 5 mM Tris-HCI/0.1 M KCI of 1Q«M (a) Cdifc, (b)
Cdyfic—n, (€) Ca(Bc—n)2, and (d) Cdbn (@, addition of acid;¥, addition

of base).

the CD spectra of Cffc—.n before Chelex treatment and that
of Cds(fc—-n)2 afterward were dominated only by the signals
due to the asymmetry of the metdhiolate binding sites (Cd$

with a Amaxat~250 nm (Figure 2 and Table 2). Dissociation of
Cd?+ ions from the peptides by competition with protons when
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Figure 5. Typical plot for the reaction between/BV (a) Cdfc, (b)
Cdsfin, (c) CdyBc—n, or (d) Cd(Bc—-n)2 and 0.5 mM DTNB in 5 mM
Tris/0.1 M KCl at pH 7.5 followed at 412 nm absorbance corresponding
to the TNB formed during the reaction.

j | M H ’M 1 and Cd(Sc—n)2, respectively) suggest changes in the environ-
WWW WN{*‘M‘MMWNW “W M(Nf ment of the free cysteines that occurred upon dimer formation.
The one-dimensionat’*Cd NMR chemical shifts of the
H3CdyBc and13CcyBy domains given in Table 2 indicate that
i . , . . - i Cc?" is coordinated to four cysteines, with some of those
670 660 650 840 830 620 610 cysteines bridging between two €dons (Figure 4). The three
Figure 4. One-dinemsiona!*Cd NMR of 3.5 mM**Cdyc, 5.6 mM resonancesdgq exhibited by the synthetic native lobster
13Cdyfn, and 4.5 MMHCds(Sc—n)2 in 5 MM Tris-ty;-HCI (10% D:0) domains,113CdyBc and 113CdyBy, are consistent with type-B
at pH 7.5 measured at 66.608 MHz ¥5Cd(CIQy),. Insert: amide CdsSs clusters as found in thé: andSy domains of the lobster
region of the one-dimensiondH NMR spectra at 300 MHz using CMT 2426 Thus, 113Cd NMR and*H NMR, which shows good
WATERGATE solvent suppressich3¢ The sweep width was 3591.9 o ' '
Hz (128 scans were C0||£zed). P dispersion at the amide region (Figure 4, insert), confirm that
the synthetic native domains have formed stable clusters similar
the pH was decreased to 2 resulted in the loss of the CD signals'© ;ho()vigvfgrur;gefol\zl\t/lhs S”;:é?; Tg\llzé)lre(ﬁeslir;nificant differences
for all four structures. ,

Both the UV and the CD spectral features of@sland Cdfy between the modified domain structurB&Cdycy and**Cd:
indicated the formation of Ceithiolate clusters similar to those gé%(gl\;)ﬂz an:n:jhﬁggg:('}’f dg)rgilr:]i?)ig dtcsr hglrc(;a%rzzelr?élsBicr)]th
pbserved in the holo protein (]obsteréMiT). The differences their mc&g‘ NMR spectriqrrh]l gs well as in t%e amide gr]egion of
In the Amax values _obs_erved in the -UV and the_ -CD spectra heir lH NMR spectra (Figures 4 and S3). Similar broadening
between the Cd derivatives of the native and modified sequencestalso occurred in the high-field reqion of tﬁbl NMR spectra
(Figure 2) signaled differences in their cluster structures. These features are cogsistent Wi%h a sﬁ'@rtelaxationpof thé

pH-titration studies were carried out to study the stability of ising f h ¢ ional flexibili
the type-B clusters in these domains. The displacement %f Cd proton resonances, arising from the conformational flexibility

; . : ; of these structures. These NMR characteristics suggest rapid
from each cluster upon increasing the concentration of protonsexChange of C&f ions between different metal sites and/or
in the media was followed by the changgs in the-Gccharge- . multiple solution conformations of the modified domain and
transfer absorption band at 245 nm (Figure 3). The behavior dimer (Table 2)
observed for the Ggfc and CdpBn domains was comparable to )

. ) . Thiolate Reactivity toward DTNB. The reactivity of the
that observed for the holo protein. The -€tthiolate linkages . . X .
started to disappear at pH 4, as shown by the loss of the Cd5 species was analyzed by studying the reaction with DTNB.

absorbance at 245 nm (Figure 3). Titration of the acidified \-mir[eegcggn rt:kf;sgrll?g?hzcggj?g% mtgifigiovgnﬁ dséc\t]\,ﬁirgﬁ'
solutions with NaOH resulted in the reconstitution of the Cd PQPox TEP pep

clusters. Therefore, the cadmium bindirdjssociation process, contains internal disulfide bonds:

as in the case of lobster T and mammalian CMT, was B "
reversible and pH dependent. /,DTNB + Cdy — apog,, + 9TNB + 3Cd"  (3)

Cd,R,

Cdy8 + nH™ = 3cdt + H. 8 ) The obs_erved reactions were bi_phasic for each of the species
studied (Figure 5). The GA derivatives showed rate constants
o with the same order of magnitude as those observed for the
However, the pH titration of Cgfc—n and Cd(fc-n)2 took holo protein?545 The plots ofkeps Vs [DTNB] indicated that
place in two distinct stages, where one involves the displacementg,ch phase has DTNB-dependent and -independent components

of C** by the protonation of the CeS cluster as the pH  (Taple 3). Thus, the overall rate expression for the reaction of
decreases from 7 to 2. The half titration pH3.6, was similar

to that for the native domains. The second one is due to the 4s) zhu, z.; Petering, D. H.; Shaw, C. F., llnorg. Chem 1995 34,
deprotonation of-2 and~3.5 free cysteinesfss = 4.3 x 10° 46) 44177—4483. ‘ rood o

-1 —1 ; 46) Wilson, J. M.; Wu, D.; Motiu-DeGrood, R.; Hupe, D.JJ.Am. Chem.
M~tcm™t) for Cdsfc—n and Cd(Bc—n)2, respectively, as the Soc 1980 102 350-363.
pH values increased from 7.5 to 9.5. Also, the experimental 47y whitesides, G. M.: Lilburn, J. E.; Szajewski, R. P.Org. Chem.

differences observed irgy values (8.2 vs~7.3 for Cafc—-n 1977, 42, 332-338.
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Table 3. Rate Constants Calculated for the Reaction between Table 4. Energy Values after Molecular Mechanic Minimization
DTNB and Cdf Species for CdyBn, CiBe—n,2 and Several Mutants of Gek°
kuf klf x 10° k2f kls x 108 k25 overall
shH (sH Mrsh (sH (MisY local charge
lobs CMT-1° 477 580 101  0.70 Shanges mutated energy
lobs CaMT-22 227 813 123 066 incharge  fn  (kecal/mol)
lobs CdCuMT-22 3.23 2.92 1.34 0.71 Cdsfn 0 -179
Cdyfic MT-1 5.45 19.1 0.96 0.68 Cdyfin (GPCCKD — KECCTS) +0—+0 0 —112
Cdsfn MT-1 2.98 5.75 0.13 0.36 Cdyfn (DKCeECA— SGCKCP) —1—+1 +2 +37
Cdyfic—n MT-1 6.39 28.11 0.37 251 Cdyn (A12— P) +0—+0 0 —146
Cds(Bc-n)2 MT-1 0.117 3.10 1.47 CdsBn (E10— K) -1—+1 +2 —69
Cd peptidgs-6° 0.15 2.59 0.88 Cdyfn (Kg— G) +1—+0 -1 —124
2 Reference 26° Reference 49. MT peptidgs; corresponds to the Cafn (D7 — S) . b 1 : 1_0 i—l __88
. . X ; L . Cdsfin (GGCKT — KDCEA) +1 1 2 176
amino acid sequence involved in the binding of Cab denominated _ _ _
; . ats Cafn (GCoKCT — KCTCK)  +1—+4+2  +1 133
by 113Cd NMR) of the mammalian G@ domain. Whereas the kinetics . . _
! : — X Cdifn (TSGsR — KPCS) +1—+1 0 136
of Cdy5 with DTNB are monophasic, the kinetics of Cd pepiide CdBcn 0 ~130
are biphasic.

aCd—Cys coordination was set as in £84. ° All amino acid changes
the Ca3 derivatives, as in the case of the holo proteingCd ~ "€Presenp to fic-n changes in sequence.
MT), was found to be . ) )
Molecular Modeling Calculations. Because the UVvis,
rate= (ky; + ky[DTNB] + k. + k,JDTNB])[Cd,8] (4) CD, one-dlmenspna]‘H NMR, and one-dlmen_S|or_1dI13Cd_ _
NMR spectroscopic characteristics as well as kinetic reactivity
toward DTNB of the modified domain indicated the presence
of less stable, more reactive structures than those of the native
domains, we studied the energy differences between the three
Cds domains using molecular modeling techniques. The energy

The number of thiolates reacting in each step, however, varied
with the 8 domain. While the CgBc has three thiolates which
reacted in the fast step and six thiolates in the slow, thg8¢d

and Cdfc.n domains displayed six and three sulfhydryl groups values for theic, Sn, andfc—n (with Cd—Cys connectivities

in these two steps, respet_:tively. It we C.Ombif‘e the result_s for as infy) domains obtained after the minimization step, that
pdgﬂc and Cdfy, we obtalln a total of nine thiolates reacting followed the dynamic runs at 350 K, were219, —180, and
in each step of the reaction, the same as found for the hOIO—130 kcal/mol, respectively. Their relative magnitude supports

i 26, . - . . L
pr(_)rtk(]eln C@M'I(;. ;5 fh ¢ the higher stability of the native domains and the likelihood
e second-order components of the rate fogfedy were that Cdfc-n adopts a different structure. All of the three

'argef tha}n t.hos.e observed for the native. domains or the .hOIO N-acetylated sequences have an overall charge 2fin the
protein, indicating a more _favorable b|m0_IecuI_ar rea(;t_lon presence of three €d ions, with five basic and three acidic
between DTNB and the thiolates groups n t_h's_ modified amino acids in addition to the nine cysteine residues that bind
sequence (Table 3). Furthermore, kinetic monitoring of the to the Cd" ions. However, there are variations between the
reaction for C¢(fc-n). required stopped-flow methods to positions of (a) the cystein’e residues for fheand thefc—n

resolve a step too fast for conventional spectroscopic measureyomains and (b) the charged amino acids of flreand the
ments. Analysis of the absorbance changes indicated that this —n domains, which might account for the differences in

reaction was also biphasic, with 6 and 12 thiolates reacting in
the ultrafast d sl t tivelv. Wh energy observed.
e ultrafast (uf) and slow steps, respectively. When kfie The fc—n domain (cysteines spaced asfi; Table 1) was

valut_es were plotted vs [DTNB] and analyzed, the rate law also modeled by keeping the same-Gxysteine connectivities
obtained was of the fc domain. However, the changes in position of the four
cysteine residues resulted in highly distorted metal centers (with
rate= (ks + ks + kydDTNB])[Cd5(Sc )] ®) sﬁorter Cd-S and Cd-Cd distar?ce);, 2.5& 0.09 A instead of(
2.564 0.02 A fordcg-s and 3.704 0.16 A instead of 3.24-
Free thiol or thiolate groups of proteins always react in a 0.04 A for dcgcq) when compared with those of the natife
bimolecular process with organic disulfides, such as DTNB or domain. These types of distortion were not observed yher
GSSG?¥"4648 The ultrafast step observed for the reaction was modeled using the Eaysteine coordination ¢fy. In both
between DTNB and Gg3c-n)2 is DTNB concentration inde-  cases, the structures lacked thel1® helix (residues 4147)
pendent, although the pH-titration studies suggested the presencebserved in the nativBc. In addition, there is a change in the
of protonated thiols in the dimer. This unusual kinetic behavior orientation of the side-chain carboxylic group of Glu45 that
of Cds(Bc—n)2, however, has a precedent in the reaction of the moves from the exterior to the interior of the domain in close
Cd peptidgo-61 Of rabbit liver MT-2 with DTNB in which proximity to one of the C# ions. Thus, Ce-Cys connectivities
analogous DTNB-dependent and -independent kinetic steps areare partially driven by the position of the cysteine residues.
observed. The pervasive differences in the structures and The energies were calculated for a series of structures
reactivity for Cad3c—n or Cds(c—-n)2 in comparison with those  retaining thefy Cd—thiolate connectivities while changing
of Cdgc and Cdpn clearly establish that the modified sequence selected non-cysteine residues to convert small regions to the
generates new structural interactions witt?Cavhich preserve Bec—n sequence (Table 4). We centered these changes around
the reduced thiols in the monomeric and dimeric forms, thus the cysteine residues including Cys4, Cys5, Cy€§9sil,
ruling out disulfide formation as the mechanism of dimerization. Cys16, Cys26-Cys22, Cys25, and Cys27. Changes in the
- - regions around Cys4, Cys5, Cys20ys22, Cys25, and Cys27
(48) gf'?ﬁﬁi@? Robert, J. M.; Rabenstein, D. 1. Org. Chem1992 resulted in minor energy variations. The largest increase in
(49) Mufoz, A; Laib, F.; Petering, D. H.; Shaw, C. F., IIBIC, J. Biol. energy involved the amino acids adjacent to Cys9 and Cys11.
Inorg. Chem.1999 4, 495-507. Thus, changes in single amino acids were made in this particular
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Table 5. Minimized Energy Values for Human, Rabbit, and GIF

Cdy3 Domains and Related Mutants of Humanz@d

Inorganic Chemistry, Vol. 39, No. 26, 2006121

and naturally occurringg domains have been identifiéé1424
From their existence, it is clear that stable type-B clusters can

domain energy (kcal/mol) be formed from at least several sequences exhibiting some
rabbit MT-2 Cd 139 diffe_rences in location of the cysteine Iig_ands forP€dOn the
human MT-2a Cgf® +42 basis of these results, one can consider whether the only
human C¢B (S; — P) +144 requirement for the formation of stable type-B,sS¢] clusters
human Cef (K23 — E) +38 is the presence of nine cysteine residues dispersed along the
Eﬂmgg g% Eéfﬁ';)) iig peptide sequence or whether other residues in the sequence

8~ . - . ..

GIF Cayse 1161 contribute to their structure, stability, and reactivity.

To study the effects that the position of the cysteine residues
and the characteristics of the other amino acid side chains
0zgdjacent to the cysteines exert on the-@YS connectivities
and the reactivity of the G@ clusters, three different sequences
based on thg domains of lobster MTAc, An, andfc—n) were
synthesized using the Merrifield solid-phase methge.and

region. The replacement of the acidic amino acids Glg) (  An correspond to the native C-terminal and N-terminal domains
by Lys10 Bc—-n) and Asp7 fn) by Ser7 (c—n) resulted in of Iobstt_e_r MT-1, respectivelyBc—n retains the amino acid
final energies after minimization of69 and—88 kcal/mol, ~ composition of fc as well as most of its sequence (80%
respectively. In contrast, changes in the Cysl16 region by homology in non-cysteine amino acids, 70% overall), but the
introducing two negative charges resulted in a decrease in energyeySteine residues are placed in the positions corresponding to
of 40 kcal/mol. Thus, local changes in charge may be respon- those offin. _ . . . o
sible for the energy increases, although there is not a linear ES-MS, amino acid analysis, and chemical characterization
relationship between the energy and the overall charge of thedemonstrated that the chemical synthesis of the nativeSapo-
cluster. Similar results were obtained when the structure of crab@nd apdsn domains of lobster MT-1 was successfully ac-
MT was used as a basis for the calculations. complished. Stable Gfc and Cdpn clusters were generated
The spectroscopic characteristics of s8¢y and the when the synthetically prepared native lobster domains were
domain of CgMT-3 (3-GIF) resemble one another. Both display reconstituted with cadmium ions. Spectroscopic characterization
a shifted UV=CD band and have lost the characteristic three- ©f these cadmium derivatives demonstrated (1) an absorption
resonance3Cd NMR spectrum of the3 domain?® It was band at~250 nm due to ligand-to-metal charge transfer,
hypothesized that changes in a small number of non-cysteineLlMCT,*® (2) a CD-signal centered 2260 nm due to
amino acids in thg domain of MT-3 (GIF) in comparison with  intéractions between asymmetrically coupled pairs of-6d
MT-1 or MT-2 account for its peculiar spectral properties. Thus, Units within the binding site generated when the cluster
the energy of the Gg domain of GIF was calculated using a formsi®*"“*and (3) one-dimensiondf*Cd NMR chemical
similar approach. shifts between_ 610 and 670 ppm, reflecting the formatl_on, above
In this case, the structure was modeled using the @dteine pH 4, of Cd-thiolate clusters analogous to those found in lobster

connectivities of the Ggf domain of human MT-1 or MT-2, MT 2426 (Taple 2and Figur.e.s 2.and 4)' o .

which have sequences homologous to MT-3 (GIF) with the Mammalian CgMTs exhibit biphasic k|rget|cs in their reac-
cysteine residues located in the same positions along thetions With the aromatic disulfide DTNB05%in which each
polypeptide sequence. The energy values calculated fof the St€P s due to the reaction of one of the two domains: the
domains of human MT and GIF were42 and+161 kcal/mol, [Cd4a]27doma|r.1 IS respon5|ble2 for the fast stémand the
respectively (Table 5), suggesting a lower stability forh@IF [Cdy5]*” domain for the slow? These results led to two
domain. When the energies of a series of structures Werehypothgses: (1) the differences in reactivity are due to differ-
calculated in which changes in the non-cysteine residues of ENCeS in cluster structure, type-A 5 vs type-B CdS,, or
humanj were converted to those gF-GIF (MT-3), it was (2) they are imposed by the protein structure surrounding the

observed that a single change, the insertion of a proline residuedomains' The latter could involve either steric features of the

between Cys5 and Cys7, resulted in an increase of energyfolding of the peptid_e backt_)one around the cI_u_ster or detai!ed
placement of the side-chain groups of specific non-cysteine

comparable to the one observed for 3&@IF (Table 5). - ; : -
However, replacement of other single amino acids including @Min0 acids. The first hypothesis was ruled out when the

those that changed the overall charge of the cluster (Lys22GluTéaction between DTNB and lobster &I, with two type-B

and Ser18Asp) resulted in only minor changes in energy (Table C%Ss clusters each having a net charge-ef, was studied,
5). and biphasic kinetic behavior was also obser&f&Unlike the

monophasic reactions of the mammalianand g domains,
biphasic kinetics with rate constants comparable to those of the
) ) ) holo protein (CgMT) were observed when each of the

Structural NMR studies carried out with crustacean MTS, gynthesized native domains, §5d and CdBy, reacted with
which consist of two domains containing £ clusters, have g (Table 3). Thus, each of the three naturally occurring
shown that the specific Cecysteine _coordlnatlon dlffgrs CdhB domains (one from mammalian MT and two from lobster
markedly between théc and thefiy domains. The two domains  \\1 containing the same type-B cluster structure but distinct
of crustacean MTs and thfgdomain of mammalian MTs each ¢4~ cysteine connectivities and folding of the peptide around
contain nine cysteine residues that are dispersed somewhat
differently within their sequences. As a result, peptide folding (50) Backowski, G. Ph.D. Thesis, University of WisconsMilwaukee,
around the three clusters also difféfs2® Yet, the three Milwaukee, WI, 1984.

sequences bind tlions to form three-metal cadmiunthiolate (1) \';’vl: (1399':’{‘-'3- Thesis, University of WisconsiMilwaukee, Milwaukee,
clusters that are structurally identical with three bridging and 52y muroz, A.; Petering, D. H.; Shaw, C. F., lllnorg. Chem1999 38,

six terminal thiolate ligand&"26Thus, three structurally different 5655-56509.

@ Cd—Cys connectivities were set as in humang€dAll in silico
mutations represent amino acid changes between the sequences
human$ domain and GIF. ® Human MT-2a: AcMDP-NCeSCs-
ATGDSC14TC16ASSC0K CooKEC5K Co7TSCaKK. ¢ MT-3 (GIF): Ac-
MDPETCsPCsPSGGE14TC16ADSC 0K C2oEGC 25K Co7TSCaoKK.

Discussion
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the cluster, reacts differently with DTNB. These results sug- ~ I _
gested that particular features of the folding of the amino acid s.\ S
sequences result in the different kinetic behaviors of the _ ] /
mammalian and crustacegndomains. s s

Two alternative hypotheses were initially established for the \/ S'\ /3' 2
study of thefc—n domain reconstituted with Gd. (1) If only / ]
the position of the cysteine residues determines folding of the S\ s e
peptide backbone and reactivity of the peptide around the cluster, / S s: / \
the fc—n andBy domains would be expected to have the same /Od\s/(?(S &
Cd—CysS connectivities and display similar patterns of chemical s -
reactivity. (2) If the non-cysteine amino acid sequence also 2 Tooft S‘\/s‘ /
serves as a determinant of folding and reactivity, fhe.n s
domain might behave like théc domain, which has a similar },d/ SH S SiH
though not identical sequence of non-cysteine residues. / SH \/

As shown in this study, marked differences distinguish the i /s o\ LN
fBc—n domain fromfc and Sy and thereby contradict both of ou\s/c< S S /°§
these hypotheses. The modified:8¢-n domain lost cadmium s/
to ChelexJ and formed a dimer, &fc-n)2, as shown by L l
analytical gel-exclusion chromatography. Both monomer and N
dimer are formed via Cdthiolate interactions, but their L l S S |

distinctive spectroscopic features (UV and @fx.and a very Figure 6. Schematic representations of possible structures for the
broad one-dimension&*Cd NMR signal) imply that significant CcbBc - and Cd(Be )2 metal-thiolate clusters, The subscripts 1 and

structural differences exist in comparison with the native 3 on the sulfur atoms identify the two peptides involved in the formation
domains. According to the pH-titration studies, the monomer of the dimer.

and dimer of the modified sequence contain two and four
partially protonated cysteine residues, respectively. In addition, additional free thiols, as suggested by its reaction with DTNB
unlike the native domains, thié1 NMR features for the Gd and its pH titration.
(Bc—n)2 and CdBc-n structures suggest large conformational  Molecular modeling calculations suggested that the instability
flexibility. There were also marked differences between synthetic of the fc—n cluster arises primarily from the replacement of
native and modified domains in their reactivity toward DTNB the amino acids adjacent to Cys9 and Cys11, particularly Asp7
and in response to pH changes. The larger values of the secondand Glu10 (Table S1). Interestingly, Asp7 is conserved in both
order components of the rate law for the reaction between DTNB isoforms of crustacean MT and lobster MT. Replacement of
and Cdfc—n, compared to those of the native domains, suggest Asp7 (Bn) by Ser Bc—n) resulted in the loss of three hydrogen
that easier access of the electrophilic disulfide to the thiolate bonds, involving the side-chain carboxylic group of Asp as the
groups of the modified domain facilitated the bimolecular acceptor and the amidaitrogen of the Lys8 and the amine
reaction. The ultrafast reaction of §fc—-n)2 with DTNB and group hydrogens of Lys6 as the donors. The deramceptor
the second step in the pH titration (p+B) might be attributable  distances from Lys8(Nkhiad and Lys6(NH™) to Asp7(COO)
to the presence of protonated thiols. In turn, they may be were 1.7 and 1.6 A, respectively, whereas those to Ser7(OH)
responsible for the conformational flexibility, suggestedtby of the mutant were 2.5 and 2.8 A, thus precluding H-bonding
NMR, that facilitates the G exchange among binding sites interactions (Figure 7). As a result, in the minimized structure
and causes the broad nondescH3Cd NMR signal. Similar of the C@dfn—Asp7Ser mutant the backbone folding around the
broadening of théH NMR spectrum has been reported for the metal cluster differed somewhat from that in the minimized
Cdg8 MT-3 domain (-GIF).28 structure of native Cgfy. The substitution of Glul0 by Lys
The DTNB concentration independence observed for the resulted in an increase on the solvent exposure of the cluster.
ultrafast step of the reaction of €fic )2 was also seen in  On the basis of two-dimensional NMR experiments (ldziand
the ultrafast step of the reaction with the Cd pepiide. of Petering, unpub_llshed results), the side ch_aln ofGIl_Jlo is folded
rabbit liver MT-24° The rate-limiting step in the reaction of toward th.e interior of t.he glusterm\,, covering 'Fhe thiol group .
the Cd peptid@._e1 is the breaking of the Celthiolate bonds. of (_:ysS, instead of orienting t(_)ward the exterior of the domain
In the case of Cs{c—-n)2, rapid conformational rearrangements as in the Glul0OLys mutant (Figure 8).

of the dimer suggested by the NMR results might account for That a single, non-cysteine amino acid substitution ir_1 the MT
a rate-limiting process and are under investigation. p domain sequence can dramatically alter the properties of the

. S metal-thiol I risal molecular modelin
To account for the spectroscopic and kinetic features ob- etai-thiolate clusteris also suggested by molecular modeling

. results related to G MT-3 (5-GIF). Although the MT-3p3
se:jvgd, two posIS|the strFu_cturez a'r:e ptrﬁposed for th@&d domain differs in only seven amino acid residues from the MT-1
and Cd(fc ). clusters (Figure 6). For the monomer, 458 -y, or MT-2 B domains, they exhibit different Cd cluster properties
an equilibrium of several structures is proposed, in which two

! q q h b and structure$®52 Cds3 MT-3 has a much higher calculated
Cysteines and two oxygen donor atoms exchange as mem €l¥nergy, supporting the view that non-cysteine residues are

of the ensemble of the Cd ligands. The open cluster including jhqtant in the folding and stability of the clusters. Among
free thiols may result in the observed second process of the pHijq calculated energies of MT/2mutants bearing one of each
titration and the large second-order rate constant of its reaction ot tne amino acid substitutions in MT-3 only that for the

with DTNB. In this model, these structures tend to dimerize ger7pro substitution increased to an energy value approaching
with the loss of one Ci and the consequent increase in the

number of terminal cysteines. The resulting dimer (Figure 6) (53) Bogumil, R.; Faller, P.: Binz, P.-A.; Vak, M.; Charnock, J. M.;

with a C; axis of rotation generates a more open structure with Garner, C. DEur. J. Biochem1998§ 255 172-177.
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Figure 7. Ball and stick representation of the £5Cys clusters for the nativgy (in orange) and its mutant Asp7Ser (white) showing the distances
for the possible H bonds between residues Lys6, Lys8, and Asp7 or Ser7.

that the Cys6-Pro7—Cys8-Pro9 sequence of MT-3 is necessary
for its proposed biological function, regulation of Zncon-
centrations at the brain neuronal synap8és,consistent with
these findings.

In summary, the results presented here indicate that the
modified lobsteic—-y domain does not form the same type of
stable clusters as the natife or Sy domains. Instead, it displays
different spectroscopic features and kinetic reactivity and a
tendency to undergo dimerization. Molecular modeling strongly
suggests that even a single non-cysteine amino acid can be a
critical determinant of MT domain stability. Thus, we have
demonstrated that the structure, stability, and reactivity of the
type-B CdSy clusters depend on the detailed sequence of amino
acids in thed domains and not simply the placement of cysteine
residues within the sequence. Both the folding of the peptides

Figure 8. Space-filling representation of the metalysteine clusters  to create Cethiolate clusters and the reactivity of the resultant
(CdsSy) of the minimized structures, using the Tripos force field in  cd—thjolate clusters reflect subtle relationships between the

SYBYL, for Cdyfiy (orange) and the mutant gt —GIul0Lys (white). sequence of cysteine residues and the nature and placement of
The figure shows the differences generated on the solvent exposure o

the metal cluster as a result of the changes in the orientation of the neighboring non-cysteine amino acids.

side chain of residue 10 (sulfur, yellow; cadmium, green; nitrogen, blue; .
oxygen, red). ( y g g Acknowledgment. This research was supported by U.S. NIH

Grants ES 04026, ES 04184, and DK 51308.
that obtained fop3-GIF. The other changes such as Asn5Thr, . _ ) )
Ala9Pro, Ser18Pro, or Lys23Glu resulted in only minor varia- _ Supporting Information Available: Figures S-S3 and Table S1,
tions in energy (Table 5). It appears that it is the insertion of displaying mformanon described in tht.e text. This material is available
proline at position seven that generates the instability and free of charge via the Internet at hitp://pubs.acs.org.
perhaps greater reactivity of the GfFdomain. The hypothesis  1C000485S





