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ABSTRACT
'Metallothioneins (MT) are a class of cysteine?rich proteins that -

bind a wide variety of metal ions..Although it hkas been §uggested“
that_ the structure of the metal binding sites in Cd, Zn-HTvinvo es two
- d

metal clusters (alpha and ‘beta) which coordinate the metals thr gh ‘a
£ . L.

!

_ tetrahed!§1 arrangemenx of cysteine residues, considerably less ) ’ .

- —-

info:mation is available concerning the metal binding sites in MT

,- -~ » ¥

and Cu . In this work, absorption, circular dichroism

P Y

containing ng+

. (CD) and magrietic circular dichroism (MCD) spectroscopies have been .

used to characterize metal binding to metallothioneins. The CD )

. spectrum provides information on stereocbemist,ry while the MCD
. . specfrum gives symmetry information on the metal binding sites in MT.

Three specieq of MT’s (rat liver, guinea pig liver and erah
. 4!‘ - ., N 0 . .

hepatopancreaé) have been studied. In dddition to the metal'binding_»h’

properties of MT itself, changes in the eoectroscopic properties when

“the ca?t and ZnZ? of the nativé protein are'replacéd gy Hg2+ and dd* -

ot

in vitre have also been investigated. ' ' N _' ’ -

YA comparison of the MCD spectrum of Cd, Zn-Ma'with thpt obtained for

°a tetrahedrally-coordinated Cd-BAL (BAL= 2 3-dimercaptoprqpanol)

complex shqws that the metal binding sites.in Cd, Zn—MT involve a
' tetrahedral symmetry and.that the Cd-BAL complex represents a good
," ) .model for the gedmetry of the metal,binding sites in Cd,Zn-MT.,
s - ’ - ’,

AlthOugh':he MCD spectra of the native Cd,Zn~MT from all three

species resemble each other closely, the CD sﬂbctra indicate a

.

difference in the pdotein conformation in the crab protein. However,

.
.. -

all three speciessbehave in a.similar manﬁer to protonation and metal

”

B loading with Cd2?. - ’




Spectral changes in the absorptim, CD and MCD spectra during metal

\
- replacement studies with 582+ and cut clearly demonstrate that first

Zn2+ and then gd? ions aie digplaced in a sequential fashion from the

MT. In addition, the metal binding in’ the alpha and beta clusters are

Speeific and the foliowing order of binding can be concluded fromtthia

study (1n vitro)
Alpha cluster: Hg, >Cd > Cu > Zn .. .o

.. Beta cluster : ‘Hg, Cu > Cd > Zn°

Titration studies .of native Cd,Zn-MT with ng+ show the 1somorphous
replacgmentlof qu+ ahd Zﬁ2+. The HCD,spect;um obtained for the Hg- -

!'substituted MT diffefé quite significantly from that observed for é':

2+

. Hg—BAL model complex ahich suggests that the Heg {ons bodnd to the

.
.

'protein-are'not in a tetrahedral environment ‘_)/’

Titration Studies with cu* resultS'in an 1nterﬁedi§te‘speéies which

exhibits a well-defined CcD spectrum. Four cut ions can be bound to the,

alpha fragment while*a total of six Cu ions arevassociated with the
A
beta, domain. The WCD spectrum obtainei-for the MT reconstituted with

fci* is not consistent withfa tetrahedral symmetry around the Cu ibns.

» . yd p.
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CHAPTER. 1 - GENERAL INTRODUCTION ) -

. The ;utbreak of the itai-Itai diseage in Japan in the 1950°s (1), a
disease demonstratably associated wiﬁh caq2t ﬁoisoniﬁg,nhas stimulated -
much intfrest over the toxicological effects of ca?t ¢4 the general

population. Unlike other metals, Cd?* {5 excreted very slowly from the

‘body, and has a long biological.half life in humaﬁs of about 9-30

/

years (2,3), At low level eiposure from food, cat is mainly

accumulated in the liver énd-kidneys. The kidneys have'been found to -

‘be the organ most sensitive to the effects of Cd2+ after chronic
< .

ejgfsure (2). However, little is known regardiﬁg the identity of the

c8mium complex present in'the body. it was not until 1957 that the

«

fi§st Cd2+;cont§ining protein was isolated bf Margosheé and Vallee
from-horse'kfdney cortex (4). This protein was later named
metallo;hiénein (MT) by Kagi angt Vallee ;n 1960 (5).

Followigg the discovery of~the horse mgtallothionein, similap

proteihs have §ince been, identified andﬁisolated,ﬁrom a wide variety

-

of manmal 8 (including humans, rat, chickén, mouse, guinea pig, rabbit)
as well as plahts (6,7), fish (8-11), microorganisms (12,13) and

1 Invertebrates (14-16). In m#mmals,‘the metallothionein is found
prédominantlz‘in the kidneys and livers, however, a much lower )
concentra;fon of fhe protein can also be observed in tissues of other B
organg.gucﬁv;s s?leéh, pancre;s; testis and brain (17).

Metallothioneins may be induce& by the injection of a wide range of

Cd2+, 2+ 3+

"metal fonspe.g. Zn ,Cu2+!ﬂgz+,Au and 313* (18). Other metals

such as Ag+ ﬁnd Pb2* have also been investigated, however, their

iqdu&tion properties have’not‘Béep well established (19-22).

”~

Nevertheless, both of these metals have been shown to bind to

7/

1
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metallothignein in vitro (23,2&). Amongst'the wide variety of metal- .-

Y [ . '

ions used in the induction of qets}lothioﬁeih'synthesis, Cd2+ and~Zn2+

are by far.the most effective. In additionm to the induction of the
protein by the injection of grOup IIB}metaI iops, it'is’possible\to .

induce the protein by a variety of other methods &s shown in»Table 1.
However, the concentrations of the protein produced from these other

methods are often much lower comparéd with that obtained from the

>

injections of metal salts. , . .

Metallothionein has been a,subject\offspecial'interest, largel& due
. . A3 .

v .
. . -

to its unique metal binding'prOperties;fits widespread oqcurrence and

its possible. involvement in the regulation and netabolism of metal ..
' Co ‘

z2n?* and cut) in theibody. The majority of the ‘mative

ions .(e.g.

A

metallothioneins isolated thus far consist of<§'single—cﬁain -

polypeptide with 61 amino acid residues and a molecular weight range

of 6500-7000 prever,’early~studies using gel chromatography (42 43)

' have reported a molecuﬂar weight of 10,000-12,000 for tbe rat and

mouse MTs. The discrepancy in the molecular welght measurenentsvwas e

later rationalized by the fact that MT has an elongated sHape with an :

axial ratio of a prolate ellipsoid (a/b = 6) (44) While.the gel : ;

chromatography technique provides a reasonaole estimate for the )

molecylar weight of globular proteins, the signiffcant difference |

between the shape‘of MT and a globulsr protein introdﬂcestsubstsntial .

error. The elongated shape of MT was later confirned_gy dark-field

electromw microscopy (45). Most metallothioneins have teen shown to

contain two or more iso&orgs vhich differ only slightly in their amino ..
' L -

acid compositions (46) Meas}rements by free boundary electrophoresia

have shown that the MT 1° isofozms of a‘*number of MTs posaess two

-




B A

ot

-~

"TABLE I

Methods of induction of.metallothionein ’

3

Me thod s References
"1. Metal ions injection 25-36 : .
) (Cg,Zn,Cu,Hg,Ag?Ag)
-+ 2. Food restriction ' . 30 )
3. Stress conditions and 37
CC1, int‘oxi‘gation
&, 'Alkyiating,agen't, ! ’ "38
' 5. Bacterial infection - _ 39 '
- , .
6. Hype'rsens‘iti‘ility reaction 40
27, Adrenocortical ;teroid_s 41
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negative.éhérges,.while the MTAZ‘;soforms carry three neggtivé charges

. (43749). . " .

v .g?e of the exceptionai properties of MT which d;sﬁfnéﬁish it. from
, _ , . . —_
other low molecular weight proteins is the presence of a high mgtal

24

>

content (6-7 mole!quiv'alents of ca?t and Zn“  ions)(50,51), and a

» high percentage of'gysteine residues (20 out of a total of 61 amino

acid residﬁes). The primary.structures of several m€tailothioneins are

[ -
o

now known (52). A remarkable homology of the amino acid sequence has
. .
been observed in metallothioneins from different species. The amino

"acid Sequence shown in FIG. 1, for equine.kidney MT 2B (53), shows a .

predominant occurrence of cys-x-cys ( a fotal of 7), as well as .3 each

of the cys—cys and cys—-x-x—cys units throughout the entire sequence,

[N

where x represents amino.acid residues other than cysféine. The

) h
presence of these unique cys—x-cys units has been found to be highly "
conserved in MT”s from other species (52). The lack of both aromatic
amino ‘acids and histidine is also a characteristic feature of this

protein.
!

A number of biological functions have beem suggested for thig protein

“but none of them has been’fitmly'estaﬁlished to date (54,55). TABLE II

shows & }1s£ of the proposed bidlogical functions for MT.
Seve;al'studies have indicated.that the~synthesis of ﬁepaEic MT is

mediateff} by an increase in the exposure to cd?t 1on;, thch suggests

" that ;n binding Cd2+, Métmay function as a detoxification>mechaﬂism

(56-58). However, it was later observed that Cd-MT is 7-8 times more

" toxic than ca?* fons alone. When cd?* and Cd-MT were injected into

~—

2+,

anima1§5 a difference in the distribution of Cd*" 'and CA-MT was

eB&ef%ed'(60;63)-.Cdz+'predominantly accumulates in the }ver while
. *’ ‘ . *

a : . i +
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0 A’Cd-MT was found in the kidney (6&) ?he 'MT ‘was taken up -by the renal

tubules where catabolism and release of Cd2+ was effected by the R

* - ) .
* . .

lysogomes (59). The high concentration ‘of caZt released thus resulted’

Y . »
- e

‘in severe renal damage.

- i- . _.' s o . ? B i ' ’
* - TABLE II 1 -
. .

Possible functiuwé of metallothionein
H

) 4 “ - 3 '

—t—

- . i a .
. . 3 -
- .- +»
ot LS I

1. detpxifidhtion of toxic metals R L T .

‘2. regulation of zinc ahd copper metabolism

3.xuturage'bf metal ions Lo

*n

4. transport of metal ions _ .

Sor

-5

v

R 3 [ . : . Vd ?_’x ) - . .
..  The transport’role of MI fof C4?+, from liver to kidney, has been

. . -
Y . /
.

suggested in severql gstudies (65,66), while ?efutéd by others €67).

"Examinations of Cd-exposed workers havefin&icatedhthqt the toxic

effects of Cdzf in kidneys occur at a much later time than that

expected if the transport of cd?t o the kidoeys was to be mediated by

MT. -

L

Cherian (68) has ﬁroposed a meteal stofage function for MT. It wag

]

shown that Cd-pretreated rats contain a much higher concentration of

‘e

~ the Cd-bianding protein in the liver than non—pretreated rats, A . h

.
]
-’ .

decrease in biliary excretion of Cdz+ was also observed and there was

"no Cd-MT excreted in the bile. This implied that the MT,functious as a, .«

stS%age_site for Cdz+. Others haué'also'suppqrged'thé.temporary

v

. Storage role of MT in rat livers (30), as well as in sheep fetal
[ 3

livers (69) . ) .
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The presence of a naturakly occurring ZnMT in human livers (48)

v - .

suggests that the primary roIe,of’MT in»liver may be related to Zn2+ -

in particular to the regulation of Zn metabolism. Both the induced

synthesis of Zn-MT in rats after partial starvation (30) and the

2+

accumulation of Zn in the MT fractiongin growing chfcks fed'high -

2+ - ' h

8.5 - . T~
levels of dietary Zn“" demonstrate tﬁ&>possib1e role of MT in 7n2* '

~ Y

haneostasis (70). Additionally, Udan .&G'Brady demonstratedn the ability ,

2+ 2+ ! .

of Zn-MT to transfer Zn ions to Zn” rrequiring apoproteins zn_vitro .

2+

(71). Zn~MT was found to be superior to other Zn salts 1in i - ' .

. . X -
-

2+-metalloenzymes such as apo-bovine erythrocyte '’ - -

reactivating ZIn
carbonic anhydrase B, aﬂoéalcohol dehydrogenase, apo~thermolysin, and _ -

apo-aldolase. Further support for the role of Zn-MT as a v,

.

2+ donor was giveneby Li et al. (72) in studies.gitthe "

physiological Zn

. 1igand substitution_reactions of MT with EDTA and apo-carbonic T e ’
’anhydraSe. .o -9 . ' o .

’
Ay » "
‘) - - . . .-

"0f all the metallothioneins investigated so far, the Cd, Zn—MT <

”

isolated from-rat, chicken and horse. are‘the most actively studied,

2+

. Besides CdZV , and Zn - MT s containing other, metal ions have also been

. s . -

found in tissues, e.g. native Cu Zn-MT from calf liver (73), Cung-HT

isolated from rat kidney after Hg injections (74) The occurrence, of

these:MTs,raisea queations,regerding the possible involvement'of MT in .

)

the metabolichpathway'of'metal ions other than Zn2t, Furthermore,'the

'y . .

; existence of naturally-occurring Cu—MT 8 in neonatal and fetal livers . 'K

\

implies that metallothioneins may be involved in copper metabolism L .

! . a
’ . . . - .

78,76 T e T : , R

] -

? * g . . . ° s !
, ‘Metallothiénein is thought .to play a very important role 1ne ;he .
;: . o ‘ve
metaborism of essential s well as toxic heavy metals. Therefdre it - N
. y . , . . . o R
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'apsorption that arises from.the secondary amide and.'thi ol transitions

- and Zn%* soggested that this shoulder was due to charge transfer

-
e

is vital to estgblish the chemical mature and structure of the metal
binding'sites'in this protein in order to assess the relationshfg'
'between its molecular“features and the proposed metabolic functionms.

Of the several attempts made to obtain crystals of metallothionein

a

todate, only recently have the preparations of rraetals of suitable
quality for X—ray crystals study been described (77) However, the

three dimén‘!onal structure of the metal binding sites in -
metallothionein has not:yet been,deterp;ned. Heince tbe madbgity-of the
. 1 . . . .

structorai information obtained;sq.far:is based primarily on

.
» . - . -
® . . . I \ . . .

.« T, - .

spectroscopic studies. é C e s L, ' -

] . N - ) . . ) © ' ‘\
Shortly after its discovery, the protein was characterized using :
absorption spectroscopy Owing to the lack of aromaticssgino’acids«ixl"
- ""ﬁ..

this protein, no significant absorption is preséﬁt n the 280 nm

regioo. Neither Cd24 nor Zn gives rise’ to any absoxptipn “in the

visible or UV regions because of the filled d-shells. The absorption
. ' :

. \ * - . bl
spectrum of metallbthione%n at pH 7 éxhibits a bread shouldeg at 250

* -

nm, wh;dh 1s on- the low energy side of an intense backgroono ' -

near 190 nm (78),. This characteristic absorption shouider at 250 nm*is °

Al .

.commonly used as an indicator for the presente of metallothionein. ®

Early model compound studies with mercaptoethanol complexes of cd?t

1

transitions (79), with the 5->Cd and the S-}in charge transfer bands

at 254 nm and 231 nm, respectively. Line shape analysis has revealed -«

that the broad absorption profile consists of at least three

traositiqns (80). Based upon the semiempirical theory of Jorgensen

g2+

(81) and comparison with spectra of complexes between C and 2- -

1
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g

&

-
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-

J‘suégested that each metal is bound té 3 thiolate sulfurs, the

) mefcaptoethanol, the lowést"energy transifion,of‘uhe absorption

spectrum of MT has been assigned to the first Laporte-allowed electron

3

transfer transition (81). However, the origin of the remaining

transitions has not been establiéhed.<

.

Cd,Zn-MTs from different pammalian specles exhibit similar’ .
'Ehirdpticad properties (82-84). The CD épectrum is characterized by

two.bands of opposite signs in the, 260 nm to 225 nm region. The »

molecular mgchanisg which contributess to the optical properties is not

élear, but 1t is likg;y to arise from the disgsymmetric coordination by.

the chiral ;ystein!s. %ﬂpp &.Weser (82) ha@élizfxﬁ that the CD .band 3
' idtensity ééscciéte&.witb\thg hd-thiolate chrogsﬁﬁgre qoes ﬁot T
increase linearly with the increase in the CdZJ‘co;:;g{; hence this
suggests?tﬁét'tﬁg opticdl properties observed‘are“of.comﬁiéxQPriéin.

Results from X;Fay phot&?léttroﬁ‘épectrdscopy (XPS) spuﬂiéslhavé
sug%ested that all the thiolate suifug‘atoms of the cystein® residues
in metallothionein are~inydl§ed in petél bipding and there is no
evidence of disulfide pphdgpin MT:ihE;,BS,BG). A}tﬁoﬁgh the presenéé

of 20 cysteinyl residues together‘with the'7'moles of bourd, metal ions

-

"€oordination chemistry of both the CdZ* apd zn2t have indicated |,

pteference for the formation of complexes 1nvoi?ing at least four or

] Il .

highé; coordination‘humber.'?hérefore,'extensive'lagnmr studies (87~

- +
>

90) were carried out in an attempt.to ident!fy the coordinating groups

fnvolvéd in the binding of the metal lons. iﬁésé data also provide

‘o . .
a -

1nforma£ion on the tertiary structure of.thergroteiﬁ}.The‘Lﬂ-nmr &ata”

indicatéd_that-the resonances associated with the cysteinyl‘rebidues-

were markedly peréurbed on‘metalubinding thug gonfirmiﬁg'thg

* . ﬁ




-

-
4

suggestion that the sulfur atoms are coordinated to the metal ions. No

evidenge was obtained for the involvement of other a&ino acid residues

in the metal binding sites . The g nor spectrum of the apo-MT also

suggested a random coil structure, since the 1H nmr sbeqtrum of apo-MT

. ~

exhibits a remarkably similar pattern to that obta;hed fbr a mixture
of amino acids which hds the same composition as apo-MT. The presence

of a wide ranéé\of amide resonances indicate that .the holoprotéin has

‘a w?ll defined tertiary structure (87,89),'1n contrast to the previous'

conclusion>given by Rupp et al. (88). The ﬁact that metallothioﬁeinsﬁ
~ ? |
from a varlety of species exhibited quite similar nmr spectra serves

-
» i

to confirm the extensive sequence homology observed among

metallothiaoneins from different sources (90).

113Cd nmr data (91) obtained at 22.06 MHz showed the presence

)

Early
of 7 resonances between 610 and 6?0 ppm, in a chemical shift region

expected for CdS, coordination (92-94)¢ Similar spectra were also

113

reported for a Cd—- eﬁfiched MT obtained from rabbit and rat livers

- (95-97). A significant advance in the structural studies of MT was

/ -

presented recently in a series oflllB'Cd nor studies at 44/MHz by-

113

Otvos & Armitage (97-99). By dsing selective Cd decouplings, they

have dedonstrated the.presence'of.discrete cluster units in .the metal

binding sites of metallothionein. Comparison between the proton

- decoupled 113(;d nmr spectra of_the.two‘.isoprotéins of native rabbit

liver MT showed that they wére'very éimilgr_(lOQ). The fact that all

but one of these resohances were: split into multiplets suggésts that

113, _113 2+ _

-

they arise from Cd scalar coupling through adjacent Cd

ions connected by 2 bonds (97-99). Analysis of the selective

homonuclear 1 13C

-

d degcoupling data showed the presence of two types of

o .
- o~
- ’

. . -
- . .

10
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clusters, ope containing 4 and the other 3 metal ions (98). The

“ ‘ . clusters involve both terminal and'bridging sulfur atoms. The .
M structures of the two clusters are shown in FIG. 2. The B cluéter
. involves 9 cysteipe residues from the”NEz—terminus of the .sequence
- @ ' . B

(residues 1-30 in FIG. 1)“and the A cluster has 11 cysteime residues

(residues -31-61). The presénpeoof two types of binding éiteg was also

+
e

supported by data obtained from the perturbed angular correlation of

gamma rays technique (101). 113Cd nmr spectra of nativé rat liver
113

-

Cd,2Zn-MT isoforms at 88 MHz were reperted recentli.in which the

overlapping resonances were significagtly'bétter resolved than
previously reported (192). A combarison of the spectra of the two
isoforms indicated that there was more heterogeneity in the

. distribution of Cd?* and zn?* in isoform 2 of this protein..

*

. ~ Extended X-ray absorption fine structure spectroscopy (EXAFS) has "

2+

als6 been used to study the Zn‘" gites in sheep MT and the results

< o suggested that all the sites are essentially equivalent and involve

four sulfur atoms (103). The Zn=S ‘ond'distance observed is comparable

to théF~for tetrahedrally-coordinated antAthiolate complexes

(104,105).  *__

s

Spectrbscopig;fffféfs of MT in which the cd?* and Zn‘z+ ions have

been replaced have also coﬁc%uded'that the metal binding sites in

these MT“s involve a tetrahedral symmetry.'Absorption and MCD studies -

" o€ Co%*~ and M2*- substituted MT (106-108) showed that the broad

-

absorption bands in the visible and?near'IR'nglona resemble those
" observed for. known ‘inorgarnic tetrathiolate complexes ,'gnd cobalt

derivatives of metalldpro;einé coﬁtaining'the {Co(cys)alz- unit (10?);

The MCD spectra observed are consistent with a tetrahedral
. ®. 4 .

ke
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metal-reconstituted MT) has indicated a caZt and Zn

¢

coordination of the metal ions, but there is a cbnsiderable distortion

in the geometry.:

Although !13cd nur studies have pstablished the binding of a total
of 7 moles of metal ions in tﬁe two metal clusters in metallbthicnein,

the majority of the data reported to date (for both the native and

2+

A Y

content that

el

ranges from 4.2 to 6.5. The discrepancies in the metal contents in the

native proteins, where metallation takes place in viyo, probﬁbly

24+

results from both the loss of the less tightly bound Zn ions during

the isolation process and the inaccuracy in the measurement of the

‘protein concentration. Different methods were used to estimate the

o

protein concentration and, therefore, it became extremely difficult to

correlate results from different laboratories.

L] .

The accurate measurement of protein and metal concentrations 1is very

important in meétal replacement studies for the elucidation of -the

, ' ) _
stoichiometry of metal binding in MT..A variety of methods have been

suggested for the estimation of metallothionein levels by a number of
. ‘e

reseanth groups and they are summarized in Table III. Kagi & Vallee
- - .

(79) and Pulido et al. (84) determined an extinction coefficient at 250

nm for the cd2* chromophore from the difference spectrum of the native

'metallethignetn (at pH 7) and the thionein (at pH 2). Sinde the 250 nm _

shoulder absorption arises from the § -> Cd charge transfer

» .I '

transitions, solutions containing tﬁe'same‘protefn.concenttation but

2+ ratio, will undouitedly exhibit

with a different CdZt. to zn
different absorbances at 250 nm (44). Therefore, this method of
estimabion should only be applied to protein samplea that contain 7'-

solely C

‘s e . .

d2+ ’ . . L. T ’ r'.\'

13

~



. ° TABLE III
. | e
Different methods for detepminaiion of metallothionein concentrations

-]

4

Method . | _ . References
1. Cd-heme \ ' " 110,115 ’
2. 1094 isotope 111
3. Extinction coefficient o
4. 203Hg satﬁratisn' 112-114
5. Polar'ography . - | 117 ‘
6. Radioimmunoassay N : 120-121
7. 203Hg’modified metgod ' :116 s
8. Thiol groups determination ~ 118,119
_(DINB)
. - \
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_ Other protein concentration estimations make use of the different

‘the Cd-heme method, excess Cdz+ is used to displacg the bound Zn

binding of the Hg

addition, the stoichiometry of Hg

. replacement.daiaf

&

-» . ]\
- affinities of metal fons towards the sulfhydryl groups (Hg>Cd>Zn). In

2+

wions and the proteinjconcentration was then estimated by assuming that

6 cd?* ions are bound per protein molecule (110).
" Radionuclidds such as 10%4 (111) and 203Hg (112-114) have also been
! ’ <

used as markers for the determination of protein concentration. The

2+ 2+

203Hg added displaces all the Cd"" and Zn that are bound to the

protein initially. However, the metal displacement method using 203Hg
suffers from many drawbacks. It tends to overestimate the protein

concentration due to the poor separation of the bound and unbound

203Hg as well as due to ﬁhe presence of other small molecules that

" bind to 203Hg (115). Recently, a modified- 203Hg binding assay method

was reported (116) in which the unbound 203Hg yvere\removed on a -
Sephadex G-10 column. Nevertheless, the detailed bindimg properties of

ngf to metallothlonein have not been tﬁoroughly investigated and the

mamer in. which the Hg displaces the Cd2+ and an+

and the subsequenf

2+ to the protein is not well understood- In

2+ binding,has not been well

establishbd Hence, the use of boand metal ions, in particular ng
as a marker for the estimation of protein concentration may result in

considerable error at this time. Until the binding properties of these

qetal ions have been fhdrbughly characperized, one must be.cautioue in

the assessment of the protein concentration based solely on metal

4

%he estimation of MT concentrption using the polarographic technique

was proposed.by,OIafson & Sims (117). It 18 based upon the heat




7 ) .

stability properties of the protein”s thiol groups. The results .
obtained from this meth%d appear to correlaté well with the (d-heme
method (115). Howe@er, the polarographic method givés a consistently

; .
higher comcentration for MT. Recently, the quantitatill of the thiol:

-

groups: in méta%lothionein has received much attentiom (}18). Oﬁe
‘method, first introduced by EllIman (119), has proved to be a simple

procedure for the estimation of protein concéntration‘ahﬁ? the amino

acid compositiOn‘hasﬁbeen determined. . ”

Though considerable structural informatién has been accumulated thgs
far, detailed studies on the metal binding properties~of'

metallothionein have not been reported, and in particular, no data are . . ,

available for MT containing metal ions athérithan Cd2+ and Zn2+. Since

2t is the major component in‘haturaliy'occurring MT inlliver and

C&2+'predominates‘ih the MT induced by Cdzf Injection, the question

%hat remains to be answered is: does the cd?* induce the synthesis of

apo-MT and bind to thi% subsequently, or doep it simply replace the

Zn;containing MT already present in vivo? etailed in vitro binding y
. — - — e ——

A £

and metal replacement studies may help to answer this que%tion. More- L

over, a better understanding of the Cu\ and ngf binding propértieb of

metallothio&eins is necessary in order to\probe the binding sites

invplved in nixed-metal metallothicneins ( e.g. d-MT and Cd,Cu-MT)

synthesi zed in vivo. It is important to study how the 't and ng+ are

dist ributed begween'the two metal binding domains in MT. ] - .

The .two metal clusters in MT appear to have different metal blnding

properties. Results from 113Cd nmr experiments (98,122) have shown

that in Cd,Zn-MT induqed'by Cd2+, the Cd2+ is bound predominanfly in
2+

the 4-metal alpha cluster (123), while Zn

A r'd

is present in the 3-metal

’
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*

. ' . s ' i ‘
beta cluster. On the other hand, Cu,Zn-MT isolated from calf liver was
found to contain 3 Cu® ions in the beta sites with the alpha sites

occupied exclusively by zn?t (73). . ?

The order of cda?t binding to apo-MT reported recently (124) suggests

that c4a?* incorporation in MT takes ﬁlace in a cooperative mamer,
with the selective formation of the alpha’cluster structure prior to
the binding of cd?* to the beta cluster. However, a different

mechanism for the reconstitution of Co-MT from apo—MT was suggested

.

from ESR studies (108). These results indicate a stepwise reaction in

“which magﬁeticalli non—interactiﬂg high spin complexes were formed
when up to 4 Cozf ions were added, and the magnetically interacting
cluster structures were formed upon further addition of Coz+‘(108).

The recent isolation of the alpha cluster from rat liver MT

(123,125) makes it possible to study the spectroscopic properties of

I3

this fragment independently and also to investigate if the 3-metal
cluster affects the metal binding properties of the 4-metal cluster.
In this work, metallothioneins obtained from three .different

B

sources: rat liver, guinea pig liver, and crab have been characterized *

‘ using absorption, circular dichroism (CD) and magnetic circular

dichroism (MCD) techniques. The three metallothionein préteins are )

compared with respect to their reactions with protons, as well- as’ with

metal. ions (éhgpter 3). The absorption and MCD spectra of a serfes of-
: T2+ 2+ ot _ '

model compounds of Cd“",-Hg®  and Cu’ with 2,3-dimercaptopropanol

(BAL) -that mimic the binding site of MT aregdeécribed'in Chapter 4.

Finally, metal replacement studies with HgZ*

..a toxic nonessential
metal and Cu+, an essential, but potentially, toxic metal, are

described in chapters 5 and 6. A sample of alpha fragment obtaihed

:‘ OQ-?T



from rat liver MT was also Studied -to determine its metal binding

propertfes and to probe the changes in the ca2* cluster ;oir{ding upon
metal replacement. -

~
Py ®




CHAPTER 2: GENERAL EXPERIMENTAL

2.1. PROTEIN PREPARATIONS o

Sprague Dawley rats wetre obtained from Canadian Breeders (Montreal,

Quebec) weighing abeut 150-200g. They wére kept in a galvanized steel

- ’

cage, in a temperatgfe—controlled room with a 12-hour light and dark

®

cycle'adjustﬂEnt ?nd with free access to food and water (Purina rat

‘chow, Ralston Purira Co., St. Louis, MO). All the rats were kept for

1 week before the Cd2¥ injections were started: They werel injected -

with an aqueous CdCl, ‘solution prepared by dissolving Cdcl,. .2.5 HZO in

_triply distilled water. (3 mg Cd/mL) The rats were injected

subqutaneouslx every other day at a dose, rate of 3 mg Cd/kg body

(5 :
_ welght. A total of lI injections were given and the rats were

sacrificed about 12 hours after the last injection by using Nembutal

(60 mg/kg body weight). The livers were removed and perfused in a

-

normal manner with 0.9% NaCl solution and then chilled to 0° .¢c. The

BETE RN

livers were weighed and cut into small pieces and homogenized ypith an
equal volume of 0.25 M sucrose/Tris buffer at pH 7.4, The homogenates
were then centrifuged at 12 000 rpm ( at 5° C) for 15 mins. The

supernatant was" removed and the pellets recentrifuged in an equal

-

volume of the same buffer. The pooled supernatant was applied to a
»

Sephadex.G~75-column (Pharmacia, 2.5 em x 95 cm) and eluted with a 30

-
L]

mH'Tris-HCl‘huffer, pH 8.0. The fractions were collected using.a .

Buchler Fractomette Alpha 200 fraction collector. at a rate of 15

» + drops/min. A total of 100 tubes (5 mL volume) were‘pollected and the

metallothionein fractions were determined by atomic absorption.

analysis for the presence of -both. cd2+ and Zn2+ “The Sephadex-G~75

-

elution pattern' is depicted in FIG. 3. The appropriate_fractions vere

.y
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FI§ 3 Typical elution profile of metallothionein on a S€}hadex G-75
Y i
folumn. The supernatant was applied to the column (2. 5 cm x 95 cm, ..

Pharmacia), which had been equilibrated with 30 mM Tris/HCl buffer, ;"-

pR 8.0. The protein fractions were eluted with the same buffer -

solutggn The Cd2+ and Zn2 <content of each fraction was determined by

LR

atomic absorption spec trophotometry. The absorption spectrum of each
fraction was also recorded to monitor the changes in A250- The

metallothionein fraction (tubes # 64-86) was freeze dried for further

puriﬁication.’ A ‘ . - .
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then freeze dried and reapplie& on a second Sephadex G-75 or G-75

;ufgffine'(Pharmécia) column of the same dimension and eluted using
the same Tris buffer solution as the brivioug column. The freeze dried
prétein was then applied té a Sephadex 6-50 column (2.Q cm x 60 cm),

* ' which had been equilibrated with- triply distilled water, in order to
remove the Tris buffer from the pfbtein. Some of the samples used were

further purified usfng'a DEAE column, or by gel electrophoresis, in

order to separate the two-1soforms:of'metaflothioneiﬁ, designated MT “1

€ o .
-.and MT 2.
- X : . :
3 : ) + -The Cd,Zn7MT 1 and 2 used in some of the metal replacemerit studies

were gifts from Pr. Jadwiga Szymanska, Lodz, POLAND. The preparation
and fu;ification of this protein has been described pre?fously (126).
Crab Cd,Zn-MT 1 was a gift from Dr. R. Olafson (1?) and tﬁé guinea pig
Cd,Zn-MT 2 was prepared by Dr. E. Lui (127). The-rat liver alpha
fraghment sample was prepared by Dr. A. Zelazowski according to Winge &
Miklossy (123) with some modifications. Full defails of the .;
% preparaéive pfocedure will be publis%ed shortly (125). -
2.2. METAL CON@ENTRATIOﬁ DETERMINATION

Metal concentration anal;éis for’most metallothionein solutions was
'céryied out on a Varian 875 eqdipped with a PC 55 autosampler ( flame
mode with an air/acetylene flamés._The concentration mode was used and
the direct readout of the metal concentration (pp@) was recorded. At
least two determinatiéns were carried out for each protein solution.
3 | All calibration ;olutions were prepared in triply distilled water, at

pH 2. Alf certified Atomic Aﬁsorption 1000 5pm sta:aard solutions were '

obtained from Fisher. The protein samples were diluted in a pH 2.

solution and assayed directly into the flame or graphite furnace

'Y



without prior preparation. The flameless mode, Varian GTA 95 e&uipped .

with an autpsampler, was used to analyse solutions in which the metal
concentratdons were in the yppb range.
. .
Mercury concentrations*were dete;mined ‘'using the hydride generatiomn

method ( Perkin Elmer 5000 atomic absorption spectrometer equipped

with the hydride generation accessary, or a home-made glass cell and
reaction vessel adapted to the Varian 875). Fresh standard solutions
were prepared in 1.5 % Hp50,; 100 uL of the protein solution were - .
diluted'into 10 mL of a 1.5 X H,50, solution and }OO nL of a 3 % NaBH,

solution were used as the redqcing agent. The me¥cury concentration 1n

solution was then determined from’a'cdlibration,Curye obtained with

the standard solutions. ; L . T »

1 .

2.3. PROTEIN COﬁCENTRATION bETERMINATION
Protein concentrations were determined by the quantitative
measurement of the titratable thiol groups (119). Solutions of 6 M-

guanidine hydrochloride/50 mM EDTA pH 8.0 and 50 mH 5, 5’-dithiobis—

. .

(2-nitrobenzoic acid) [DTNB] in 50 mM sodium phosphate buffer, pH 7. 5,

were prepared‘(118) 1. 5 mL of the 6 M guanidine solution and 100 uL

of the DTNB solution were put 1nto a 1 cm quartz cell with a magnetic

-stirrer.°Thelsb1ution was mixed by stirring and the absorption

épectrum obtéined. IOOfuL of the protein solution wnslthen added to

2 1

this mixture ‘and stirred before the absorption spectrum was recorded

one hour later. The solution developed a yellow colour. An extinction

£

'coefficient, €412" 13600 L mol"1 3 was -uged tO’qalculate the'_ \

'cbncentration of the thlol groups. Since the protein contains 20 thiol

" groups per molg'of’protein, its concentration in solutions can then be

¢ ) "o 9 .
determined. waqye;, for the garlier experiments, the protein:

Ve . e
- . &, - . LY
. .
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nl, a value

»

concentrations were caltulated using 5250'-57100 L mol™lc
determined specifically for rat liver'Cd,Zn-MTA(IZB). A sample of the

’ . ) - Cd,Zn-MT was subjected to several cycles of purification and freeze
T drying unfil a constant weight of the protein was obtained.,Tne -
r.~ . N ~
absorpti spectrum of a solution cohtaining a knewn amount of this

- ' L 4
prote as measured and the extinction coefficient determined.

*' " 2.4. OPTICAL MEASUREMENTS .~ - . -

All absorption spectra were recorded on a Cary 219 spectrophometer

# : using al cm path length quartz céell, unless indicated -otherwise. The

- . .

- . .CD spectra we:e measured using a JASCO J5 with either one of the .

folIowing two modificationS' (a) JASCO J5 modified to SC’&O e
specifications, (b) modified using an Ithago 391 Lock-in amplifier,
- Morvie photoelastic modulator, Hamamatsu R375 phototube and a JASCO
J500 programmed power supply. The MCP spectra were recorded .at 5.5 T
" field (using an Oxford’ Insttuments, SM2 magnet) The CD spectrometer
- wa; calibreted using a d—lO-camphor suLfonic acid solution with ~
’ | . [9]289[62905 22§ (129) and the MCD intefisity was calibrated with an

»
aqueous solution of CoSOn, with [O]M(SOS nm) = —61.6 deg cm? dmol_l T-!

L 23

or Assosn -1.876 X 10T2 L.mol™l ¢ 1 T'l.

All data we%e-digitized directly from the amplifier. Each MCD

.spectrpm'reported here'has had the ié;o field CD spectrum subtracted

from it. The majority oﬁ the specira presented here.ate:direct
- . [ : * . <,
computer plots. Some'of then are retraced -computer plots. .

-.2 5. OTHER MEASUREMENTS m CHEMICALS

oo ALl pH measuremehts were made. at . 25°°C on a CORNING 125 pH. meter- using

a FISHER microprobe combination electrode lu\fified FISHER buffer

’

solutions (pﬂ 2,7 and LO) were used to standardize the pH meter.
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Aspgctroscopies was reported By Rupp & Wéger (82). The spectral -

" metallothionein proteila in the presence of high proton, C

2

. CHAPTER 3: SPEQTROSCOPIC:PRéPERTIES OF METALLOTHIONEINS k~ p

3.1. INTRODUCTION . ;o .

. a

A number pf spectroscopic techniques has been utilized to ‘probe the
binding site structure and metal bindinghpfoperties of MT. Among the °
. , o .

¢

techﬁiqugs used, the most. successful in providing structural»

fnformation on the MT binding sites is the 113

o

Cd nmr, from which the

1

two metal cluster structures,with tetrahed ly coordinated metal ions

~

were proposed for the binding site structute in MT (97-99). An Early

study on the characterkzation of MT using absérption and CDVV

changes in the CD spectrum of Zn-MT- in :he presencé'of a high'

d2+‘

concenttation of protons and C iogs have been described (82).

Early studies using MCD spectroscopy have also established the

L

potential of this technique in probing the metal binding sites in

metalloproteins (106;107,130,131): Hence in addition'to'abéotption ahd
- ] . ) ) -

CD spectroscopies, MCD can providé further information on the.
physidbchemica; propérties of metallothionein. Furfhermore, MCD

spectroscopy can be used to monitor the changes in .the binding site
geométry‘during'metgl replacement experiments.
B 4

In this.éhaptpt, 3 metallo;hioneins 1solated ‘from different sources

(rat guinea pig and crab) are characterized usiqg absorption, CD and

.

MCD sbectroéeépies. The metal binding propertigs of each’

24

a2+ and Zn

113

concentrations were studied. In addition, Cd nmr was also. used to

monitor tﬁe release of CdZ* from the binding sites-and the

retonstitution of the apo-MT. ' . ) R

32. mmmzn'm. o , - c
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3.2.1s Protein Preparation

All protein preparations werg carried out as.described in Chapter 2.

s | _ " 3.22 pH Experime:;ts
All protein solutions were prepared in triply distilled water. The

: §H of t‘y\é solution was ad.juate;l by, the additiom of pL aliquots of
concpt{;:rafed HC1 and NaOH solutioms dire‘ctl}; into a 1 cﬁ cuvette and
the solution was mixed immediately. . -

3.2.3. caZt ;nd a2t Loadfl.ng Ex'periments | ©
The C4?* solution was prepared by dissolving CdCly-2.5H,0 in triply
;H:sti'lled water, with4'a ‘concentration of 1.0 x 10'£ M. ZnCl, was"used .

. : ‘to pre{)élre a solution with a concentration of -0.9%4 M for the zn2t
2+

™

_ loading experiment. The AaddiEion of _Cd2+ and Zn 1nto.£he cd,Zn:MT

¢ v

solution contained in a 1 cm cuvette was carried out using calibrated
pL' Finnpipettes ( variéble volume, 0-5 pL’and 5-50 uL, .'pi'ecision,

. T 357y,

-

. . . /
3.2.4. 1.13 Cd.-nmr experiment o

3

) ’ 3.2.4.1 Preparation of 11 Cd, Zn-MT . -

113 Ccao0 (96.32 13 Cd, from Oak Ridge National Laboratory) was
converted to 113 Co,. 1.5H,0 using’ concen%ratéd-_l-lCl. A solution ™™

. ‘ ‘prepared with a concentration of ‘2.8 mg:'Cd/mL' ﬁas “used fo‘k 9

' s subcutaneous injections 1nto Sprague Dawley rats. ‘The prot:éin

113

s ‘cont:aining cd, was isolated and p)a-:;l\’ied as teported ear]:ier. The .

P

freeze dried protein (420 mg) ‘was tLenjsolved in 1‘5 mL of 10% D20 R (#
s ‘solution giving a “cadt concentration 6.3 ' AR )
' ‘ ‘ e

3.2.4.2. ri'mrspeétra . o _-.

Y <

This experiment was carried out in collaboration with Dr. P A,

L3

-

\Dean .(anemistry Departmeﬂt U.W. 0) A11 nmr spectra were- recorded by 7 ":4,,_"

. . . . . [N ‘. R ) -

E] . ' hd . e




.~
a

. .'""few of the

-

N Dr. Dean.

¥ '.positive. The spectrum shown in FIG. 11 has

chemical shifts to 1ower shielding tha' theibfe

~was -used and typieally ca. 18000 30° (24 ps) pulses at 17 min~ -1 with a

The 88 7 WHz 113Cd nmr spectra at ambien; temperature were obtained

with\ broad band proton. decoupling using a Bruker WH400 nmr
\- - . ] . ;
epectrg\meter. The “spectrum of the native protein (at pH 7.9) in a 10
‘ ~ . .
. -1

fm od nor tube was measured with 13600 90° (39us) pulees at 25 min

] 1B
and-a spectral width of 20 kHz and that of the reconstitated protein

with 11700 90° pulses at. 8 @in"! and a spectral width of 62.5 kHz. The
~ ‘ o r . 13 “

spectrum of tﬁe\ acidified protein requ.ired 20 45° pulses at 3 min-l.

with a spect;al width of 50 kHz. The spectra were referenced to 4 M

’Cd(NO3)2 (aq) by samplé interchange and converted to 0.1 M Cd(ClOA)ZO

as reference ‘using 6(0.1 M Cd(ClOa)z) = 5(4 M Cd(N03) )-65 ppm;
ce were taken as

0 HZ line broadening. A

LS

A 1

1]‘SCd nmr spectra of free Cd2 were measured using'an XL— /

. -
100 spec"trometer system operatimg at -‘22 2 MHz. No proton decoup'ling

‘e

gpectral window of 10 kHz gaVe ,an adequeke signal noise for a 0 08 M

sample of "cold Cd012 i'n a Q'Z om od sample tube. . . .

3.2, 5 Apo-MT expetimen‘ts .

3.2.5.1. Dialysis experimentsr Ve g
Preliminary dialysis 4experiments were carried ‘out to determine the

length of time required for the complete removal of all metal idns

from Cd,Zn—metallethionein- to give tl'le apo~MT.

(1) 109'(::1-}1'1‘ S (

£109

o
[ ]

Cd- ~MT (2.5 ml) in-a pH 7, 0 05 H phosphate buffer were

7 solutione o

'dialysed egainet triply distilled watér at pH 2.2 for 0.5, 1.25, 3, 6,

f Sy »

7, 8‘and 24'houre, respectively. Dialysis tubing with a molecuiar

. .
o . »
’
- - -




“

weight cutoff of 3500 was used. The *0°

LY

Cd content of each_solution
after dialysis were determined by Gamma countimg (Searle Instrument).,

¢ii) Cd,Zn-MT -

-

Aliquois of a.Cd;Zn-MT galution (2.5 mL) were dialysed in a similar

109

mamer as described above for the Cd-MT ‘experiment. The Cd2+ and

Zn2+ contents for each solution was measugsd using a Jarrel Ash 810

~

spectrometer (flame mode).
(111) cdcl, - -
A serles of CdCl, solutions were dialysed at pH 2.2 for up to 6

hours. The CdZ* concentration in each of the dialyskd solution was
determined as described above.

"3.2.5.2. Preparation of apo-MT by dialysis at low pH and the

reconstitution of apo-MT. " . o . ' L
The apo-MT was prepared.ﬂy,dialysing-a rat liver Cd,Zn-MT 1 (2.5 ml)
o]
solution in 900 mL of deaerated, triply distilled water at pH 1

(dialysis tubing with molecular cutoff of 3500 was used) for 24 hours,
s ) :

with 2 changes .of solutign. AAS measutements ﬁor the apo-MT sample

42t 2

showed that there was no C + present. ‘The ca?t solution was

o .

added under nitrogen and pL aliquots of a 2 M Tris solution were used

or 2n

to raise the pH of the soiution up to 7.3.

3.2.5.3. Preparation of apo-MT by proton“displaiement method and tﬁe

reconstitution of apo-MT. R -
The apo-MT was prepared by the addition of concﬁn‘rated HCi to a

deoxgyenated solution. Tﬁe apo-MT solution obtained at pH 2.3 was then

reneutralized to pH 7.9 to 'study-the rebirding of cat,

3.2.5.4. %reparétion of apo-MT using a gel columm.

A~Sephadex‘G-25F (Pharmacia, 2 cm x 17 cm ) column was equilibrated




= I

29

.
. . r

with a pH 0.9 so}ﬁtion. The Cd,Zn-MT protein solution was acidified

N

‘before it was applied on the colufn and the pfotéin~fractiéns‘ﬁere, ' .

[}

eluted with a pH 0.9 solution. The‘column sepafation was‘moeitore& by
the changes in the intense UV absorption”edge neer 220 nm. fhe
rebinding of Cd?* to the apo-MT was studied by adding 5 x 107/ moles
of Cd?* to a 2_ml aliquot of the apo-MT solution from the column. ‘The
absorption and CD spectra of the solutien gﬁ pH 0.9 were recorded. The
pH of this solution was raised to 7.2 w?th a upL aliquot of a NaCOH
solutioe. The ebsorption anq'CD'spectra of the solution at’pH 7.2 were
ebtained.' . _ .

3.2.6. ca%t loading and -dialysis experiments o . ‘}%- ‘ ;
Dialysis expgximents were carried out in triply distilleé waten
\ ~ . W

I

(dialysis tubing with a molecular weight ‘cutoff of 3509 was used) for

a total dialysis time o6f 9 hours with® twe chang;s of water. All

solutions were degaesed with nitrogen and the -diglysis water was

bubbled with nitrogen throughout the diaiﬁsis.

3.2:7. Cd%*- red hloqd'cell (RBC) hemol}sate experiment . o

2 wl volumes of Cd,Zn-MT 2 in Tris/HC1l, pH 8.6 solutions and

fcbnta}ning different amounts of added Cd2+ were prepafed. The

solutions were allowed to equilibrate for 5 mids. 0.2 mL aliquots of

Red Blood Cell (RBC) hemolysate were then added and the solutions were

'd

heat treated ( in .a boiling water bath at about 100° C) for 1 min.

After centrifuging for 5 mins, the solutions were filtered to remove .

the precipitates that were formed duriﬁg the heating prbcess. The

metal concentrations were measured both before the addition of the

hemolysate and after heat treatment and filtrationm. This proeedure

[ 4 4 .
. follows closely that outlined by Onoésakg & Cherian (115).




3.2.8. Optical spectra

,As previously described in Chapter 2

»

3.3. RESOULTS , : _
3.3.1. Absorption, CD and MCD spectra of metallothioneins

FIG. 4A and 4B show the absorption, CD and gCD spectra for the rat
liver Cd,Zn-MT 1 and an alpha fragment sampie prepared from the same
species. Both species exhibit rema;kably similar abs%fption,;CD and
MCD spectra. The absorption shoulder‘for the alpha fragment is
significantly better resolved, poséibly due to the‘abéencé of the § ->
Zn charge transfer transition. Both the CD spectra show the
cha;agﬁgnistic, derivative-shaped signal: 258 nm(+), 238 nm(-) and 225
'a.ng(+);‘The 225 nm CD band in the alpﬁa fragment sample exhibits a mu;h
higher 1n£énslty than thaé observed for-thé Cd,Zn-MT 1 at a éimilar

A ) o T .
wavelength. The MCD spectrum is characterized by a near-symmetrical

band with the negative trough in the 240 nm - 260 nm region.

FIG. 5A and 5B show the ahsorption, CD and MCD spectra of the guinea
- | >

pig Cd,Zn-MT 2 and crab Cd,Zn-MT 1, resﬁectively. Though the

~

absorp£ioﬁ, cp and MCD spectra of;theAf§s Tive} and guinea pig MT"s -
resemble each other closely; it isrclear.tﬁht the crab Cd,ZQ-MT 1 ‘»
sexhibits a signifi<antly different Cﬁ Sp;ctfum as shown in FIG. 5B. It
is éharactgriied by two positive bands, at 258 nm and 234 nm. Tﬁ}s
suggests that the spatial arraﬂgement of the amino acid residues in
thg ?qtql‘binding—sitea are quite different in the crab proteié. -
3.3.2. . pH experimenté

In. order to understand better tﬁe biological sequence of events that

e .

result in the format{on of Cd,Zn-MT following an increase in the Cd2+

content in liver, it is important to study the uptake and release of

- ® - &




FIG., 4 (A) The absorptibn, CD and MCD spectra for native rat liver

Cd,Zn-MT 1. (B) The absorption, CD and MCD spectra for a rat liver -

alpba.fragment solution. All spectra were measured in a 1 cm cuvette, _

1

at 25° C. The units for ¢ and Ac are L mol™! co”l. The units for Aey

‘are L mol~l cE:l~T'}thhe ma jority of the absorption, CD and MCD

-

s
spectra reported in this work was replotted directly by the computer.

In the absorption spectrué\fhe noise level is equivalent to the' pen

[y

width. The error associated with the CD and MCD spectra is small in

-

the 350-240 nm region, while it is slightly higher below the 240 nm

region due to the increase in absorbance.

I

L
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FIG. 5+ (A) The absorption, CD and MCD spéct:ra;for native guinea pig
Cd,Zn-MT 2. (B) The absorption, CD and MCD gspectra for i}ative Scyllla-
Serrata crab Cd,Zn-MT l. The units for ¢ and Ac are’L mo1~1 en~l. The

wmits for Aey are L mol~l em 1 T°L,
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™

gcentre shows a red-shift of 4 nm. At pH i.S,'tﬁe MCD spectfum is,,

o

’

Cd2+zfrom metallothionein. Tﬁe effect of ﬁH on the binding of metal
ions to metallothionein was studied gor the three MT speci;s'(rat
liver, guineé,pig liver and crab). Results from these pH experiments
demonstrate the stability of the protein at different pH values and
also indicate if there are any changes in the stereochemistry of the
metal binding sites as the metal ions are displaced from the native
préﬁein. TABLE IV shows the amino aci@ composition for each protein

species. The crab MT has a smaller number of.cysteine residues when

. compared to the rat. and guinea pig MT”s.

3.3.2.1. Rat liver Cd,Zn-metallothionein

FIG. 6 shows the results of a pH.titration study of rat liver MT. No

significant cﬁaqge in the absorption spectrum is observed until the pH
is below 5. ?he large dec?ease in the iﬁtensit& of the S->Cd charge -
transfer absorption ;;ﬁd observed when the pH is taken below 5

suggests that the sulfur atoms have been protonated and dissociation

of the metal ions has occurred. The final spectrum, obtained at pH

1.5, represents the apg—ﬁT. The overall CD signal decreases in

.

intensity as the proton concentration increases. During the éarly

P

stage of the pﬁ‘changes, it is observed that the 225 nm band in the CD
is more susceptible to the effects of protonation than-the rqst'of the
spectrum. The MCD band envelope, which is sensitivg to the geometry §f

the metal binding siﬁes, shows a drop in intensity that follows the pH

*
L

changes. As observed earlier for the .absorption spectrum, the decreas ‘

4

An the MCD intensity becomes moré'siéntficant below pH 5. Furthermoret\

o !
a red-shift in the MCD band centre becomes apparent. The MCD spectrum '

at.pH 4.2 gives a derivative-shaped signal And the negétive band_

I —_ . - PN

® r



JABLE IV

AMINO 'ACID COMPOSITIONS
OF METALLOTHIONEINS

3

Amino - Crab

Rat liver Guinea Pig
acid Cd,Zn-MT 1 Cd,Zn-MT 1. Cd,Zn-MT-2 Cd,Zn-MT 2
(134) (126) (127)
. o
ASP- 1 - 4 .5 4
. 'A 1 _
THR 3 3 3 . 2
SER 7 10 - 5 11
GLU 5 2 4 4
GLY s - 6 4 4
ALA - .2 3 5 6
VAL - e 1 T2 1 2
MET 0 0 e 0 1
ISOLEU "1 ' 0 1 0
s . ’
GLN 1 0 - 0 0
ASN , 1 0 0 0
PHE 0 ' o - . 0 0
RIS 0 0 o0 0
ARG 1 o 0 1
" PRO 4 3 4 "7
cys ., 18 - 21 .. 20 .20
LYS 8 7 11 7

{# EXPRESSED AS.RESIDUES.PER MOLECULE . CALCULATED FROM AMINO ACID

ANALYSIS) .

36 -
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protein. The units for ¢ and Ae are’'L mol™ ~lenm 1. 'Ihe units’ for: AEM ‘
are L mol™} ca ! 771, -t N C S .
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‘- o
. o featureless while the CD shows . 2 flat region around 260 no followed by
~a intense hegative band which is due to the protein backbone. ) > f
€ oo d ., . : ¢

3 3.2. 2 Guinea Pig Qd Zn-metailothionein

AN

, N PIG 7 shows the titration of the guinea pig MI withveoncentrated

%‘,

- . '_ HAL. The experiment waS'tarried out in the same manner as in the rat

4 Liver T t‘""“im" The native guidea pig NT 2 has: absorpuon,,cn amd o,
ﬁ; a ° f MCD spectre that closely resemhle thst of the rat liver HT.-The }, '-i“k:
. 'spectral characteristics of . guinea pig]ﬂT include the 250.. nm.f‘i‘f o Iff‘l
N absovption shoulder, the derivative-shaped CD Signal and t ‘bé; .y*;'j:
. = B

envelope eentred ‘at ‘238 nm, with 231 nm(+) and 253 .nm (+) The effect %’i

. d’

e - of pH on the absorptfon, €D and MCD spectra of the guinea pig MT*Z is . l:.i]“-’

° 1
very similar te that observed for the rat liver ME. No significant -,31

-

1y

’ . AN Py Ll

differénces are seen in the spect;g'when the pH iswlpwered froﬁ 7 8 td

" -t

5 9. A further decrease in- pH to 3.7 résults in- a drop in the 250 ‘nm |

B R . - v

X cshoulder which signifies the protonxtion of tﬁe enlfhr atoms on the oL

cysteine residues.‘A correSponding decrease im botn the MCD and CD Dol T

) e
Lt ga . 2 .

speétra 1s apparent. A mqre qtgnificant chsuge is~the complete

collayse of the 225 nm positive band in the CD sngctruﬂkﬂt pH 3. 7 The : N

~

R . MCD'hand centﬁe aleo showg a red-shift of b nm dt thia pH. Further

.
EXI
k) v»‘ «Nl o [

%*:“~ .:fﬁwﬁn . re&ﬂhtion in the pH (to 3 1 anﬁ(ﬁ 3) reaults in the ﬁoss of intensity o
; ‘ in the remaining bandk tn the absorption ﬁD and MCD spectra. ‘The - ' ) Hi
X .‘ ,spectrum qhtsined at pH 2‘3 represents thét ‘of the apo—MT. b 4 ié?i' X
. ; .03'3”2’3. rab Cd,Zn-metallothioneiun g ‘:..f ‘r L Rk '
ot ) Fié. 8 showe the pﬂ pttrstion of a solutiOn of e?sb Cd;?n-ﬁT 1. The L
<crab mtive pt‘otein gives abeorptibn snd 'MCD spech'a whieh are very . ' )

<® o
similar t9 thst of the rat and guinea pig nfs . In psrticular,-in the sl e

..

- MCD spectrum, the bsnd shape and position ( A negetiv& trough at 252 L

Set “ oyt
™ N . . .

- .
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FIG. 8 The effect of pH on the absorption, CD and MCD speétra of
Scylla Serrata crab Cd,Zn-MT 1. ghe pH of the native protein was 6.6.
The pH of the solution was adjusted by concentrated HCl. The units for
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mm, with the cross-over points at 241 .nm and a positive peak at 232 .
, .

a2t

nm) are the sgme: This suggests that the geometry of the C binding

sites in thé cfgg is'qgite similar to that of rat'énd guinea pig MT s.
However, a‘different CD.§p;ctrum is observed for the crab pro;ein. it
is cﬁaracterized by 2 positive bands at 258 nﬁ and 234 nm and the

spectrum—dqes not cross the centre Iine. The different CD spectfum
observeg fof the c;;b protein suggests that there is a considerable
differegég in the grrang;ment of the cysteine residues Efound the ca?t
bin&ing gitesi Nevertheless, the ;rab MT does behave in a similar

-

mamer to the effects of low pH ‘as do other MT“s. As observed egrlier

- - .

_Vith the rat and guihea big MT"s, 'the higher energy €D pand is more
sensitive to the effects of protonation¢ The 234 nm band in thg crab
decreaBes in inteqsity when the pH of the solution is lowered from 6.6'
to 5.6, while the 258 nm band remains fairlylconstént. A gimilar red
shift of about 4 nm is clearly opserved in the MCD envelope when the
pH is léwered to 4.5.
3.3.3., Apo—ﬁT experiments .
.While the pH experiments provide information on the relative

stabil}ty of the metal iouns bound to metallothionein, it is also

’ .

important to study the uptake of Cd2+ in apo~MT. Zn-MT is known to = °*

occur naturally in tissues of organs such as the liver. The fact that

Zn2+ 2+. o

1s always present in CdZ'-induced hepatic MT suggests that Zn

may be bound to apo-M? prior to the binding of Cd2+. It has not been

established whether the Cd,Zn-MT synthesized 1E‘Jivo,is-made by the

digplacement of Zn?* py ca?* in ‘the existing Zn-MT or as a result of

- “~

the biqding of Cdzﬁ‘co apo;MT. The féliowing experiments. gerve to

provi&e informati'on.on Ehe.stah;lity of apo~MT and the conditions for

44




the rebinding of metal ions..The apo~MT can be prepared by a number of
methods: proton digplacement (79,82,132), dialysis at }ow pH (875 and
by the gel filtration method (133).

3.3.3.1. Cd2+ binding to apo-MT prepared by proton digplacement.

&ic. 9 shows the absorption, CD and MCD spectra of a native Cd,Zn-MT
at pH 8.5. When the pH ég.the solution is lé;e;ed to 2.3 by the
éddition~of concentrated HCl, the 250 nm absorption band loses all its
intensity as the sulfur atoms on the cysteine residues are protonated -
and the ﬁetal ions dissociate. Both the CD and MCD spectfa‘at pH 2.3

show little intensity which further demonstrates the loss of cda?* from

the MT binding sites. The absorption spectrum recorded ‘after the pH of

the solution has been raised from 2.3 to 7.9 shows the reappearance of .

d2+

the 250 nm shoulder. This suggests that-the C is once again bound

to the thiolate groups resulting in a remetallated protein. The slight
increase 1in .the resolution of the 250 nm absorﬁtton is assoclated with

a reproducible red-shift of approximately 4 nm in ‘the MCD band. The CD

intensity decreases slightly and theré is no significént change in the -

overall CD envelope. This indicates that although the change in the

conformation‘gf the protein is appa,eﬁtly small following the pH

»

cycle, the greater resolution of the 250 nm shoulder in the absorption

is due to a shift to longer wavelengths rather than an increase in

intensity.

3.3.3.2, 113 ¢4 gpr experiments

.
6

In addition to the ogtical techiqués, 113Cd nmr has been shown to be .

é‘vér} useful probe for monitoriﬁg the binding and release of the Cd2+_

in these pH experiments. ﬁowever,‘one drawback with the nmr technique

is that a very high concenttaq}pn of the protein sgmple-(ébout IO-ZM,) “
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AFIG. 9 The effect of pH on the absﬁrption, CD and MCD spe.étra of rat

liver Cd,'ZAn-MTA and the re‘cgnst_ituted apofM’l‘. The absorption,— CD and

~ > -~ .

MCD spectra of §He native protein af pH 8.5 (%—-.);. ‘the solution

- -

acidified to pH 2.3 (es oo ses ); spectra after the pH off the. solution ~

has been raised from 2.3 to 7.9 (= =oe=2),
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is required to carry out the experiment. On the pther\;Ehﬁ, a
10 © M solution is sufficient for optical measurements. In the

- . .
following experiment, 113Cd nmr was used to monitor the release of’
; .

Cd2+.at low pH and the sﬁbsequent rebinding of the mefql to MT when
the pH was returned to about 7. FIG. 10 shoﬁs;the absorption and CD
spectr; of native Cd,Zn-MT at pH 7.9 and the reconstituted protein'at
pH 7.6. The two speetra were obtained by diluting a uL aliquot of the
concentrated nmf sample solution géforq/and after .the pH changes. They
40 not répresent spectra of so}utionﬁ/with the same concentration and
therefore_should not -be used for intensity ;amparisons. The absorptioq

shoulder at 250 nm is observed for the native protein. The CD

spectrum, however, cpnta{ns only one pousitive band at about 260 nm
- >

} follbwed by an intense negative band which is due to the protein

. ‘backbone.

- ~

FIG. 11 shows' the 88.7 MHz 1134 nmr spectra. for the mative protein
] . .

"I

: 4 ~ -
and thg recpnstituted solution. The distinctive  features are the nine

e

areas of resonances centred on'about;67l, 663, 648, 639, 631, 626,

‘ 618, 612 and 602 ppm relatiVe'go'O.lhﬁ}Cd(Clbé)z. The apo-MT was,

- »
. .

obtéined by aéidifiéation of the protein qith aliquots,of'concentrated ‘

HCl"to ,give pH 1.6, at FhiCh POiﬂt a signal due to free Cd24“ T

as

observed witha chemical shift of 186 ppm from 0 1M Cd(ClOA)z. This

- v .

. shows that the dissociation of metal ions from the binding sltes h88~

‘-samg'intensity as in the native~MI. The retdtn of ‘the CD signal =~ =

taken’ place. Following neutralization Qf‘ﬁhe protein solution to pH

7.6 with aiIﬁuots of concentrated NhOH the absg;ption shoulder,hear

250 nm due to.;hg S=> Cd charge tranafer retutna.to approximately the

L4 -

] .-~ c—sy . S - -

e

-uinlénéity,(FIG:-IOB)jﬁss a}gq obse:ved. More remaﬁggble i{s the fact

e - - -

] - . .-

.48



FIG. 10 (A) shows the absorption and CD spectra of a native

113Cd,Zn-MT solution at pH 7.9 and (B) shows the spectra recorded at
pH 7.6 after the solution used for the pR 7.9 113Cd nmr spectfa had
been acidified to pH 1.6, and then reneutralized by the addition of

aliquots of a concentrated NaOH solution. The solutions for the two

sets of spéctra were obtained by diluting pL aliquots of the

concentrated’ protein solution used in the nmr experiment.'Note that .

"the absorbance values in (A) and (B) are different because tﬁo

»

separate solution were used.
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‘and NaOH solutions. The” spectra shdwn

- .1 ' » »
P . . a e : ;‘ .
. ¥ ) B . . “e I .
. . ! A e - ’ . - . f. o
FIG. 11 CA)\shows the 88,7 MHz 113Cd nmr spectrum of the natiﬁe o
. ) . 1% . ST It boo's v
Cd,Zn-MT at pH 7.9 and (B) shows the spectrum bf the reqonstituted

AY

“protein at pH 7.6, after the pH of the solution*had beeﬂ Iowered_to‘

PR
B - -~

" 1.6. The .pH of‘thEJprotein sample was adjusted using cancentrated HC1

contain 20 Hz. line broadening.
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occurred «

; experiment cargied out with Cd, Zn-MT also shows similar behaviour v

. prepaxed by°dialysis for 24 hWours, at, pH 1, to insure.that all native

.

.
- .., b

.that the 113Cd nmr spectrum of the reconstituted protein resembles AR

that Qf the native spectrum-very closely.

The. free~to-bound caZ* exchange vas .also studied bf’adding

isotopically natural CdClz to the' reconsituted I13Cd-MT at pH 6:6,

‘(approximqtely 13 5 mol natural Cd/mol bound 113Cd) The exchange ‘

between ca?t bound to MT and free Cd2 was found to be facile, and

within the time taken to record the . 113 Cd nmr spectrum ( 18 hours) a

‘ : 113

complete scrambling between the pools of natural £d2+

nd Cd has .

r
o

13

3.3.3:3 The'rqlease of ca2t and rebinding to'apOJMT.

ﬁlG. 12 show? the efféct of dialysis at pH 2 on the Qd2+ (ahd Zn2+)

content in MT..FIG. 12A shows the effect -of dialysis of a MT laBelled

+ .
.

" with 109Cd The release of Cd2+ after dialysis was. monitored by 109Cd

L]

igamma counting. The results show that mpre than 8 hours of dialysis at

pH 2 i8 necessary to remove 95 % of the bound Cd2+, Aﬁ“anaIOgous*

T

)

a2f

(FIG. 12B). Moreover, it takes 1ong§i‘to Temove C thas Zn from MT

which suggests that Cd2+ 48 bound morgwtightly than 72t Q“so:Slut:i.on !

- [}
" -

of CdClz dialysed in the samé manner shows that'all Cd2+ are removéd,

- by about 6 houts. . o

3.?.3.4..Cd2+ binding to apo—MT'prépe:ES? by dialysis

.

—

.The caZt rebinding properties of apo-MT were studied. The apo—HT was-

-y

RN
\' \ TP
R

dz+ ions wereoremoved “AT1 solutions were deserated wfth nitrogen ;nd

-
-

: the rebinding expériment Was carried out under nitrogen to ptevent alr

ta e 4

oxidationf I-'IG 13 shows the sbsm:ption and (¥)) spectx’a of the natﬁve

protein before dialysis, the apo~MT at pH L.and: the solution aiiter 7 6

53




-

Pt

N . L.
© FIG..12 (A) A plot of the percentage of 109. Cd that remained in
. solutMls of 109Cd—MT: after dfatoni. "
+ solutfWfls of Cd \MTe after dialysis for different Iengths of time.-

The 109 ¢4 concentrations.were determined by Gamma counting. (B) Plot

t of the ca2t and zn2** content of a series of €d,Zn-MT golutions after .
Q

'_)Z ' dlalysis at pH g.. (C) Plot of the Ca2* concentration of CdCly vs

’ialysis time. The Cd2+ and Zn2+ cﬂncentfa_tions‘ were.measu7d dsing a
/

' Varian 875 atomic absorption spectrometer.
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FIG. 13  The effect of addinﬁ~€d2+ to apo-MT. The apo-MT was prepared

by dialysing a rat Cd,Zn-MT solution at pH I for 24 hours. The
- . ’ .

absorption, CD and_MCD spebtfa of thé native protein ( O OO ); the’
apo—-MT a;va 1 ( ZX‘ZX A ); after 7.6 mole equivalents of cd?t qere
added to the apo-MT solution at pH 1 and the pH of the golutibn was
then raiséd to 5.1 using pL aliquoté of a 2 ﬁ Tris solution

(,00 O ). The units for ¢ and Ac are L mol™ ! cm™!

. The units for

Aey are L mol~l cm'l T'l, )

w







*
.

2+ had been added, and'after the pH of the :

mole equivalen‘ts of Cd

solution was raised to 7.1 using pL aliquots ofz H~'I‘ris solution. The

rebinding of ca?t was demonstrated:by the reappearance of the 250 nm

. absorption shoulder as well as_the distorted MCD signal. 'i‘he MCD

spectra of the ‘native and reconstituted protein are rems#rkably similar

-

which suggests that all the cd?* have rebound in sites which have a *

very §1m13r geometry to those of the native proteitl. It is important
to note th‘e red-shift of ithe MCD band observed in the reconstituted
pt:otein. In another experiment where tt'xe apo-MT was prepared by

p;assage through~a acidifie_c} column, the addition of caZ*t to the. apo-MT _

. " followed by the neutralization of the’ pH to 7.2 also results in the

-

reconstituted protein.
724 :
v, 3.3.4. Cd“7 loading experiments « .. . .

R -1 4.1, Rat liver Cd,Zn-MT-1: C4%* loading expertiment

., LT el 34.0“

- . s a.

R S FIG. L&' shows the absorption, CD and mcr spectra of the titration of
PP o . g "Ca Zn-;L'I’ 1 sample with Cd2+. In these experiments the co‘formation

e of the p.rotein erolxrfd' the-metal binding sites is already determined by

. . vn.‘
‘e g J .

S . ‘the O tad and Zn L,b,at are presﬁnt, sg the speéctral changes 1nd1cate
. T ,‘_’. v" l
yhetheg “$he Z '2+ is displace,d by..the .ca?t and/or whether there is any""'"'
. il . .
T change in- ‘the Cﬁz* birkﬂng in the pres:nce of excess metal ions above

. VIO L . f S

--_.n- the mrmaf sevea:pe;‘\ w{_ecule-e ,Thk binding of Cd2+ is shown to occur ™.

L! ..~‘:! ¢

1;1 tww‘atages as indiq#.te ,b}a;h:: o-hanges in t}nese spectra. The
-2 iy “:"_:;- {'.. - S .l

protein sa..mple used contained ‘a total of 3 9 moles of ca?t and 1.9

"

T

i
R nl'--.»" ""

}moles\d an’ K ‘\ef' t:ole of ‘protein. When the Cd2+

concentration is

1ncreaaed to a total of, Ee%"hmle»e'q.uiwglents ¢ Which represents 3.9.

o 2 - .
~;' \_ .\ j‘c-,v " — ‘.

I R 2+ S d2+
mole of ca** trom MT, together with 2 0 moles f C added, a value

'5&: reetet -thdn"thé 1 9 molee of an* Lniti lly present), an
8!

pt o n . .
an b «’ . Y
. .- B R AT R TARY ." e oy I -
BRI o L RS SR o . !
B v e ! . . .
- )‘k--l 5 \ '
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increase in the absorption shdulder at 250 nm is observed (FIG. 14,
lines 1-7). Addition of another b.S moles of Cd2+ doeé not further

change the absorption spectrum. An isosbestic increase in the Cd-

" related envelope in the MCD spectrum is observed during this stage of

the titration (lihes 1-7). No difference in the MCD intensity is

observed with 6.4 mole equivalents of ca?t added but the isosbestic
point is lost. 'Both the zero cross—over point and the band centre of .-

" the negative trough ln the MCD spectrum are red-shifted 4 nm and 3 nm,

«

resbectively,_when the total def concentration present is 6.4 mole

equivalents. At this point the MCD spectrum (line 7) shows a 40%

-

increase in the peak-to-trough amplitude. . .//

The changes in the-'CD spectrum, however, are much morelcomplicated

initially, but this is then followed by a blue-shift of the band .

centre as well as an increase in intensity. A more significant change

is observed in the 225 nm‘bahd. It reaches its maximum peak intensit&

at;-5.9 mole equivalents of Cd2+

R

but decreases in igfensity at higher

L 4

"ﬂfqd2+ concentrations, while .the 238 nm band remains unchanged. Addition

. ,of'another 0 4 moles (to a total 6.8 mole equivalents of Cd2+)

o

?esults 1n a shift of -the 258 nm to 255 nm but there is no further

change in the 225 nm band intensity.
. st :
. The néxt set of traces (lines 8-1j) demonstrates the effect of

8ddiﬂ8 ca?t 1n excess, of the seven mole equivalents bound in the .

‘native protein. The absonptgon Spectrum is characterized by a sharp.

isosbestic point at 25§.nm; while the MCD spectrum shows a gradual

’

decrease in the overali inteﬁsifyi The 2%8 nm band in the CD spectrum

: L N
.

h
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FIG. 14 The effect of adding ca?t on the absorption, CD and MCD

~

'spectra of a rat liver Cd,Zn-MT 1 splution. The native solution

2+ (

contained 3.9 mol eq Cd2+ and 1.9 mol eq Zn --- -) based on .

protein concentration determined using the DTNB reastion. pL aliquots

of an aqueous CdCl, solution were sdded to separate 3 mL volumé of the

protein solution. The mol eq Cd2+ ¢ontained in each solution ﬁas A:

~ (1)39(native), (2)44, (3) 4.6; (4) 5.13 (5) 5.3; (6) 5.9; (7) 6.4 .

: (8) 6.8;°(9) 7.4 (10) 8 3 (11) 14 Z, (12) 26. 7, (13) 40 '
(14) 53.4 and (15) 68 The units for £ and Ae ire’L mol™! cml. The - :
uni;s for AeM are L mol™ l.c@'l T'l;
t ’
. , : . i
.
s : -
o Q ' \\
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'15’%ole equivalents of Cd2+.haVe been'added THe MCD spectrum’ of the

entire envelope is shifted 6 nm to Ionger wavelengths

L
©

expetieﬂces a blue-shift which 1is accompanied by a decrease in band

width. ‘When the Cd2 concentration has reached 7 4 mole squibalents, ?

the 258 nm band shifts to 255nm and increases in 1ntensity. The 225 nm

CD band initia&ly decreases bu; then remains-con'tsnt qfter more than

Y
&

-

ch
MT solution ‘containing a totaﬁ of 68 mole equivalents of Cd2+

comparable to that of the native protein in overall 1ntensity, but the

N
>,

N
3.3.4.2. Crab’ MT 1 ca2+ 1oadmg experiment

A similar titratiém experiment was carried out with grab Cd, Zn-MT 1.
g
%
The spectral- changes in the-absorption, CD and MCD spectra are shown

_ . R Y ) , i
in FIG. 15. The protein.solution used_éontained 3.1 moles of Cd2+ and

1.6 moles of Zn2+ per mole of protein; The protein concentration was

qalcuiatéd ugfgg the extinction coefficient of 57000 1 mo‘l-1 cm_l,

which had been previously determined for rat MT (insufficient crab MT

was available to .measure its ext;hctiod cosfficient)..The second

trace in the CD spectrum represents a solutioq'contéining 1.4 mole

2+

d2+, which is very c¢lose sto the Zn concen-

equivalents of added C

.

tration present in the native MT. There are three major spectral

changes in the absorption and CD spectra at this point: (i) the

absorption spectrum increases in. intensity between 230 nm and‘250 nm,

- A L

(11) the CD spectrum shows a decrease in the 233 nm band intensity,
(i11) the 258 nm CD band shifts. to 262 nm and 1is accompaniea by an

increase in intensity. Though the initfal addition of cat results in

a2t

non~-isosbestic changes, further addition of C glives rise to an’

o
isosbestic change with both the 233 nm and 262 um CD bands diminishing

Ain intensity, while a positive band develops at 245 nm. The overall

. ~ . '

.

L
2 l . - °
. .
.

!

&
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.. FIG. 15 Absorption and CD spectra of crab Cd,Zn-MT 1, CdGlp vas
a - ° * « . .
added in pIJaliqﬁots to the protein solution at pH 7; these traces
# o '.were ;ecorded foliowing the addition of (1) native; (i) 1.4; (3) 2.8;

. C. Tt (4) 4.2 (5) 5.65 (6) B.by (7) 9.8; (8) 11.95 (9) 15.4 and (10) 18.9

n&v

- ' mole equivaients of Cd2+; The units for ¢ and Ae are L mol—}‘cm-l.
IR
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effect observed in the absorption spectrum is very similar to that
seen in the ca?t loading experiment with rat.MT. The rea-éhift of the

S=>Cd charge transfer transitions is illustrated in the MCD spectrum

-

recorded in a sepafiég experiment (insert). The red shift is also

accompaﬂied by an pcrease inQEhe peak to trough intemnsity of the MCD

2+ 2+

. Further addition of

envelope as the Zn“" is displaced by the Cd

ca* results in a drop in the overall intemsity..

ﬁ ¥
3.3.4.3. Cg2+ Loadingrgpd Dialysis Experiment *

tThe results from the caZt loading experiments in both the rat and
" ~
crab MT indicate that significant’ structural changes occur in the

presence of excess Cd2+. In partiqula}, in the crab (which'contains

-
>

two 3-metal clusters), a single, new species is formed which is
related by two sharp isosbestic points. This strongly suggests that
the excess Cd2+ can bind to the two 3-metal clusters beyond the

saturation point of six moles of Cd2+, normdally expected for crab MT.

A similar conclusion éan‘also be drawn from the spectral chéngeé

_observed in the rat liver MT caZt titration expefiments. However, it

. e
is not possible at this point to conclude whether the changes are
resulted from the binding of ca?* to the 3-metal cluster exclusively.

In order to investigafe further the origin of these spectral changes

in the CD spectrum when high concentrations of Cd2+ are present in

solution, and to determine the maximum ‘number of~moles of ca?t

that

\\:;E“Ee‘bouﬁd to MT, thd following loading and dialysis™emperiments

were carried out with rat liver Cd,Zn-MT 2. Three 5 mL alfquots of a

‘native Cd,Zn-MT 2 solution with different mole equivalents of caZt

L4

added were dialysed with 3 changes of ‘deoxygenated, triply distilled

water. The dialysis solutions were deaerated with'hitrbgen Ehroughout
. .
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3 the nine hours of the dialysis. The absorption and CD spectra of each

a‘ﬁ . ~ s e .
: ' sample were recorded FIG. 16ArC shows the effects of added Cd2+ SRR B

< L N .
IS . - . -

the absorption and ) spectra. Theee data follow very clodely those

na

observed !h tbe Cd2+ binding experiment with rat livet HT described

earlier (FIG. 14) In FIE. 16A the changes in the CD spectrﬂm are

- dominated by the fhcrease fn Ehe 225 nm band inﬁpnsity‘and ‘a’ slight

red*shift of the 258 nm band Ingsolufion B the amount of €d2+ﬁadded ,”;'ﬁ*i

- ® !
// JA was equivaleﬁt to the Zn2+ concentzation initially bound in® the native
] [ L . ._-,i“t' ' '
protein. The CD spectrum resembles that of the native protein very .{ w\?Jj -

closely in the 225 m; and 238 L bands. This data set illustrates the

.- S s .

. 'importance of this detailed titfation followed using CD spectroscopy,..;"

which makes it possible to note the initial spectral éhange that takes
place in 225 nn region - (FIG 16A) In the presence of a large excess .:, | [

. r _‘,-u_ . ot e .:‘:.;, EYE

: of ca?t (F16. 16C), a blue-shift. of the. 298 nm ‘cp batxd is how appatént

.»v“,

S .with some loss of the 225 nn band intensity. Tﬂe CB spectra for both

|

. . solutions (A and B after dialysf@) ate vety siﬂflar while a sligﬁtgy

~ R ¢

Tower CD tntensity is obeerved Ior solﬁtion C..Eable V shqwe the metalr :fﬁif

‘used contained 4 mole, equivaléﬁts of Cdzf.and 2.3 mo

¢ .

. The data indicate that in the preeence of excess Cdz*

rigina ]:ly" s

d2+ ‘—4". -1~,-,. 4._' .;'.'v‘.‘. -

le‘eduivalentsmof

T g2+

F

bound is. about’ twice the Zn2 concentrati?

displaces Zn

by

T f spectrum is dominated by the binding of C

3.3.4.4. ca?t loeding and the effecn of RBG bindmg’ - '="‘

P 4 B‘,‘hl

The fact that MT is capaﬁle of binding in exceeh of eevén‘ﬁole

L.

oo
.
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; . ‘ TABLE V i
" The effect of diaiysis on the number of moles of caZt bouﬁé to‘ )
: metallothionein ' .
. ) . . .
‘ - | ,A ¢ gt 'Zn2+
‘ moles, mél. eq. moles mol,. eq,.
e ‘ (alpha) (beta)® (beta)®
' CdPZn-MT 2 8 g . o ;
Before dialysis 6.2x10 4 - 3.5x1008 © 2.3
. sfter dlalysls . 6. 1x1078 b ot 2.6x1078 2.0
- | ‘
Cd,Za-MT 2 ° ‘
430221078 go1 ca?* , ' T
‘aftef dfalysis . v 8.5x107° . 4 17 - S0
. ‘a - e - -~
+60x108m010d2+'. 8 _ : T
after dialysis -10. 4#10 A 3 - . 0 o
+27.251078 po1 a2t ° e R e
after dialysis *  12.9x1078 . . 4 ¢ 4.6 - -0
o ! ‘ ) ' o R .
. i e '

v . ‘ C i
8, refers to the two cluster®lodel proposed" by
The values°in this columa have been normalized

alpﬂa 61USIEt with 2.3 Zn?* 1 the beta cluster.
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equivhlent; of Cd2+

when exposed tq hi.gh ,coneentra"éions of oedmium ' SOF ST
salts raises questions regarding the val‘idity of ti;e'\methods o,f - ) hS ._

. estimating MT ccmcentration that are bﬁseé\en Cdz"' binding pxoperties- . . ;

One of the methods used fo‘r the estinﬁtion of MT 1evels ts the Cd- : LU

-

saturation method introduced by Onosak.a and eoworkers (1103 It is

. .-
% - NS

, . . based upon- the isomorphous replacement’ of Zn by Cd.‘2-£- 1;, th pr.esence g

v & .
- [N ..

of excess Cd‘2 . The unbound Cd?' is subsequently removed~ by the ,.‘.,\-'.-70"

v

. -addition of red ¥l ood cell (RBC) hemolysate which is known to be a -

8°°d scavenger for free Cd2*. There are two ma jor .assamptions: (i} .

while the RBC hemolysate does nét affect the MT bound cd, it does bind

e all excess Cd in solution, and (ii) that only six moles of Cd2+ bind

to each-mole of protein in the presence ‘of Txcess Cd2+

. The fo}l'owing exneriment was used to study the effi,ciency of RBC
. : -

a2t bound to MT. Two l

[

< hemolysate as a’scaveneer for the excess C
v . ‘ -~ @
» \ soluwgions, one containing 5.0 x 10-8_ and the other 11.8 x 1078 moles <

- [ ] -
of Cd2+, were -treated with RBC hemolysate and the Cdzﬁ, concentrations

n . »

. No; the’ solutigns before and after treatment were determined. The

_ r yesults are sdmmari‘zed in TABi.;E VI. It is clear that for the fitst

oiut’ion the excess, ca?t bound to this metallothior;ein corre&ponds to

K - .-

2% concentration initially present. Even. at: ‘the higher . f" !

4 . . r— ' i
concentration (11. 8 x 10°8 mole' in Solution 2), the amount of exceso ' ‘

the Zn

’ . I

Cd2+ bound after the hemolysate treatment was fouﬂ‘d to be very clo‘ae

e !
-

-&o0°the aumber of Zn2+ Lons bound in native protein. ‘FIG. 17 shows the -
) 'effect of addition of 0d?* and RBC hemolysate on the absorpti'on» and CD

spectra. The CcD spectrum of - the MT solution containing 14.1 mole " : .

quivalents of Cd2+ ad&!d exhibits a blue shift of the. 258 nm positive ' :

at

) o band tOgether with a drop in . in;ensity. A decreue in the inteneity of

‘. 7.
- . v . / ,-
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FIG. 17 The effect of adding Cd?* to a sample of Cd,Zn-MT 2

A -

v . . )
(solutfon 2 in TABLE VI) and t’eating -the solution with RBC ;

hemlx‘sat‘e. The absorption arf¥ CD spec:tra,.of the nagive spectrum

(;_;._"_,_); after addi o;i.!&'f .14.1 mol eq Cc'lf+ to‘vthdé-solution‘
) 1

’

(= ¢ mmo ) the sofution after addition of RBC hemolysate and

L)

followed by l'é;ting and filtration ( == = == ). The units for ¥ and

'

1 1~. i .
- - N + N
Ae are L mol * cm . ) . )
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TABLE VI

.

' . i . i '
The_effect of RBC hemolysate on the_removal of the excess Cd2+. The

native Cd,Zn-MT 2 contained 1.9x1078
(for solution 1). The nattve Brotein in s6lution 2 contained 2.7x10
mol Cd?* and 1.6x107° mol Zn>

mol Cd2¥ and .1.2x107% mol Zn

-8

. An aliquot of Cd * was added to the

protein solutfon (to give Cd2+\content before treatment with RBC

hemolysate).

%

Total Cd2t concentration ‘( x 1078 moles)

Soihtion_l

Y O

Solution 2

*a

-

eforeitreatment After treatment

“ ‘ ‘ :

!

~. 4

51 3.0 1.1 ( ~"{Zn] )
11,875 43 -, 1.6 ¢ 7 (za])
: Tl , . .

égcess Cd2+ bound?

LY

,:m‘ . ) . &‘,gif‘fere‘néé;p&:weﬂl
. - cotfent of the-aat

.

'%etplibﬂz+ ébntentcafter-triitment 4and the C

Y

¥ye ‘protein. Thgre‘wasnno Zn

-

d2+
pregent in the

N XN e e Cal AV ~
| I prpgeln after RECTtreatment. . ,
N TR ST Y S RO NN RPN = . .
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&

the 225 nm band is also ohserved, while .the 238 nm negative band d6e§

the 250 nm shoulder,'which 1s characteristic of CdZ* displacement of

2+. After RBC treatment, the CD band at 256 -nm ndw shifts back to a

Zn
longer wavelength (262 nm). The 225 nm band regains its intensity

which closely rsembles that observed originally in the spectrum of the

- native protein. Again the 238 nm CD band does not change

significantly. However, the corresponding absorption spectrum showspa

‘

_ , ;
large increase in the overall intensity.

.
L}

-\

-is present in the majority of metallothioneins isolated

L]

from tissues and it appears to be an integral component of MT, th&

a

3.3.5. Zn2+ loading experiment DR -
2+

-~

\ R
Since Zn

2+

binding of Zn®" to Cd, Zn=MT was slso studied to determine its effect

on the MCD spectrum. As Zn2+

’ \

is known to have a quch’ lower affinity

no't change significantly. The absorption spectrum shows an increase of.

.

than Cd2+ for thé t:golete group on the cyQteine 1igand, the effect ‘of

a large exces% of Zn2+ ‘ort the binding of Cd2+~in MT was investigated

(Ff& 18). The protein sample contained 9 5-x 107 -8 moles (3 4 mole

'eqnivalents) of Cd2+ and 1 8 x 107 -9 moles (0 7 mole equivalents) of

-

2+. The addition of a'large excess (164 mole equivalents) of an+

resulted in an overall reduction of the 250 P absorptidn shoulder. A

1

corresponding decrease in the MCD band with a-!mall shift of fhe band

. -

in the band intensities at 260 nm* and 225 nm. Addipion ef anothér 328
a2

, . . ’ :

absorption ehoulder but- an.tﬁcrease in the MCD band intenslty. In the "

co spectrdm the 260, nm band\Phifts to highef energy nnd broadens .

’

' . eentre‘o higher energy was observed. The CD spectrum shows a decrease

g mole equiVslents of Zn (line 3) results in a ﬁurther decrease ig the_

alightly while the'225 om band loses much of its intepsityn Purthe;

P PO
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FIG. 18 The effect of add?og Zn®" to a solution of Cd,Zn-MT.

 A250 am = 0.63. The protein sample contained 3. 4 mol eq Cd2+ ané 0 7

mol eq 0%t ( based on protein concentration célculated using 5250"' .

57100 1 mol™ -1 cm 1) .Jhe mole equivalent of Zn2+ added'were P (1) o0 ) . ’

(native), (2) 164, (3) 328, (4) 652, and (5) 984. uL aliquots of a '+
CdClz solutim were theg added to the solution containing exeess Zn2t -

.

( 1ine 5)s: (6) 11 mol eq .and (7)‘22 mol eq Cclz.+ were‘added to ‘the -

soluti_Op. The units. for € ang:l Ae are L mol -1 cm_l..- The units for Aey ”
are 'L mol’f‘1 em P T, L
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_equivalents were added the 250 nm absorption shoulder, a

°3.5. DISCUSSION o -

~on the following properties‘ low molecuiar weight high cysteine and . -

i

4

addition of Zn2+ to this solution gives rise to an absorption spectrum
L ]

which contigpes to decrease in intensity. The CD spectrum shows a

omplete loss of the 225 nm band intensity. The MCD now increases in

a

intensity giving a near-symmetrical, derivative-shaped MCD signal

Y

(line,35. ‘The last MCD spectrum shows a broad negative band with the ;

cdt

loss' of the positive lobe. C was then added ta this snlution to see

ff the Cd2‘ would rebind again in the same sites. When 11 mole

“ L

characteristic of Cd2+ binding in MT, immediately returns. The CD~band

-

< at, 258 nm sharpened. and’ shifted to higher energy. A hiné_of the return ¢

‘of the 225 nof band can also be observed Again the’ MCD spéctrum'gives '

more dramatic evidence for thd rebinding of cq?t in a tetrahedral

environment. A symmetrical MCD band is now. obsefved with the negative

, ‘ y

. trough centred at. a highen wavelength. The negative MCD band increases

a L3

in intensity upon the addition of- another 11 mole equivalents of Cd2+

However, there is a 1oss in the intensity of the positive lobe.

- ‘e 3

« Since its .inftial discovery in 1957, metaliothioneins have :been

isolated from‘many diffefent sources. QSEY. and studied,ﬁsidg a large "‘,

o . K - : . *

. number of sPectroscopic techniques. In the’ majority of the early

studies, ehe cﬁﬁracterization of metallothionein was primsrily basea e

" metal content and a complete absence of aromatic smino acids. Since

[

the nquer of MI“s isolated from different sources iﬁcreased

s

dramatically in the past decade, it became appArent thdt a further - o

.

criterion sﬁould be imposed on the assighment of a pr

- belonging to the metallothionein class. In the earliest study (79) the

4

. } , . N
> B !

- . 4. ’ 4
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absorption spectrum obtained for MT showed a characteristic shoulder
at 250 nm and this has since been used as an indicator for the RS
presence of MT. In a later study, Rupp & Weser established the

characteristic absorption and CD spectra for MT containing different - ° ° an
2+ '

‘ca?t and Zn” ratios and these spectral changes were found to be very

sensitive_indicators in metal replacement studies (82).

The absorption spectrum of the rat liver Cd,Zn-MT'1 (FIG. 4) shows

.the tyﬁical spectrum of a metallogbionefn. It f§ characterized by a
b/?8?0@ absorétion shoulder kat about 250 nm) on the tide of a rap%dlf
Nrising absorption'edge. The 250 nm absorption is assigned to a S-)Ca

cﬁgrge'trandfer transitton (79,83)" The $S->Zn charge transfer band,

which is at a much higher enefgy than that arising from the Cd2+'1s

.

masked by tﬂe broad absorption at lower energy. The CD spectrum
, exhibits a deriyative-shaped signal in the 220 nm to.260 nm region,
which has been shown to arise from the. binding of Cd2+ in

metallothionein (82). The MCD band is characterized by a distorted,

.

’ derivétive-shaped envelope under the charge transfer transition. Of ' .t

' " the three techniques used here to characterize metallothionein, the
* absorptton spec trum is the least informative. The absorption shoulder

o~

«®  at 250 no is indicative of Cd-S bond formation. However, the poor

<

resolution of the charge’ transfer bandlmeans'it e difficult to obtain
1] ’ fl

any quantitative information. The CD spectrum intensity observed in

.

this region releﬁs from the mixing of the chiral states on the coor-
dinatiﬁg cfsteine residues into the absorption band due to the § -> Cd

.cﬁarge.transfer transition. The MCD intensity may result from a
combination of two factors. Firstly, it may arise.from the degeneracy 'k

" of the excited State fn which case a symmetr;cal, derivative-shaped

» ., '
L
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/ \ ° 3

signal, an MCD A term, is observed. Secondly, it may result from-the

: : *
field-induced mixing of states and hence a Gaussian signal: of el ther .

sign, a MCD B term, is observed. In general, the MCD spectrum is knobwn

3

to be sensitive to the geometry of the metal binding sites.

A comparison of absorption and CD spectra of the three native

' metallothioneins and the sample of .alpha fragment, Have shown that

: ° \

they exhibit very similar spectral characteristics. Im particular,

there 1s striking resemblence between the rat liver MT 1 and the alpha

Y

fragment sample that was prepared from the same protein, which

a N o

suggests that the CD spedtrum of the Cd,Zn-MT is domindted by thg CD

signal due to the cd?* ¢ alpha fragmen® In other Gbrds, the binding

2+ 2+ . ; ' o ] Lo )
of Cd“" or Zn™ 1n the beta site .does not contribute much CD

boa

intensity. All three spécies exhibit the same broad ebsotption

shoulder QE 250 nm. The absetption shoulder -observed for ‘the alphen. .
fragment solution is particularly well- resolved. This is probably due ° |

té the absence of the S->7n chargo transfer absorotion at higher

energy.. Furthermore; a significant red-shift in the MCD trough is

>

observed for the alpha fragment. The MCD gpectra fot all four protein

samples show the near symmetnical envelope with the negative trough in
A

the 240-260 nm region which -implies that the- geometry of the metal :_ Lot

5

binding sites is slmilar. A comparison of the MCD spectra of é{ Zn-MT

and a Cd-thiolate model compound (which will be described in Chapter

’ -

4) shows that the Cd2+ binding sites in MI have a tetrahedral symmetry.

(Td).-The only spectral diftefence Between the rat liver, guiﬁea pig

and the crab MT with respect to the metal binding sites is obsetved in

Ed -

the CD spectrum. While the CD spectrum of both the rat.and the guinea

’.)

rig MT résemble one'anOther,closely, the CD epectrum for the crab MT
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' mammalian metallothiqneins studied thus far eontain two mptal cluster

1s quite different, which sugges that{the chiral arrangement of the

e
"A

cysteine tesidues in ‘the Metal inding site isﬁdifferent in the crab DA
.. . N % .
MT. '113 .Cd nmr studies have shown that the meta} b&nding sites iﬁ

AR

3 t

q i.f' A

\l
ra-’

' 't~ ‘« ~

'( one 3-meta1 cluster and one d-meral cluster),.vhere-each-metak i‘

-

is bound by a combination .of bridging and tenminal sulfur atoms

(98, 99) The structures of the two metel clusters A'& B (the pretein ER

. . & .
- N -ne RN

fragments containing these - two clusters are designated qlpha and bet&

3

fragment,

acid sequence of the crab MT indicates that’there are only 18 cysteine'

oo .
. e .' R \

residues (13& 135) and the 113 Cd nor - specttal data dbtiinéd fbrhct

together, can provide

in metallothioneias.': <

e

Ly iqg.fwasa

"f"‘




{o. ,:-\‘\

X “V‘D the M

f‘t‘em'thé 'fhinding sites results

""p‘:a

o

oF 3 thie 8 ,-‘> 68 chéi'ge t’taufsfer‘banld. :

progercies',of the;‘ .
<O -'? J~ ::- ES
" the, prrot.on displacement uethod was mon.itored by the~ absorpt’ion, CD and <7

L '\.' N
|'-". Tad ’

\

:’.a ~

MC]F techniques. Afte'r neuf.raliza?tion of. the acidifled proteir;-
i e el e & ,\’ 3

‘\

*O

N "‘W;; ; ...; ’.l“""- ne
zmdn. & a:l.g;es thaf possésa a simila;: gae ry-: as 1n t‘he

u’
N 7.- N

tly, the re'&ppearance of ‘thie CD siigna-i'--

3t

q“(;d,‘r "me.;“3 d nmr- spectrum obtainediflor

.”:‘o’ ,‘ . .». ‘A :
'wrexy fsimilen :o those observed fot uative cd, zn- o

~.

Vtwo@md incerattii é ‘. 5.

of .gx‘pupd of tesonanc:es

:".. .3’
n.\ L)

{bé;e refiucf m}ie g;e,tg géneiiy-vaﬁ :hv, protein used«(%’r,im)

h \
L. ~* R —~.-\ R 7
o R ERE -é’pgearcd when- thg pH oP thq r te.i-q , L
. X -. . E ‘I ’ g‘* x * < :4 .. r_ ¥ ,
s&f’ﬁg n “E8 1.6 suggests ;hpx g qu.{‘ssociacion fothe S SRR,
3 AL e o SRR
e S metal dong Qaq“.@ccutgem The témﬂﬂenb].é !imilarit betgmm t‘he sp-ectra RS
. O }' S g v 't
L . RN "'»3, pateT o RN [1_ #’_ ,‘. ] Loa .\,-w ) R .
. ) f* ST eERedT e T ‘:aﬁ' . w, 'a Y - . .




o ?..» 9,2
I R R P . -
: Kdiatall AN e €
v TROCEET SR o el e o w o
e e aaaitu ok A

A

EEEETIPR




of the native and the reconsti tuted {13 Cd nmr provides’further

sypport for the conclusiqn that the Gl2+ rebinds to the apo—Ml in \\*\\
. .‘ ,

sites that are very similar to that used in the native protein. The

’ N m— h .
only major difference between the nmr spectra of the native and

y . .
%

reconstituted proteine is the absénce of the resonance'at 602 ppm in

the reconstituted protein spectrum. A similar effect was also observed

AN
in the rabbit liver metallothionein when in vitro displacement of Zn2+

ca?* 113

.«rby had taken place (98). The marked sitnllarit’betueen the 113cq -

i{. nor ‘spectrum of the reconstituted protein and the Cd2+ saturated

24

protein Spectrum'suggests-\hat on reconstitution, Zn“’ does not rebind

2 ' to the apo-qT and that Cd7-MT is formed preferentially. In a recent
study, Nielson & Winge (12&) have demonstrated the order of

a remetallation of the apo—MT with Cdz+- The results indicate specific
.;"i. bindfng'of Cd2+‘to give the.satﬁrated alphe fragment'containing 4 Cd?+
1on; which was then followed by the formation of the beta cluster.

The ability of the ca?* to bind to apo—MT in Xiffﬂ has special ‘e

¢ .
o

L Lo significdnce. The implication 1sFthat such binding reactions may occur
Ty - .- . R . '

- ) in vivo, thué'providing*evidence'that the Cdz+~metallothionein«ﬁay be’

ﬁynthesized £rom the" apo—MT that may be present in vivo. Another

N ‘&

\‘5 g outstanding question concerning the 1n vivo synthesis of metallated ‘MT
, o

t s whether Qn-MT, a naturally occurring,protein, functlons as a

g 4 -
x- ~~

- . precursor fot the synthesis of Cd Zn-MT In order to answer thi: ) .,~}

- o : * ]
question, 1t qu necessary to etudy the metal substitution reactions
in metallothionein, namely, the replacement of Zn! by Cd2+. Hetgl
DEpIacement experinents were used te onstrete the ahility of

q'\. R ¥ a "’J'

metallothioneins to acoommod&te metal substitution without degradation

o . . of the pluster gtructure. Recently, a nuthber of other metnls such as



" conformation which is flagged by the changeh in the CD spectrum. A

)
—— e e e
- . &

L

i

2+

co?t N12+, 813" and Pb2 have beenxéhown‘lo bind to metallothiomein -

in vitfo (23,106-108). However, it has not.been possible to aace‘in
whether these metals induce any changes in the quaternary st:g\iure of

the protein. In other words, is the native protein sttucture

)
_maintained qfter the binding of these metal ions? As none of these

metals has been shown to induce the synthesis of MT, no direct.

-~

cbmparison between the struct;re of the native protein'containiné
these metals and the metal-substituted MT can be carried out. In the
case with the B{-induced Zn-MT, however, titration studies with caZt
did give rise to the characteristic CD and MCD signals due to the Cd-

thiolate chromophore in- MT which suggests that the metal exchange

between the ca?t and Zn2+ 6ccurs readily (137g;

a2t

Results from the C loading experiments with both the, rat liver

~

and crab MTs suggest that a considerable structural change has

occurred when Cd2+‘in excess of 7 mole eqivalents for rat MT and 6
mole equivalents fo;\crab MT 2re titrated into the protein solutfon.

a2t

The- initial addition of up to 2 mole equivalents of Cd“" represents “

2+

the displacement of Zn by Cd2+, as evidenced by the absorption and

" MCD data. Changes in the CD spectrum are significantyonly in the 225

~
.

nm region whe%e the positive CD band increases in intensity. The
dramatic changes observed in both the CD and MCD spectra when the cd?*

.concentration is gfeater than 7 mole equivalents provide strong

d2+

evidence that C binding continues beyond thds concentration. The

excess Cd2+ bound to MT appears to result in a change.in the protein

-

slight decrease in the Cd-related MCD envelope suggests that some of

‘ \ 4 N ‘
the Cd2+ may have lost its near-tetrahedral symmetry. The ﬂCD‘bgnd
[} . 'a

-

&
¢
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intensity obsérved for the final spectrum resembles the native MCD
2

envelope in overall intensity but differs in'thé\Basd\Egntre

~—

calt

wavelength, which suggestS'tgaf the originally piesentkzh the

. alpha cluster is not significantly affected by the excess -Ca2t present

in either the solution or bound to the p}Qtein. *

FYas

Results from a C loading experiment with a sample of alpha
L

fragment (prepared by the proteolytic cleavage of the rat liver MT

N

which leaves the four-metal cluster intact).did pot show any - -
3 P T : ‘

. . » L. /’; . ' . ..
significant chaniges 'in the CD spectrum even in-the presence of 7 mole

.equivalents of excess Cdzf (125). This demonstfates the reﬁarkable

d2+

stability of the 4-metal cluster with respect-to excess Cd“’ . In view,

of the dramatic changes.in the Cp spectrum of the crab, aqd , q
compggatively minor changes in the rat CD spectrum, a differeéce 1n<:
the bd2+ binding‘properties and stabllity of the two different metal-
clusters in metallothionein may be postulated. A similar conclusioq

has been suggested from 113

Cd nmr data reported previousl& (98,99). -

The decrease in_the Cd2+

bound witH a tetrahedral symmetry, in
= Lo

addition to the changes 1n’ the CD spectfum suggests that the new .

species formed involves two-fold Cd-thiolate' coordination, and

eventually groldps containing Cys-S-Cd-X units may be formed.
In the crab éD spectrum, the isosbestic changes observed upon

addition of Cd%+ suggest that a single species ig being forméd. The

a2t

last trace containing 19 mole equivalents of C presumably contains

A\

Cd(S)y units as thgested ear}ier with the rat liver protein.
The didlysis of protefyyhoﬁhtions containing different amounts of
added .Cd%* was used té determine the maximum number of moles of CdZ*

that were bound to the protein. The data obtained ( FIG. 16 ) suggest

‘e
o~ .
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. in the ‘native protein. This implies that each Zn .

L 4
’ . . -

- "
that the binding of, Cd2+ to the beta site in MT does not contribute

L4

signficantly to the CD intensity. In the presence of a large excess c;f

3

Cd2+, only about 8.6 mole equivalents of ca?t can be.bound to )iT.

o

Based on the fact that the alpha site.is resistent to excess Cd2+, the\

|
extra Cd2+ bound on the MT represents twice the Zu2+ content present

2+ site in éhe beta

cluster can accomodaté a maximum of 2 Cd2+ ions. The fact that_ MTI, can

bind an extra 4.6 moles of Cd2+, an amount fﬁat is twice the initial

‘-

zn?t concentration p'resent in the beta site, ,poses q\,xeétions tega.l.‘di‘ng ‘

the mode of ﬁnding for the excess Cd2+. To ,s.implify th;' answers to

these questio’ns’we will assume that the 2.3 mole equ‘i‘vﬁlent’s of znZt

represent the partially filled beta cluster. Furthermore, we wil.l

interpret the data in terms of a filled beta cluster unit é'ontgining 3

moles of metal fons. This means that a total ofv 6 extra moles of Cd2+

can be boundoto give th(a), 6(3)—MT. There are saveral schemes that

will account for the bindfng of the excess caZt

.
. ‘ .

the 3-metal cluster remains intact while the extra three Cd2¥ bind on ,

in the beta sites: (i)

the three terminal cysteines forming cys—-5S-Cd-X units; (:!.i) the ,3—

metal cluster structure collapses and all 6 cd2* bind with a different
— : _ '
coordination geometry and a new arrangement of the .cysteine residues,

or (1ii) the excess cd?* acts as a bridging ligand. .bleti;een two MT
protei;\s, thus form:lng d:l.meric or' polymeric 'Sp'ecies.. The low
concentratlsgn of the protein solutiona used in optical experim;ﬁts
means that aggregation reactior:s are rather unlikely. Moreover, when a
solution of MT. containing excess Cd?* was eluﬁed throu.gh a Sephadex G-

»
25 (fine) column .at pH 7, "dimer fotmation was ot 1nd1cated. Our M.CD

dgta obtained in the ca?t titratiqn atudy (F1G. 14) show an initial

~ . LI



.18 necessary to reexamine.the precedure used'and to study the

excess C62+‘bouﬁd<corresponds to the Zn

results demonstrate that 'the C

. s . ’-.
increase in the MCD band inEéusfty vhen the added Cd?+ replaces the
) 3

zn?*, while further addition of the Cd®" beyond the saturation poing.

gives a gradual décrease‘gnJEhe overall MCD'enveiope. This suggests -

that the tetrahedral-geometry of some of the ca2+

4' -

is no longer

mafhtained. This also implies that.the cluster structure of the beta
IS <. ¥

site may not be intact and that the binding of ca?t probably involves
a differeht geometry and arrangement of the.cysteine residues.
Since the MT is capable of binding three extra Cd2+ ions, [the

validity of MT estimation methods that are based solely on the Cd2+

(
binding properties is chdllenged. In particular, the heme-saturation

méthod introduced by Onosaka and .cavorkers (115) which is based upon

d2+ and the ability of RBC

the isomorphous replacemenl of zn2t by C
. L 4

hemolysate to remove the excess Cd2 ions in solution. Therefore, it~

efficiency of thé RBC hefiolysate in removing the excess bound Cd2+

from the protein. The results shown in TABLE VI sugéest that the

-« s . . .

2+ initially present. These

d2+ bound in excess have a much lower

.
binding constant than those of the first seven ca?t bound. The RBC

a%t

he;blysate can successfully compete with MT for the C bound in

excess of 7 moles per mole of protein,'Thgs the Cd-saturation method

.

does estimaté the protein concentration accurately when based on the.

complete loading of all metal bindin"g sites in MT. ThdRED spe,ctrtfn; of

L4

the éolthOn after hemolysate treatment is similar to that obtaine@lid

tﬁe dialyéih experiment. It is interesting to speculate ‘that the

efficiency of the competition by the RBC hemolysate for the excess

Cd2+ in the Cdlo-ﬂT may represent g mechanism by which MT accommodates

] -
¢

“
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redistributed to newly synthesized MT at a iater'time. ~—— TS

v ¥

Cd2+'dutin3 acute exposute~in which the excess ca?t may be .

-
3

2+ 1a Cd,Zn-MT by ca’t results in a red shift_

~ ™,
in the MCD envelope. This shift may arise from two factors. (1) the

The zeplacement of Zn

change in the protein geometry that takes place wher zinc 1s replaced

. by the larget cadmivm ion and ;ii) the lack of a S->Zn’band near 240.

nm which distorts~the MCD spectrum of the native Cd,Zn-MT. An MCD

. \
2+

_study of a ZIn titration of metallothionein provides some insights

into. the contribution of Zn-related transitions in the MCD spectrum
‘observed- for Cd,Zn MT It also probes the origin of the - red shift in

the MCD band'envelope when Cd,Zn-HT.is titrated,with calt, Rupp and
- - - f -

Weser have reported the CD sPectrum for Zn-MT '(82) and the MCD

spectrum was published recently (47). Stillman & Szymanska have
reported the abso:ption, CD and MCD spectra of a Bi-inauced Zn-MT /‘
isolated from rat liver amd kidneys (138). The data presented in FIG.

18 suggests that the Cd-S bonds are broken in the presence of high

2+. The CD Qpectrum for the solution containing a

concentrations of Zn

2+

high concentration of Zn“" ¢losely resembles that obserVed previously

for Zn-MT (86). The decreasq in the intensity of the MCD band, envelope

- 18 accompanied by a blue-shift o¥ the band centre.‘Furthermore, an

increase *in the negative MCD intensity gtﬂgheﬂnew band centre is

2+

observed when more .Zn“" is added. Hence these data suggest that the

" .MCD spe¢trum obtained for a mixed-metal metallothionein'containing.

both Cdz* and an*, congists of two derivative-shaped bands arising

from both the §=> Zn and S-)Cd charge transfer transitions.‘The

s

dZ+

characteristic red shift in the Cd® ~loaded MT indicates & change in

e ]
the metal binding sites involving the Zn2+. In addition, this shows

-

"~

"~



e

that the assymmetric decrease in the MCD band intensity noted during
. ‘ “ )
the early étages of the pH experiments reflects the removal of the

d2+

Zn2+-prior to the removal of the C from the binding sites. .

The results from these metal replgbement studies using Cd2+ and Zn2+

: suggeet that in vitro-metal replacemen; in metallothiemein can occur

readily. This is important as it 1mplies that the same type -of o ,

*

reaction can effectively occur’ 1n vivo upon exposure to Cd2+. The

.‘naturalry-occurring'Zn—MT present In vivo can be transformed into
* 'Cd,Zn;Mf, which may'then functiqns.as a storage site for Cd2+.
Although the involvement of MT in the metebolism or deto%ification
of pther metals, in particular, Eppper, has been suggesged-previously,

the binding properties of cut to MT have not-been wéll establishedz

In addition Hg?t

~containing MTs have received relatively little ,
attention. In Chapters 5 and-é//;he cut and Hg + replacement of Cd2+ )

and their subsequent binding to MT are described A model compound

study’ ovadzﬁ{ 'gz and cut with 2,3—q1mercaptopropanpl (BAL) will be

described in Chapter 4.
. -
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CHAPTER 4: MODEL COMPOUNDS STUDIES . -
4.1. INTRODUCTION L |

. ' .,
,Since 1t has been established that metal binding in metallothioneins .

L]

1nvolves the thiol groupe on the cysteine residues, it is of interest
to study the coordination geometry of complexes containing group IIB

‘metals with simple thiol ligands which-mimic the metal binding sites

in ‘metallothionein. y

- ' Metal—sulfur interactions have .been well established in a number of

2

biological systems, in particulat the 1ron—sulfur and "blue" copper

- -
-

= ptoﬁii:s (139,140). A treméndous amount of work has been done on model ;
T e compounds of iron and copper which mimic the metal binding sites in

these proteins. Recent advances in the use of sulfur-containing

compounds sach as BAL (2, 3-dimercaptopr0pano&) and penicillamine as

-

therapeutic agents for heavy metal poisoning have stimulated_further

interest in the study of metal-thiolate compounds. S ' . i

2+

BAL has been used in_the treatment of Hg“" poisoning in humans’ -/

(141).¢£n vivo chelation studiée of caZt with BAL has shown that BAL -
]

. could successfully mobolize Cd2+ ions from the live# (142,143). A more: 3

recent study on a series of mono~-, di- aﬁd trithiols have also.

established that BAL is the most effective’ ligand for the mobilization
2+ .
of Cd via biliary excretion (144). Despite the reported

interactions of BAL with’ metals in vivo, little is known regerding the

v L} '

structure and mode of binding gf this 1igand with Cd2+ or\bther metal

‘lons. Two recent reviews have covered the complexation of Cd2+\ dand

gz+ ions with thiolate ligandd, as well as with sulfur-containing

amino acids (145 146). Careon et al (935 have teporte& a study of a

04
° -

series of alkylthjolate complexea of Cd2+ uaing MGD and {13Cd nmr .

3 ‘.'.,

L R




techniques. One of the ligands studied was BAL. However, no MCD data

2+

" for the complexes of BAL with either Hg or Cu' have been, reported -

and’ hepce BAL was -chosen for the model compound study in this work.,

A survey of the Cd-thiolate complexes studied thus far shdws that

they form a range of molecular structures. Table VII lists some of ‘the

thiolate cqmplexes oﬁ.Cd2+ that have been characterized structura\lly,

The tendency x the thiolat‘e ligand to act as a bridging iigand andl

azt

the ease of C to form cluster and polymeric species has been amply

demonstrated in the majqrity of these complexes. Some examples of

' .
thiolate complexes of ng+

and Cu+ are also ehcwn in TABLE.VIII and )
lABLE IX, respectively.

. In this chapter, the absorption, and MCD spectra of complexes of BAL

‘-with Cd2+ 2# and Cut scribed. - .
5.2. mmnmnm. ) o _—

The BAL solution was prepared by diluting stock BAL solution (Sigma

'Chemical Co.) in a pR 10 2 Na2C03[NaHCO3 huffer. All solutions were.

deaerated and prepared under nitroggn The BAL solution comcentration

was determined- using an extilction coefficient, 5234- 4800 L mol~l
4 . -

. The Cq(CH3CN)40104 was prepared according to Hemmerich & Sigwart

.

(147).; The Cu* solution was prepared under Ny in a CH4CN/H,0 (1 3
vol/vol) golution to stabilize the Cut ione. The ng+ and Cd2+
salutions were,made by dissolving Hg(NOj), and CdCl,. 2.5H,0 in ffiﬁll

‘distilled water, respectively; the final coqsenftations of'botﬁ‘
solutiong were of the order lg:z M. The addition of the metal fon

solution was carried out using a ulL Finnpipetge (rariable'volume,-

. R - : '.-v‘}f‘f' ’ \Q‘,.
0-5 uL range)-. ’ e ‘ S

L] a: -
" The absosption spectra ﬁerejpbtained using a Gqu ?19. oo .

-




;a JASCO JSOO programmed power supply. The MCD spectra were measured - -

-MCB ‘spectra are reported as Ae with units of L mol™ 1 . 7"}, Both

"resolved band at about 234 nm on the éﬂgé of an intense UV absorption,'

o 4.3.1;-98¢n10m‘BAf‘:w; '

solution on the absorption and MCD spectra. The sbsorption spectrum

clearly shows a red ghift oﬁ\the absorption shoulder 8t 234 nm and tpe

o paximum intensity “ohen the BAL/CdZ4‘$at10 18 4.5. ‘Two! 1sospestic fﬁ'" T

“‘;\

. spectrophotometer and 1 'cm quartz cells. The’ MCD specxra were recorded

ﬂon a JASCONJS spectrometer modifted using\an Ithaco 391 Lock-In ot

.
amplifier Morvue photoelastic modulator,‘HamamaIsu R375 phototube and

using an Oxford Instrumentg SM2 superconducting magnet operating with'
a field of 5.5 T. The MCD intensity was calibrated using an aqueous
solution of CoS0,; [e y (505 om) = ~61.6 deg ca? dmo1-! T 1. The .

absorption spectra are . reported as g with units of L mol-l cm -1 The ;'

P
L]

the absorption and MCD data were digitized directly and the data .

presented here are retraced computer plots. . _ .
: . \D c g ’ -l
4.3. RESULTS o T s '

FIG. 19 shows the absorption and MCD spectrum of BAL at pH 10.2. The

absorption spectrum of BAL is characterized by a.relatively well- .

.

with an'extinction coefficient of 4800 L mol'lcm at 234 nm. The.MCD
spectrum of BAL itself at pH 10 exhibits a near symmetrical,

derivative—shapedtpand which crosses the zero line at;about 237 nm.

: FIG.‘19 showsfthe effeetkof titrating aliquots of’(':‘d2+ into a BAL -

" ; .

ps?

‘n
formation of a. well—reSOIVed band as . the BAL/Cd2+ mole ratio in the

-

solution decreases. The new absorption band at’ 245 nm-reaches its

‘ .

points, st 232 nm and 238 nm, are observed The ‘MCD spectrum also




derivative-shaped envelope where the, zero cross-over point correspon

oo roughly to the band peak position in the absorption spectrum.

-~

~ -

Moreover, iqoebestic points ‘are also observed in the MCﬁ data ‘at 235 ?f oy,
S ’
PR np and 249 nm..The absorptibn and MCD spectra remain unchanged mpoﬂ

LS

addition of more. Cd2+ ip to a BAL/Cd2+ mole ratio of 2. 7 When the
BAL/CdZ+ rgtio in the solution is adjusted to 2. 3 both the absorption
ER and the MCD band are observed to decrease in intensity. .

4. 3.2. Mercury-BAL . ’ .

2 = . -

FIG. 20 shows the absorption and MCD spectra obtained for a

. The formation of‘a new hand in both the

s

‘ titration of BAL with Hg2+

. >
Loos T absorption and MCD spectra is more distinct than in the case with ‘the

S Co %+-BAL complex. ihe new, absorption band"is red-shifted further and

. %it is centred at 284 nm. A distorted, derivative- shaped MCD band

.

2+

.o develops as more Hg is added to the BAL solution.'The MCD band due’

to BAL completely disappears when the BAL/Hg2+

L

isosbestic points at 239, om and 281 nm can clearly be observed in the

> e

mole ratio is 3.5. Two

4

. T MCD spectra. When the~BAL/Hg2+ mole ratio is changed from 3.5 to 1.4,
h - e Lt ! - _'

: ."a decrease in the intensity of both the absorption and MCD bands, is
s : - L4 .

observed
o i -6 3.3. Copper-BAL ' . ’

" FIG. 21 'shows, the absorption and-MCD spectra during the formation of . . .

o
the cut: BAL cOmplexes (with BAL/Cu mole ratios of 9.7, 5.2, 4 3. 4
[ ‘ ', 2.3,.1.3‘and 0.6).'Unlike the cases with H32+ and Cdz+ where mear

)
a

,sinmetrical MCD envelopes and well-resolved absorption banda are. .

observed, the absorption and MCD spectra of the species formed in ;

’

-f’ :{ aoLution contgining cut and BAL are characterised ﬁy multiple bands.
. The tnitial addix;on of Cu to the BAL solution results in a weak, )
L .
?. o ';‘. . . ’ v . .



‘ s - .
FIG. 19 A titration of a solution of 2, 3—dimeroapt6propanol (BAL) in
. V

. . .a NaZCO3/NaHC03 buffer at pH 10.2 with CdClZ. The molar ratios of

BAL:Cd are 27..0, 13.7, 9.1, 6. 8 5.5, 4.5, 3. 5 2. 7 and 2 3. The = -
. ' ‘ o, .
absorption”and MCD spect¥a for the last thrée solutions are not shown.

N * » .
~

v

The unite for € are L mol™l ém . The units for Aey are L mol™l g7l
B ‘. Y v- - /n
. h ]
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~"0 R \FIG.xZO A titrabion,_of a’ so_ tion of 2,3—d1mercap:propanol (BAL) in .
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F1G. 21 A titration of a solution of 2,3-dimerpaptopropanol (BAL) 1in

L]

a N’azC'03/NaHCO3 buffer at pH 10 with Cu(CH3CN)4CLO,‘. The absorption
and MCD spectra of Tthe BAL solution (- - - -<). 'fhe molar ratios .for
BAiﬂif'are (1) 0 (BAL solution), (2) 9.7, (3) 5.2, (4) 4.0, (5) 3.4,
6) 2.3, (75 1.3.7(8) 0.6. The units for ¢ are L m01-1 en~!. The units

—1 _’l. . i -~

for Aey are L mol™l em”l 1

-
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broad dbsorption band at about 395 nm and a corresponding derivative—

shaped band is observed in the MCD épectrum. This absorption band

‘reaches a maximum when the BAL/Cu+ mole_ratio is 4.0 a&d remains

constant while two oﬁger absorption shoulders with higher exginctioﬁ
coefficients are observed a£'275 nm and,éOO nm. Negatively-signea MCD
envelopes corresponding to these absdrption shoulders are also
observed. The solution develops~;'yellqw colour upqﬁ addition of Cu+

which intensifies as the Cu?t concentration in the solution increases.

he complete collapse of the MCD band due to BAL is observed when the

BAL/Cu” molé-ratio reaches 1.3. Further increase in the.concentration

- of Cut (BAL/Cu+=O.6)‘fesu1ts in'a species which displays a broad,

negative MCD signal at 305 nm. At this point, a small amount of

precipitate 1s observed in the solution. In a separate experiment in’

- -

which a Cut-golution was titrated with BAL, the MCD spectra observed

for the solution containing a very low BAL/Cu+ ratio is characterized

e

. .t .
. by a broad negative band, which is very similar to the last txace in

FIG. 21 (line 8). Further addi%ioq of BAL to this solution results in

W

? t

an increase in the band gptensitf.
) /

4.4. DISCUSSION ) ’ -. - .
In general, mononuclear complexes predominate when the ligand is-
AT '
present in excess, while polynuclear or cluster campounds involving
' . * T

bridging ligands are more'imﬁortant in solutions containing a low

ligand to metal ratio. cd%t Yas been shown to form a number of cluster

compounds with terminal and btldgfng thiolate ligands. In the

'compleies,ahown in TABLE VII, tetrahedral coordination of ca?* 1s the

most coﬁmonly observed with Cd-S bond lengths that range from 2.45 -

N

°
2.62 A.

N
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The presence of the two isosbestic points in the absorptiom: and yCD .

. . . N L3N
spectra during the titration of Cd2+Q1nto a BAL solution suggests ‘that

a siﬁgle species 1is formed in the reaction. The distorted, detivativé-t

¢

sheped MCD envelope is centred roughly about the badd maxitnum .in the >~

absorption spectrum. The absor.“ption and MCD spectra observed for the &

complex formed between CdZ* and BAL correlate well with tﬁa; reported 7
previously (93). In their recent report, Carson et al. examintd a _
series of thiolate complexes of Cd2+ in solutieﬁ, in order to

¢

elucidate the relationship between structure ‘and MCD spectral

cha;acteristics.‘Their,fesults showed that a 1:1 BAL-cadmium complex

.exhibits a negative MCD band quite different from that observed for
3 . ghe 2:1 complex which is characterized by a distorted,aFeraday A term.

This shows that MCD spectroscopy can be uysed to monitor the changes in

3

the geometry of Cd2+ complexes formed 1p solution. The mew band in the
absorption spectrum has -been suggested to result from ligand to metal

charge trensfer transition which arises from a combination of 3p(S) ->

»

58 and 5p(Cd) transit{pns (93). The Faraday A term observed in the :jD
ost

spectrum results from the degeneracy in the excited states. which m

- .

‘likely arises from a tetrahedral arrangement of sulfur around the ca?t
. L

" ' ions. This derivative- shaped MCD signal :esembles very closely that

observed in C4-MT which suggests sthat the metal binding sites in MT
contain tetfﬁhedraliy coordinated Cd2+ ions. The fact that the

de}ivative MCD Band is distorted suggests that there is an additiomal

B term present. _
~ ' t )

N The formation of the Faraday A term when Cd2+ is titrated into a
\
. \ .
A ‘BAL sol&fion suggests that the species formed 1nv01vea a tetrahedral

arrangement bf BAL ligands. The fact that the MCD cross-over point did

o




»r .
. . AN . -

‘not shdft when the BAL/Cd2+ mole ratio was changed, stroeg1§ implies
ehat a single species is formed. The absorption and MCD 1nEensities

obtained'fopdbhis specieé reach a maximum when the %AL/C&2+ mole ratI}
is about 4.5. This indféazes that under these eonditiens the. BAL does

not form a chelate complex and the speeies formed is brobably |

[Cd(BAL)4]2-. The'band width and band position of the MCD signal.is.

very similar to that observed for other Cd2+—thiolate complexes,(95).
‘ ' 2+ ' 2+ 3
Further increase in the Cd concentration ( i.e. as the- BAL/Cd
ratio decreases from 4.5 to 2.7) does not change the intensity of

either the absorption or MCD spectrum, which implies that the

L J
tetrahedral. symmetry is still maintained even in the presence of a

high concentration of Cd2+.'The decrease in both the absorption and

MCD bands intensity when the BAL/Cd2+ mole ratio is 2.3 (not shown)

d2+

indicates that the coordination goemetry around the C has changed.

The titratien of BAL with ng+ is characterized By the formation of

a well-resolved absorption band that is red shifted about 35 om from

the absorption shoulder due to BAL. A near-symgetrtcal band develdps o
’

in the MCD spectrum and 1t'is related!/ by two isosbestic points with”

the cross-over point corresponding reughly to the band centre in- the
absofption spectrum.‘The presence of the isesbestic points suggests

that only one species is formed in solution. Crystal structures b

obtained for simple thiolates'Hg(Sﬁ)z where SR= Me (174), Et (175) and

4

t (176) have shown the formation of either linear monomers or -

2+

polymeric chains involving tetrahedral Hg“". Reactions of HgClz with

L-cysteine give rise to [Hg(cysteine)Cl,] species with tetrahedral

H82¥ and bridging sulphurs, Vhilesﬂg(cyeteine)ZHCI-1/2H20 which

:

contains.lineEf coordination of ng+

“«

was formed in neutral or sligﬁtly

» ’

.y,
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acidic condittons (157)

~ ~‘a * ~

‘ In an early uCD study of a series of tetrahalo complexes of Hg 2+

the.deriyativezshaped MCD band observed was assigned to an np(X~ ) ->
6p (Hga‘degenerate transitions ¢177). This is based on the‘assumption‘
that the derivative-shaped band represents a Faraday A term rather

than. two B terms of opposite signs. Hence a tetraghedral symmetry

2+

around the- Hg“" was suggested. The MCD spectrum obtained for the BAL-

ng+

species formed here closely resembles that observed for the
[ng4]2' chromophore, in that there is the derivative band shape with

the positive lobe at higher energy to the band \gentre. Hence the MCD

' band.oﬁtained here may be assigned as an A term arising from 3p (S) ->

-
. . ~

5p (Héz;charge transfer-transition.

The decrease in the absorption and MCD band intensity when the

-~ -

BAL/Hg2+ mole ratio is -adjusted from 3. 5 to 1.4 suggests ,that the

2+

»
tetrahedral geometry around the Hg<" 1s Jost. It 1s quite possible | : ..

that a linear-coordihated ng+ species may be formed at this point.

Studies of the coordination chemistry of Cul with sulfur contaiﬂ.hgﬂ”*

@

ligands have revealed the tendency of Cu to form multinuclear

aggregates.,These cluster units exist in a wide variety of composition

and structures. Some of the basis core units that have been

-

characterized structurally are Cu486, Cuass, Cu536, Cu587, Cu8812' -
; Non-chelating ligands favour the formation of the Cu486 "adamantane”

unit when the Lu:S$ ratio 1s 2:3 (165,,178). More }mpgrtantly,

.3 : .

cdﬁpeﬁnds with-the same stoichiometry dre often tound to have ' -

" - different coordindtion geoietries. Tris(thiourea)copper(I)tetfaf}uoro-

{ A borate, [Cuf(tu)3]BF4, and tris(N,N"~dimethylthiourea)copper(I)tetra-

] . .

. -“ fluoroborate, [Cu(s-dmts)3ﬁBF4, consist of dimeric'specieg‘with




’ tetrahedxal Cu 'and btidgin& sslphurs (162), while - t:ris(et:hyleue-L
'thiourea)copper(I)sulphate and tris(cetramethythiou:ea}gébperZI)-
tetraf}uoroborate are monomers involving trigon;I plenar coordinated

(160) Hence the prediction of coordinafion ;eometry based solely

’

" on'the ligand/Cu rgtio is not reliable. . . -~

Thé:absorption and MCD spectra of the Cu-BAL complex formed during

the early stage of the titration is characteriZed .by a'broad
Qbsorpéion band at about 395 nm with.a corresponding derivative shaped

Yol MCD signal which suggests a tetrahedraIly-coordinated complex. The
- : i
- most likely spwcies formed 1n the presence of ‘excess ligand is

[Cu(BAL)4] » as suggested from the BAL titfations with Cd2+ and Hg .

In éddition, [Co(SPh)4]2 is formed when an-excess of SPh™ is used

4,
P

while tﬁe adamantane like cluster predominates when the To:S ratio is

“‘"

1:3 (179,180).A[M(8Pn)4]2 complexes’ ®re also isolated from reactions

. between SPh and'Cd2+ and Zn2+ (105). Monomeric and dimeric species

”

containing tetrahedral Cut with thiourea and its derivatives Eave been
obser ved apd’characterized strocturdlly. With

tetramethylbenzenethiol ate, the cu* coordination is found to be linear

(173) Cu 1nvolving trigonal planar, coordination 1is hlso commonly

found in polynuglear or cluster compounds. A list of some of the

thiolate complexes of Cut that have been characterized structurally

) are-shownlin‘TABiE IX. )

7.

As the BAL/Cut mole ratio decreases below 4.0, the appearance of new -

o

«absor*iion 'shoulders at 255-nm, 275 nm an! 300 nm suggests that ney
speciesoare being formed in solution. Negative MCD signals .

. cotresponding to these absanption_shoulders are also observed. The

absorption spectrum of a Cuf complex with a cyclic terrsrhisether also - .

- - d Y »
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':;'m hibits a broad absorption band at about 400 nm and a much more

g tense peak at 265 nm (181) which suggests that these absorption
bands probably arise from S—>Cu charge transfera It is important to

.‘-‘ +

note ethat Cu-MT isolated from yeast and Neurospora crassa both display_

similar absorption shoulders in the 250-270 om region which has beeh

A \\

v used as an:indicator of Cu-$ interaction (12,182 183) The derivative-

shaped MCD-gignal .at 395 nm collapses completely whenh the. BAL/Cu
ratio 1s 1 5“!he intensification of the yellow colour of thé solution .

. _ .
¢ is most proBably indicative of Cu(I) % cluster formation .

'(165,L69,170). A more dramatic change in the coordination around the

‘- i

* 1s observed when the BAL/Cu ratiois changed from 1.3 to 0.6;‘The

- -dramdtic ehange'obqprvedsin the MCD spectrum sugéests,tﬁnt the s

-

-

coordination geometry of the species in solution has changes. In

another‘exoerinént, a similar MCD spectnun is"obsifved'when pAg is.

n

‘titrated into a Cu+ solution at a Cu+iBAL ﬁple ratio 0257.6 (or ; .

BAL/Cu of O. 13) Addition of more BAL (Cu /BAL mole rativ of 3. 8) at

s

’ ‘this point results in an increase in the intensity of the negative MCD

signal which suggests ‘that only one Species is' formed in the .presence

' ." of excess Cu+. o ) L

’ L4 .

- ’ 4

The MCD spectra recorded during this titration with:‘Cu+ nrovide
information on the "band positions and 1ntensities of Cu-related
transitions in thiolate compounds. Until the MCD spectraaﬁf a series

_ of Cu-thiolate chplexes of known structure can be measured and the. .
$ N .
relationship between structure and MCD apectrsl chargcteristics

& -
.

determined it will not be possible to analyse systemstically the .many
a -
. v;
bands .obgerved in the Cu-BAL MCD spectrum -

With Cd2+ and ng*, BAL favors the formstion of s~tetrahedrall§
. el . . p
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TABLE VII
. . * Thiolate complexes of ca?t .
’ .Compounds Coordination Geometry Cd—Sobond Reference
. (A)
[Cd(sPh), ]2~ tetrahedral 2.535(3) 105
2.517(3)
Y 2.540(4)
. 2.546(4) :
] " {cd4(SPh), 12" tetrahedral 2.467(9) . 148
v 2,56(2)
«  [Cd(p -SCHyCOOCH,CHy), ] S 149
C o tetrahedral/ 2.53
tetracapped tetrahedral 2.62 .
"[iICds( SC§2CH205)121-3+ trigonal bipyramid 2.5 150
< [Cdy o SCHoCH0M) 1 ¢1%% - tetrahedral/ To2.51/ 151
-, " ftrigonal "bipyramid/ 2.52/
"octahedral 2.56
[Cd(SC5H9NHHe)22*]h . tetrahedral - 2.546(9). 152
. - ©2.556(9)
[84Cd; o(SPh)y 6147 tetrahedral Spr 2-566 153
' C e . . . - 2.459
[Cd(SQHoCHy0H), ] tettahedral/ - T . S, 2.56 154
' trigonal bipyramid
[ng( SCsﬁgNme)le}]'}IzO tetrahedral 155

L]
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= TABLE VIII

. Thielate complexes of HgZ*

Compound Coordination Geometry Hg—Sobond Reference
N v ol B T (a) . .
g1, [ SCH ) CH(NH ) COOH] “tet#hedral 2.490(4) 157

_ HET SCH,CH(NH3)CO0] ,HC1. 1/2H,0 , " 157
A o : linear . . 2.355(3) .
RIPE - 2.355(5)
(HgCLy{ SE( Gl ), CH( NHy ) COOH ] 2,0 | S
. tetrahedral 2.822(5) 158
: 2.326(5) '
Hgp(SCsHoNIMe), )X, JH,0  tetrahedral 155
[Hggrz(SZCNEtZ)Hg(SZCNEtz)]n 156
- . tetrahedral/digonal 2.552(10)
. . 2.569(10)
' . 12.385(11)
: 2.365(10)
‘.
v
L] ’ -
B K X

io7
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TABLE IX.
Thiolate complexes Qf Cut
Compounds Coordination Geometry Cu-S bond .“Reference
‘ -(A) |
| ]
Cu(tu)3C1 ¥ tetrahedral .. ’ 159 ™
Cu(ethylene—tu)3804 trigonal planar 2.27-2.28 ‘}PO

Cu(fetramethyl-tu)sBF,

Ch (N, N “~dimethyl-tu);C1

Cu (S _dimethyl-tu)’BBFh

"trigonal planar

tetrahedral

-

-tetrahedral

tetrahedral

trigonal planar

[Cu;(SPh)ﬁ]z'

[Cu(SyP,Me, ) }[CuCly]

-e; !

[R4N],[Cug(SPh)4]

© Cuy [SC(NH,),] 2

[Cus(n,=SBuF)g]”

‘[CUA(Dz'SPh)6]2—

‘L[N(n—Pra)][C“(SC10H13)2]

tetrahedral

trigonal planar

tetrahedral

trigonal prlanar

trigonal
/tetrahedral

trig6n31 planar
/1inear

trigonal/linear

Atriéonal pianar

trigonal planar

v

linear digonal

2.258-2.238 . 160

2.360-2.460 161

td

2.295-2.429 162

2.32§—2.461 162

163
164 -

2.200-2.348

2.29 165

~

2.244-2.486 166

2.32-2.48 " 167

tu= thiourea

—

L 167
2.30-2.42
2.23-2.33 168,169
. 170
'2.29 171
172
2.656-2.888
(3.438)
173
&
. -\
~

108



‘been reported. In addition to Hg
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CHKE;ER S: Hg binding to !T e A

5.1 INTRODUCTION- D . ‘ . ' o,

rhough hepatle NI containing Qde and Zn2+ hag'receiveé the'ﬁégt -

%

jaftention in the pag} dedade,.emphasis has'reqeqtly been pléced on ‘MT

¢ontaining other metal ions such as Cuf_an¢ Hg2+.'Jabubowskizet al.

were the first to demonstrate using gel chromategraphy that morg\thaﬁ

.N

50% of the ng+ injected into rats was present in a fraction
containing compounds with a molecular weilght similar to that of
metallothionein (184). Subsequent reports by this group aﬁ§ others

221,185—188) have confirmed the presénceaof Hg2+ in the MT fraction.

It was only recently fhat;;hese Hg-cbﬁtaining,metallothioneins,‘

isolated from rat‘kidney, were characterized. Their amino acid

compositions, molecular weights and metal conténts (3f) have recently

2+, a significant amount of Cut was

also found to be bound to the MT. The total metal content (ngf,and

: Cu+) ranges from 4.2 to 5.6 mol eq based on the molécﬂyan welight

calculated from amino acid analysis. These proteins have been

classtfiéd as Hg,Cu~-MTs. The results from these ‘studies raise

'2

questions regarding the mode of ng+

binding inéhative Hg-containiné

MTs and whether these proteins contain the alpha and beta clusters-

in the

that have noﬁ been well established for Cd,Zn-MTs (98).

Despite tﬁé nuﬁbe: of paperﬁ suggesting the presence of Hg2+
MT fractiom, relative little is-known=about the stoichiometry of Hg2+
binding and the geometry of the Hg2+ binding sites 1n MT. Sekolowski
et al. (189) have reported the in vitro preparation of Hg*MT. ‘Their
X-ray photoelectron study 1nd1cated a considetable shift 1n the

binding energy of thé“?pllz 3/2 levels of the sulfwr atom, thus this

” 109 .

3N
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confirmed'the involvement of the cysteine sulfurs in the ﬁg2+ binding

-

sites. They also suggested that dramatid structural change& in 'the

prd&ein &curred upon the coﬁplebe displacement of ca2+ and znt by

*

H8'2+- N, . f , ST ' Y . >
Recently, Vasakiand~Kagi have reported the CD and MCD spectra of a

Hg-MT prepared by the reconstitution of xabbit apo-MT with

'rstoichiometric amounts of ng+ (23, 47) However, no spectra showing

the growth of these:spectral bands with ampunts of lees than 7 mole
N I' " ‘. . " N

equivalents were presenred. We have shown ‘previously in Chapter 3 that

d2+

In titration studies of rat and crab Cd,Zn-MTs with Cd®", the spectral’ é

changes that take place during metal replacement reaction reflect the

changes in metal binding in the alpha and beta clusters. Since Hg2+

has a higher affinity for sulfur than eirher Cd?* or zn?*, detailed

s spectral studies of the titration of Cd,Zn-MT with Hg2+ wili give

information on the order of metal replacement in the alpha and beta

©

,clusters and the eventual location of the Hg2+ within the protein and
- . provide evidenca for the possible mode of binding.
© - In-this study, Cd,Zn-MT isolated from rat liv'F was used in a

titration Wyth Hg?* and the changes in the metal binding sites were

TN

monitored using absorption CD and MCD spectroscopies In addition,

the binding of ess ng to apo—MT prepared by dialysis was also
studied.
Besides Cd2+ 2+ ‘and ng*, other metal ilons have also been shown

to bind to metallothionein in vitro (e.g. Cu, Ni, Co). Of these metal

ions, we have-studied the binding of C02+-in this work.. It wes of

2+ ¢o MT largely because its

~

paramagnetic properties and {ts d-d transitions atre very sensitive to

interest to investigate the binding of Co




'*containing added Hg

the changes in the coordination geometry of the complex formed.

2+ in a number of

metalloproteins without any significant change in the overall

2+ 4, ¢
Furthermore, Co as been shown to substitute fbr Zn
72nlt

protéin structure or proteinjrelated functions (190). Therefore, C02+

S
Y .

substitution in MT can be used to probe the geometry of the binding
tites in the native protein. Co-MT was first prepared by Vasak and

Kagi (106,107) Ry the reconstitution of rabbit apo-MT. The CD and MCD

spectra observed revealed spectral characteristics which are

2+

copsistenf.with'a tetrahedral symmetry around the Co®’ ions

(130,131,191). -

’ o

In this chapter, Ehe binding of Co2+ to rat Jiver Cd,Zn~MT will also

~ be described Several different methods for the preparation of Co-MT

have been investigated in an attempt to understqnd ;he Co?* binding

- L] ‘e

characteristics of MT.

5.2. EXPERIMENTAL , oo

a )

H

2+

Rat liver Cd,Zn-MT 1 was used in the Hg“" titration experiment.*

5:2;1.ng+ Experimeqf
1) ng+ tittation experiment o g {

. , ! .
The protein sample was prepared in triply distilled water. The

d2+

metal contents of the native protein were: = 3.3 mole equivalents

and Zn2+ 2.0 mole equivalents._The ng+ solution was prepared by
dissolvihg Hg(NO3), in triply distilled, water. The concentration of
the ng+ solution yas 8.9 X 107> M. The Hé2+ additioné were éarried

out using a variable volume Finnpipette (0=5 pl,range) The volume of

sample used was 5 ml. The gsolution was mixed immediately after each

addition and the speccrum yas recorded The pH of each MT solution ¥

2+

vas maintadned ag about 7.8 by the ‘addition of

111




pL aliquots of a NaOH solution.

(i1) ng+ Dialysis Exﬁériment

. A geries of rat liver Cd,Zn-MT 1 solutions (2.5 mL) containing

different amounts of ng+ were dialysed in triply distilled water at

1

pH 8, with one change of water after 4 hours. The total dialysis time’

was 8.5 hours. The metal content of the solutions after dialysis were

_measured using atomic absorption specérophgiometry ( AAS).

(111) Hg?* binding to apo-MT ‘ ‘

.The apo-MT was prepared by dialysing a solution of rat liver Cd,Zn-

MT 1 (2.5 mL) in 900 mL of deaerated, triply distilled water at pH 1,

(diélysis tubing with molecular cutoff of 3500 was used) for 24 hours,

with 2 changes of water. AAS measurements for the apo-MT sample showed

that there was no Cd2* or zn2* present. The ng+ solution-was ‘added

-~
~

"under nitrogen and pL aliquots of a 2 M Tris solution were used to

raise the pH of the solution up to 7.3.

(1v) 119Hg nmr experiment

.

199HgO'(BS.BZ 199Hg, from Merck Sharp and Dohme Canada Ltd.) was

_converted to HgCl, by evaporation to dryness with,concentrated HCL.

The Hg2+ saturated metallothionein solution was prepared by dissolving
2.4 mg of both isoforms of horse kidney,metallothionein'1n 1.5 mL of

10% D,0 solution followed by the ‘addition of 19%HgC1, (2.8 mg). 199,

NMR spectrum was tecorded three hours later. A second spectruﬁ was

obtained after the addition of another 2.8 mgv19gng012, four hours

later.

15.2.2‘p02+ binding experiments

‘(1) In vitro binding of CoZ¥ to Cd,Zn-MT

Rat liver Cd,Zn-MT was dissolved 1d’t:iply distilled water. The Colt

11
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" molecular welght cutoff of

solution was prepared by dissolving CoSO, in triply distilled water.

A Y
2+

27 mol eq of Co”" were added to this protein solution and the

absorption and CD spectra were recorded imyedigtely after ColZt
addition and again 24 hours.iater. Thé pH of the' solution waé 7.1. The
solution was then ac}dified to pH 2.2 with a concentrated HC1 - £
solution. The pﬂ of the solution Qas subsequently raised to. 7.3 with
ul aliquots of NaOf solution.
(11) colt éolum; exper iment

A G;SOF (Pharmacia, 15 c¢m x 2.5 ;m) column was equilibrated with a
0.98 M CoSOA‘?olution. A Cd, Zn-MT solutiondthgt had ' been aciAified to
pH 2.5 was applied to the colummn and eluted with‘triply distilled
water. The‘C02+'VQ§ eluted off the columﬂ,wiih the prGtéin sample. The
protein fractions:eluted were analysed by AAS.

(1ii) Equilibrium dialysis

A Cd,Zn-MT solution was dialysed in 500 mL of a deoxygehated, 0.2 M

€050, solution for a total of 96 hours. Dialysis tubing with a

- o
the solution was recordel after dialysis. N

(iv) Reconstitution of po-MT

‘A concentrated Cd,Zn-NT solution (2.5 mL) was prepared at pH 7 and

deaerated with nitrogen. pL of this solution was diluted 51 times

and the absorption spectrum of ﬁhe diluted native solution was TN

recorded. ‘The conﬁeﬁtrated protein sémple‘ﬁas then dialysed in 900 =L

-

of pH 1 golution, with one change of ‘sclution after &4 hours. The total

time of dialysis was 8 hours. All solutions were purged with nitrogen .

2+'were added to the apo-MT '

before use. 18.6 mole equivalents of'Co

.under nitrogen. The pH of'the'eolution‘was raised to 7.0 using a 2 M

113
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Tris solution. The absorption and MCD spéctra were recorded .

immediately after the pH change.

512.3. Spectra : . ?

As previously described in Chapter 2. The MCD'sﬁectrum for the

visible region was recorded on a modified Cary 14 spectrometer using a
1 cm path length qqarfz cell. The ECD spectrum in the UV region was

measured using the JASCO. J5 modified as described in’the previous

Chapﬁer. A 0.2 cm path lengEh quartz cell was used.

5.3. RESULTS

-

5-3-1-_ﬁgz+ binding to Cd,Zn-MT - . ' . .
FIG. 22 shows a ng+ titration with Cd,Zn-MT 1 monitored using

absorption, CD and MCD spectroscopies. The protein solution used

contained 3.3 moles of CdZ* and 2.0 moles of Zn2+'per mole of protein.

2+

Two stages in the binding of Hg to metallothionein are clearly

{

demonstrated in the absorption spectrum. The initial additiom of ng+

kY

results in an apparent increase ‘in the absorption at 250 nm. It has
been suggested that this increase results from a shift in the $->Cd

charge transfer transition energy due to the temoval of Zn?% from the

binding sites; FIG. 22A illustrates this early effect of Hg2+ of the

absorption, CD and MCD spectra. The abgorption shoulder reaches its

maximum intensity when 1.7 mole equivalents of ng+ have been aaded

(line 3 in FIG 22A). A broad band in thé 2900nm region is also

observed “to grow in intensity.rfhe’effects of ng+ aédition on the.MCD
spectra are characteEized by a red shift in the negative MCD Fn;elope,
togethér with a ioss,in intensity. At the same time, a'bsoad,'negaeiie

band centred at about 300 nm, which corresponds to the 290 nm

absorption band, is formed. This new MCD band also attains its maximum‘

-

\

~y .
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FIG. 22 The effect of ng+ binding to rat liver Cd,Zn—MT 1 on the .

',' absorption, CD and MCD spectra. The sample contained 3.3,&0;,/“)

eq ca?* and 1.6 mol eq zn2* (based on protein concentration determined

u;ing the DTNB reaction). Mole equivalents of Hg2+ were: (1) 0‘

(hative),é(Z) 0.86, (3) 1.7, (4) 2.3, (5) 3.0, (6) 4.0, (7) 5.3

(spectra illustrated with a thick line), (8) 6.6, (9) 8.0, (10’ 9.3.

lAzhe units for ¢ and-Ae are L mol™ " cm™!. The units for bey are L mol‘?

. o
-1 - - ° '
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when the amount .of Hg + added equals. the amount ‘of znl* present. The -

Cb spectrum shows a decrease 1In the overall intensity of the

L4

derivative-shaped éignal with the formation of a weak positive band

-

around 295 nm. In the second stage in the ng+ loading experiment the
abserption sp;ctrum is now characterized by isosbestic changes in the
250 nm- shoulder and the 299 nm. band with an isosbestic point ét'266 nm
(lines 3-6). Isésbestic chanées were also observed'in the‘MCD speetré.

The CD signal collapses completely whed 5 3 mole equivalents of Hg2+ :

have been added (solid line in FIG.nZZB). The MCD spectrum exhibits a

broad derivative-shaped signal at this’ stage. The MCD signal due to a
L

tetrahedral Hg-BAL complex is shown for comparison (1nsert)

FIG. 23 shows plots of the relative intensity changes of the .
absorption and MCD bands at several wavelengths against mole
equivalents of Hg2+ added. FIG. 23A shows the changes in the
absorption intensity at 255 nm, 266 nm (1sosﬁéstic point).and 290 nm.
A gradual increase in absorbance at the three wavelengths is obéetved.

7
up to the point when the number of moles of Hg2+ added are sufficient

2+

to dispi?ce all the Zn2+ present. Further addition of Hg“" beyond this

cencentration results in a decrease in the absorption at 255 nm with a
. J

&orresponding increase 1in the absorbance at 300 nm.’Mo:e importantly,
the decrease in the A7255 nm 1§'direct1y proportional to the increase

in A300 pme The MCD band intensity at 258 nm is observed to decrease

in a linear fashiom.

5.3.2. Hg?* Dialysis Experiment

The following experiment’waq.used to determine the maximum number of

moles of'Hg2+ that can be bound to MT. FIG. 24 shoys a-plot of the

. mole equivalents of metal ions that Temain bound to MT when a series

[ -
s -
-

117
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FIG. 23 UA plot of the changes in the absorption and MCD spectra at

'sevefal wavelengths versus the mole equivalents of Hg2+ ad&ed The < ) )
protein solution contained 3. 9 mol eq Cd2+ amd 1.9 mol eq Zn2+. The
line joining the data point does not have any theoretical- "y
significance. ) .
N
. . n
A ) '\’ -
i ) -
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FIG. 24 Rat liver Cd,Zn-MT 1: Hg binding and dialysis experiments. ’

-

and 1.8 mol eq Zn2+.JA

series of Cd,Zn-MT solutions containing different amounts of Hg2+ were RN

The native protein contained 3.4 mol eq ca?t

dialysed in triply distilled water, at pH'B, fof ‘8.5 hours. The plot ’f

2+

N

shows the mole equivalents ofer2+, Zn®" and ng+ that remained bound.

to the protein after dialysis versus the mole equivalents of ug2t .

Zf-represents the average of 4@separate

added. Each daia point for Hg

determiﬁa;ions’&% the solutiﬁn'with the standard deﬁiétién as’ o

{1llustrated. The data po;pts on the Cd24 and Zn2+ plots represeﬁt a |
- mean of 2 determinatioqg ﬁi;£ a SD of less than 3 %. The absorption

spectra of several solutions before and after diélysis are also ,
¥

shown .
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2+

» fd L ~ 2 % . .
of 'solutions of Cd,Zn-MT eZntaining different amounts of Hg®" added

vere dialysed. This dialjsis experiment demonstrates the sequential
displacement of Zn~2+ fdilowed by Cd2+{¥hen ng+ is added. The mole
equivalents of ca?t that remaing bgeund to'the MT afte; dialysis is

found to stafgconstant during the early adqitions of Hg2+.fWhen the A
majo#it? of the znZ* has been displaeed from the.pfotein, the Cd2+
coﬁcenltation starts to deceease in a linear fashion. The absorption

spectra recorded for ‘each solution before and after dialysis ebow a -

.
-
£l

[ 3

small decgease'iinintensity in the 300 nm region. The maxiumum- number o

3

of ng+ ions that qould be bound éfter dfalysis was about 1.3 times

a2t 2+

the sum of the C and Zn ions present in the native protein.
’

2

5.3.3. ng binding to: apo-MT . - R
An apo-MT soiution prepared by dialysis at pH 1 was used to study the
reconstitution reaction with Hg . All solutions were deaerated beforg

P

use an&® the reaction was carried out ia a nitfogeh atmosphere to ‘>

prevent ailr oxidation. FIG. 25 showshﬂbe absorptidn, €D and MCD

-
-

‘ ' : ' \ . - -
spectra of the apo-MT solution at pH 1. Neither spectra exhibit much

.
2+ were added to the' TN

qpectigi change when 11.0 mole equivalents of Hg
apo—-MT solution ‘at this pH. The pH of the solution was then raised to
7. 3 using a 2 M Tris solution. The broad, negative band now observed

in the MCD spectrum resembles that® obta}hed earlier when in excess qf
A - % " ’ * . * ' P

"7 mole equivalents of H62* vere added.

The lggﬂg nmr ‘spectrug was recorded for a eamole of 199Hg—MT prepared

by the in vitro dispIacement of the'Cd2+ and zn?* from a sokution of - 2

horse kidney Cd, Zn-MT. This sample did not give any Iggﬂg signsla in

.~
a

the region expected for mercury thiolates. . : -
by . .

N . R
! . ' . .

Y

/,,
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FIG. 25 The binding. of ng+-to apo—M’I,-preRared by dialysis, at pH 1

. fdr"-2‘4'7hmrs-:Th_e,,gbsoi;ption, CD.and MCD spectra of the native
Cd,Zn-MT- 1. before diaiysis‘?( 0 Qo D5 apo-MT at pH 1 ( A A A ).
11 mol eq'ng"' were added to the solution at pH 1. The pH

of the solut;i(;n wag then raised to 7.3 using a 2 M Tris solution.

1

(0O O O0). The units for e and Ac are L w01l en”l. The units for .

‘Aey are L mol™! ol g7l ’ ‘
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5.3.5. Ccz+ binding L

2+

‘. The addition of: 27 mole equivalents of Co“’ to a Cd,Zn-MT solufion

at pH 7 did not result in the displacement of either cd?t or Zn2+ from

‘ HMT since no changes in either the absorption or CD spectra are

. observed. The acidification of the solution containing added Col¥

-

followed by reneytralization of the solution to pH 7 did net give rise

to significant changes in tnelspectra.

The pa¥sage of a-solution of acidified proteinm through'a-column

2+

pretreated with CO solution again did not resu1t~in the formation of’

»
-

Co-MT. However, metal analysis showed that all the Zn2+'ions_were
removed.from'the MT. The absorption spectrum obtained for the
protein~sqlution after equilibrium dialysis of a Cd,Zn-MT sample in a
0 58 M Cd504 solution, shows tnree new absorption shoulders at 285 am,.

320 nm and 640 nm. . : ’ N

) FIG. 26 shows the absorption and - MCD spectra recorded for a sample -

2+

of reconstituted Co-MT The Co solution was added to the apo-MT

o sample under nitrogen and at’ pH 1« Whén the pH of this solution was

K;‘ raised to 7.0 by the additdnn of pIpaliquots of a 2.M Tris solutiqn,

K

. the protein solution,immediately turns a deep green colour with a’

. emall amauut of precipitates being slowly forned

ks, 4. mscnssrous ; o . D .

The discoverf that ng4 is associated with the ﬁetallothionein

.’

’ '<

ftﬂCti@n iBGl&ted from Hﬁc* 1njected rats (21, 184 188) nas aroused; o

:‘ a‘ i '.. . . ‘ .t. »”
special interest as it implies that metailothionein may be 1nv01ved in'

o

n._‘

‘fkﬂa detoxification mechaniem fob ng . L recent report on the :V’f_ xa.”ﬁ:
e 2 : . N ‘ Y
characterizatiaﬂ of: mercury“tontainin; proteina isolated from rat ' .
/ - L] .

kidneys has:confixmed that they belong to: the netallothionein dlass of =.7”‘-'-g )




region. The

.

quartz cell and a 1 cin cell W&S

solution. The Zcp'egtra in the UV r

14

us

. . ¥ -
units for the absorption and MCD spectra are absorbance

egiofh w
'cﬂf‘“‘-

ed for ,si:ec‘tra' recorded in the visible

L)

7

[

T

-

FIG. 26 The absorption and MCD spectra for Co-MT. The apo-MT was
-prepared by dialysis at pH 1. An |.iL aliquot of CoSO, solution was added to
the apo-MT and the pH of the solution was raised to 7 using a 2 M Tris

é‘ani;_asurea using a 0.2 cm

Y

6
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proteins (31). However, there is no detailed speetroscopfe étudy of . .
the HgZt binding sites in Hg-containing MT synthesized in vivo. Hence

it is not known whether these proteins contain the alpha and beta -

cluster structures similar to that observed in Cd,Zn-MT. An earli-Xb

ray photoelectron study of a reconstituted Hg-MT has provided

2+ 44 cd,Zn-MT. It was.

information on the mode of binding of Hg
reported that'the binding of ng+ involved the cysteine thiolate

groups (189). Only_recently‘that native Hg,Cu—ﬁTs, isolated from rat
kidneys, have been characrer;zed. It was found that these MTs

contained three isoforms&.each witﬁ a different cut to ﬁgzlﬁ;SIe.rat;O"
in the range from 1.2 to 2.4 (74). A subsequent study have shown that
the three isoforms expibit diffegent light emission characteristics '

%

(74,192). As the Hg2+/Cu+ ratio increases, the emission due to the cut

‘is quenched which suggests that the ng+ is bound in close vincinity

"

to the the Cu% jons. These results rrovide evidence that the Cu+ and
ng ions are not randomly‘distributed in the MT and that there is a
difference in the binding affinity of the metal ions for the two
¢luster sites.

The results shown here clearly demponstrate that the changes in the

bsorption .and MCD spectra of MT occurred 1n 2 steps upon addition of

ng+. In the model compound study of BAL with ng+ described earlier

in chapter 4, a weIl-resolved absorption band centred at 284 nm with a

band width of about 20. nm.is observed.-Thia provides supporting
A
evidence that the broad absorption shoulder observed in the tit’%tion

arises from a S-D>Hg charge transfer transition. A similar absorption
profile has been reported for a ng*‘titratioﬁ with biqmuth-indueed
'\ “~

Zn-MT (192) as well as for a Hg-MT prépared from reconstituted apo-MT



e
»

(23,47). The characteristic increase in the intensity and resolution
of the 250 nm shoulder signifies that the Zn is removed from the
) binding sites. The Species formed at this stage of- the titration may

:be regarded as Cd ,Hg-MT with 3 moles of ng+ bound to the.beta
[ 4

cluster. Unlike the Cu binding to Cd, Zn—MT’( which will be discussed
. " later in Chapter 6) in which 2 moles of Cu displace one mole of Zn2+,
J -~ {( e
giving a beta cluster that contains 6 moles of Cut , the ng+ does not

v

behave in a similar manmér.
The second stage of the titration is flagged by the isosbestic

changes in the Zgb”nn,ahéorption shoulder and the Hg-related

1

absorption at 290 nm. The two stages in the Hgg+ binding éxperiment

2+

appear to distinguish between the binding of Hg“" to thelj-metal

cluster (previously suggested to contain primarily anf),followed by

d2+

the displacement of C from the 4-meta1 clustep The isosbestic

points observed in the MCD spectra indicate that only one species is

-

betng formed in the reaction and, therefore, this suggests that the

= -

‘Cd2+ ions in the cluster are'displaced in a cooperative manner. Ihe

changes in the absorption spectrum, together with results from AAS

. measurements essentially support the 1: 1, sequential displacement of

-

first Zn2+

‘and then followed by C " Tﬁe results from Ehe dialysis

experiments strongly support the conclusion that Zn2+ is displaced
d2* ‘ . L b v

from the protein before the C

~ . .
Both the 113Cd nor data (98)-and a- comparison of the'HCD spectra

4 obtained for Cd-MT and those of the model compounds of. Cdz*, euggest

-th6t the Cdz* fons 1n MT binding sites involve a tetrahedral g "

" . arrangement of cysteine sulfurs. 1he MCD spectra of the C62+ model

. compound- prepsreﬁ in this~atndy“resemble that-of Cd~MT very clasely in

129
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bdth theitfbhnd pgsitfens and band widths which suggests:tnStdthe
- ) microeymmetry of the<petaI binding sites of the model compounds and
that of Cd-MT is identical. MCD spectra of BAL with both Cd?* and Hg?*

have shown a near symmetrical, derivative?shaped envelope ( a Faraday

A term) for sulfur to metal charge transfer transitions when the

symmetry.is close to t;trahedfaIl Similar MCD spectra have been

2+

reported for a series of tetrahalo complexes of Hg where the

derivativefshaped MCB band has been attributed to a Faraday A term

(177). The MCD spebtrnm obtained in this work when the enount of ng+
24

-

added- is equivalent’ to the total caZ* and Zn“" 1initially present in

- . .
the protein shows a broad derivative-shaped signal which.crosses the
zero line at about 275 nm. The MCD maxima obtain€d in this titratior

w oo

study correspond. closely to those obeerved previously, in both their

bandlwidths and band positions. However, -a comparison with the MCD

2+

spectrum obtained for a BAL-Hg model compound shows that there is a

significant difference in the band widtha observed The discrepancy in
the band widths implies that .there is a considerable different@

between the symmetry of the binding sites in the Hg-MT and that of the ..

model compound. Based on the,relativeiy 10w signal intensity observed

in the’MCD‘spectrum of the Hg-MT prepared by.ﬁg2+ titration when B |

- . -
)

comipared to the MCD band.due to Cd2+,‘and'the_significant difference’

- P e -

in the band’widths-when compared to those of the model compound, we
conclude that the derivative shaped MCD envelope observed in this

study. does not represent an MED A term-but two B terms of opposite

x binding sites in MT do not appear to involve a

signs. Hence, the Hg
] '
tetrahedralssymmetry: o .

The changes observed in the MCD spectrum when in eicees of 7 mole




2+ 2+

equivalents of Hg” were added suggest that the geometry of the Hg .

binding sites is different. This can be rationalized by the tendency

. of H82+ to form 2- coordinate species (157,158). ' \

-

In contrast to Cd?* titrations with Cd,in-MT vhere the displacement

of zn?t by_Cd2+ onl§ induces relatively minor spectral changes in the
CD spectrum, the-addition of ng+,”resu1ts in a dramatic decrease in

the CD intensity due_to Cd,Zn-MT. This suggests that the initial
* ]

binding of ng+ induces a change in the protein conformation .which'
probably results from the large difference in the ionic radii between

“the cd?*/za?* and ng+. The markedly different chemical shift of the
» 2p1/2,3/2 leveié-éﬁ sulfur observed in tﬁe x-ray photoelectron;
'spectrum of Hg}recdnetitutea MT.6189) also_suppp}ts this cﬁnclusion.
-The addipfoﬁ‘bf ﬁg2+ to bismuth induced Zn-MT has,resulgpd in
the‘forma;ion'bf a compléx set of CD signais as well as a'derivétive~
shaped MCD spectrum (192)f It is difficult to raiionplize the
drapatiéaliy different.CD spectrum obtained f;r this- titration as

_ compared to that observed with the Zn-MTtunléss the Cd?* preseat

- . ; . . .
exerts a stiuctural influence on the binding of the Hg2+, .

Results from the dialysis‘eiperiments further support %Pe sequential -

4 - .
A

nature of the metal replacement redctions. The isomorphdﬁg

-
-

displacement of the metal ions~iE'HTfis_qlear1y Qemonstréted in the

- ‘
-

. plot of the different metal concentrations in

"solutions versus the

mole equivalents of ng+ added. ~
The binding gf H32+ to apo~MT has also be2n-demonst rated in this

work. The MCD spectrnm.obtained for the solution. containing 11 mole

2+

equivalents of added Hg corrééponds closgly to those observed in the .

H$2+

titration when more than 7 mole equ:lvalents‘o'f“}igz+ have been




added: This suggests that i the presence of excess Hg2+, 2- .

° Ld

' coordinated,Hg2+ predominates in the metal binding sites in

metallbthiongin Therefore, the mode of Hg binding in MT changes

. . with the ng+ content. . . ' -

2+ 199

An attempt to study the'binding of Hg

199Hg nmr signals were observed in the region

to ﬁbrse MT using Hg nmr

was not successful. No
“'expected for mercury thiolates (194) probably due to the lahility of

the Hg?* iq the binding sites.

" The in vitro titration study with co?* indicates that Co?' has a

much lower affinity for the binding sites containing Cd2+ and Zn2+,

24

- such that even in the presence of a large excess of Co , the

displacement of either the caZt

or ant does not take place.’Thé
reaction is not time.dependpht since no change in either the
_absorption or CD spectrum was observed after 24 hours. The pH

g2t

experiment was used to test the relative binding constants of C and |

2+

co* to apo-MT. Even though the concentration of the Co™ 1in solution

d2+

was much higher'than that of Cd®’, the CD spectrum obtained after the'

pH cycle exhibited only a very slight change in the CD apectrum due to
the native protein. This suggests that the affinty of Co2+ for the~ -

metal binding sites in MT is very low.

13

. The absorption spectrum obtained for the solution after equilibrium
~dialysis with co?t displayed a numbég of new, absorption shoulders

which suggests that some reconstitution has occurred. This has

,/ﬁrobably rééuited from the loss of anf'from'the beta. clusters.

The method used for the reconst}tution of the apo-MT with Co2+

follows vety closely that reported for rabbit C(/’\\(106), The

-

S absorption, and MCD spectra observed for the Co~MT prégared in this




work Show spectral characteristics remarkably similar ‘to those

observed previously. The close rese‘mblence between both the - absorption
and MCD spectra of ‘the rat CoéMT and the rabbit Co—MT‘suggests that
both proteins bind Co2+ in a similar manner.

In cpnclusion, ng has been shown to bfnd to. MT readily. The S

PN

ft displacement of Zn2+

and Cd2+ by Hg follows a sequential pattern in .

- Which the Zn2+ was displaced first. The distinct species formed ih the

2+

reactioﬁs betwgen Cd Zn-MT and Bg can be monitored by the changes‘

. in the absorptiom spéctrum with* the initial formation of Cd Hg—MT

s

followed by the formation of Hg—MT when sufficient Hg2+ has been added:
2 4

[y

d2+

., .. to displace c and Zn”  in a 1:1 fashion.‘The similarities between

the MCD spectra of Hg—MT _prepared inmdthis wérk amd that prepared from

othet.MT species suggest that ‘the geometry ‘of. the Hg binding sites

are the same. The derivative shsped MCD spectrum formed resembles

closely that observed‘for Hg-reconsituﬂed apo—MT from‘rabbit 1iver

“

(47), however, the large d;iference between the MCD band widths

4- R

observed for BAL~Hg model compound and that for Hg-MT prepared in this

L u

work argues against the early conclusion drawlehy other workers. ‘We:

. suggest that MQD signal observed-does not rep sent a MQD A term but

'; rather 2 opposite sigﬁeﬂ B terms. Therefore, the geometry around the -

.:’, K

bound Hg is not tetraheﬁral.,Furthermore, the stereochemidtry around

! B
Ehe H82+ as’ indicated by the~MCD spectrum is qhqnged when in excess of
.. o,

{ 7 mole equivalents of ng+ are- &dded to the Cq,Zn—MT. Thgp change can

'
-~

%21 [ ~-"1"r

be rationalized by:the formatien of 2-coordinated Hg *species.

l"

s furthermpre a species with similar MCD spectral chafacteristic ie

P
oS
4 LA

an
By,

obtained ‘when - Ll mole equivalents of Hg are added to apo-MT “hich e

<




- . . .
. V.2 R

. éuggests that tetrahedral ’coordiﬁeti'on is not favoured under’ these
P 4 . N *

[ . .

- .

' condititﬁs. . - , ; .

\e




TABLE X -

-
.

Pdsitions of ‘MCD band maxima observed for Hg-ﬁT prepared in vitro

2

~
> .

Sourcq of native MT . _ Band poéitions (nm) ~; « Reference
' and band-widths (nm)

315(-) ~50
~ 265(+) sh .
5240(+)
LT T 27 (v
-+ 223(-) sh

ﬁ;f Zn-MT ) ' 310(-)
266(+)

Horse Cd,ZneMT ) S 308(=)-
L 260(+) : iy .
: o 265(+) X

o

LIS
*

. Rat Cd,Zn-MT 318(-) ~55 . this work
. : 263(+) : ©

. »
z .

4

sh: shoulder .

-
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CHAPTER 6: Cu binding to MT | .
6.1 INTRODUCTION PP

In addition to Hg-containing metaliotqipnetns, emphasis has recently
been placed on Cu-containing MIs. Early attempts to isolate a Cu-

containing'protein from tissues were met with extreme difficulties due

to the ease of poi&derizetion and the susceptibility‘of cut

; autooxidation (195). Consequently, several Cu-binding proteins

isolated wer? found to contain a variable percentage of cysteiﬁs
residues and a v:ariable copper conteht. ﬁarly work by Porter et .aj..
(196, 197) described a protein with a high coptent of half-cystine
which was comparable t6 MT (198), while Winge et al. isolated another
Cu-binding protein with only 14% of cysteine. Ihe latter protein was
n;n)ed copper v,-'ch.elatin (19'9). The discrepancy in the cysteine contents

was suﬁqsquently explained by Bremner (200) and Irons & Smith (28!) as

. a result of the method of preparation used rather than the presence of’

different forms of Cu-MT.

Since then, Cu-c‘ontaining MTs have' Seé’rf found to be widely

" distributed in many tissues (220)‘and have been isolated from adults

and fetal l.ivers of humans and animals (_75,76,202-207)7,'as well 'es

chicken intestines (208) and microorganisms, such ‘as yeast (12) and

>

the fungus Nehrospora'craaéa, (i3). Despite the ‘extensive biochemical

studies und_etftaken 8'o'far, little spectroscoplc data have been -

£

reported .for these native Cu;containing proteins. The spectroscopic

studieg pf, the metal binding properties of Cu-MT have only recently
v . s N ‘ . )

been teported. Cu-MT from yeast and Neurospora crassa have been the

most actively studied (12, 82,182,183, 209-212). In addition, Cd,Cu-MT

1solared from rat kidneys {74, 219) and Cu Zn-MT frdn pig and~calf

T T 138
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"similar binding features to those observed for Cd-MT and Co-MT,

'

N . . ‘ , .
livers (73,213) have also been 1nveqti'gated.' Both the yeast and

o

Neurosvra.crassa protein are cIassified as metallothionein mainly

because of their high cysteine conteﬁts and their ability to bind cut.

However both proteins heye.a/mnch -lower molecular weight and may be .

-
<

consideréci as ' a fragment of the mamm'al:ian protein. In particular, .the

‘amino acid sequence,of Neurospora crassa hae been shown to exnibit
: ® ot R

v

. . -

extensive homology with the first sev:?stei'ne residues of the beta

domain in mammalian proteing. Both proteins exhibit a simllar

. 'absorpt:lon spectrum in the 250 -nm region, but the significantly

" different CD spectra obser ved suggeet a di¥ferefnice :ltt the arrangenment

of the‘amino acid residues ai'ound the bound_.'Cu"'-. Both"Cdz"’ and COZ+

binding to, neuropora crassa hgs been reported and the results indicat:e

-

respectively (18%)m_

* The isolation andespectroscopic studies of Cu,Zn-MT Cu,Cd-MT from

) . e
.

mmmalian sources are more :I.nter:‘esting. The fact that ‘these mixed- -
metal Cu-containing MTs can be isolated- from Cu or Cd2+ injected

animals suggests ‘that a metal exchange mec]’nanism exist in in vivo.

While the Cu-MTs isolated_ from® mieroorgani_sms_-have been characcerizei_i

LA

recently, na spectroscopic charaeterization”nf Cu-MT obtained from

mammalian sources has been’ neported. In og_der 'to andlyze the spectral

7

"characteristics assoclated with the mi_x_edﬁnetal MTs,  a better

a

under_standing. of tlhe cut bindlng to MT 1s',_therefore,_ a prerequisite.

A Cu"' titratio} study using chicken Cd,Zn-MT, monitored by -

absorption spectnbscopy has been tepon:ed by l’upp & Weger (195) The

results 1ndicated a loss of the- S -> Cd chatge transfer abaorption ‘as

.

Ou+ displaced the cd?* from the‘protein. No infdrmation ol the changes‘

v ’
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* titration. In additiom; the-protein sample used in their stutl:y~

"vivo (219) and it demdnstrates the potential of CD and MCD techniques

in the stereochemistry of the binding sites could be obtained from

these absorption data., In a later report, Rupp et al (214)
demonstrated that changes in the CD spectrum did occur during the cu’

titration. The spectral changes dbserved werelvery complex; however, .

no attempts were made by these authors to rationalize the new signals

-

observed in the CD spectrum or identify the species formed duriné the
\

contained 8.2 moles‘of Cﬁ2+/12000 g of protein. The relatively
[ I

different metal contents in the native protein (in contrast to the 7

mole—equivalents of metal ioms’ normally expected), together with the

A}

15 mole'equivalénts of Cu+ (tﬁdhght to be bound to the protein dn the

presence Of an excess thgy ) demonstrate the need to reinvestigate

" the stoichiometry of ‘cat 2‘nﬂ1ng in Cd,Zn-MT. Winge-et al. have

- s " lu

tecently reported a Cu-MT isolated from rat liver which contains 9-11

-
- t

mole equivalerits .of Cu’ iens (107,215). More importanyly, cut 1s known
’ ' - ‘ . -
to replace ca?* and Zn2+, hence it represents an additienal prope for

. . . .
the study of metal ion affinities of the two metal clusters in -

~ e

;meteliothronein.'Fhrthermore, the results obtained fron this titration

study ‘may be used as a basis for the interpretation of spectroscopic

;- data observeo in m#xed-metal Cu-containing MTs synthesized in vivo. A

recent report describes the optical study of a Cd,Cu;MT‘prepared in

in monitoring the changes in the metal®binding sites on protonation of

the cysteine sulfurs.
In this chapter, detpiled studies ef in vitro cut binding to Cd,Zn- -
. T .
MTs from rat liver and guinea pig using absorption, CD and MCD
.ot . [

spectroscopies are 5} sented. The effect of Cuf-binding on the CD and




'also describede A Cu salt was used in the titrntion,ptudy tecause a

~added to a 3 nl volume of the protein and a separate 3 mL volume was
. ‘ ~.- .

53 ._-_ . . . - -~

MCﬁ‘spectra of 8. sample of alpha fragnent prepared ftburrat liver 1&-

A /-,5““i¢“

> [N

previous reports have shown that the copper bound ‘In MT i\ﬁ in the +I ‘:{-,‘ _‘. A
oxidation state (75, 82 215,210). C,.' ;d. . " ,‘- ﬂ;zl ‘
6.2. EXPERIMENTAL |

Both isoforms 1 and 2 of rat liver Cd,ZQ;MT, guinea:pngCé,Zn-MT 2 .

and a sample of an alpha fragment prepared fr¥mythe rat liver profein

were used in the Cut titration experiments. All pro'gin samples were
prepared as reported previously (125-127). - A

6.2.1. Cu’ titration experiments

(1) Rat liver Cd,Zn-MT l and 2 . N

The freeze dried protein sample was dissolved in a Ch3CN/H20 (1:3 - °

vol/vol) solution. The Cu(CH3CN)4C104 salt was prepared according to -

Hemmerich & Sigwart (147) and dissolved in a CH3Cﬁ7H20 mixture. All
solutions were prepared in a glove bag and deaeratéed with nifrogen L

. ~ .
and/or argog before use. Two Cut sblutions were prepared #ith a

' . .
concentration of 8.8 X 10™3M and 2.2 X 1072 M, respectively. The less

concentrated solution was used for the 1nitiai additipn of Cut and the

7

more concentrated one was used in the latter part of the experiment to

prevent excessive dilution of the protein sample. Aliquots of cut were

used for each spectrum. All absorption spectra were recorded
immedidtely following addition of Cu+ ions, while the CD and MCD

spectra were: recorded within 10 mins after each addition,

-

’

(11) Rat liver'alpha fragment

The.proiein sample’and cut solutions were prepared as described

-

earlier with the Cd,Zn-MT 1. This sample contained 4.8 mole °
] ‘ .

bk J

« U




- = MR N
'

equivalents of Cd2+ fhe protein cancentration was determined using

'\E DTNB method ‘(see Chapter 2) and‘assuming 11 sulfurs in the alpha )
ragment L?ﬂ 125). The volume of the sampleAused wa§\2.5 mL and the . ‘
’ ¥tCu+ was: added directly into the 1 ch- cuvette.ﬁkll solution— . . .
‘5{5 R &> preparations vere carried oug under nitrogen with deaerated Hy0 or - T\
- cn3cw{nzo nixtures. - e I S V 2
'“f\ - \},?, ' e . N ; -
(iii) Guinea pig €d, Zn—MT 2 T , _
h ‘Tﬁe éltration experiment was carried out in ‘a similar manner as
‘ desctibed previously for tne alpha fr;ément sample. The protein sample
" used contained 4 moles of Cd2+ end 2 moles of an pex mole of o
protein. The protein concentratdon‘;as determined fron tﬁé reaction ‘
with DTNB. “ .

6.2.2. Dialysis and pH experiments- E

P

~u1,a11quot§“of a Cut solution were added to four 2.5 mL volume of
; .
the protein solution. The absorption and CD spectra of these solutions

(

were recorded. ‘These solutions were then dialysed in deaerated triply

N _dfstilled“water, with two changes of solutions. The total time of

dialysis was 10 hours amd.dialyqis'tublng with a molecular weight

. cutoff of 3300 was used. The metal content in the solutions after
'dialysis‘@ere neasured using atomic abeorption spectrophotometr&
- (AAS) . e ‘ o

6.2.3. Spectra |
As described in Chapter 2. -

6.3. nr.sm.i's’- . | - , : o

6.3.1. cut loading experiment : =' AT :

6.3.1.1..Rat liber metallothionein »

(1) Rat liver Cd,Zn-MT 1 _ S




-
“

FIG. 27 shows the results obtained from a titration experiment for a

sgmple of rat liver Cd,Zp-MT'l with Cut. This protein solution

contained 4:5 moles of cd?t and 2.1 moles,of'Zn2+ per mole of protein.

* The gbsbrption changes occur in three stages, in a similar mammer to

that observed for Cd2t binding.to metallothionein. Due to the
complexity of the spectral changes observed, the spectra havé been

replétted in 3 stages (FIG. 27 A-C). The Initial addition of up- to 2.0

mole equivalents of Cut (which is very close to the mol eq of zn2t

initially bound in MT) resuizs in an increase in thé absorption
shoulder in the 250 nm region and abso;%ance in the 280 nm.r;gion
(line 178). Tﬁé‘incréase in ab%orption and resolution qf-the 250 nm
shoulder has pfeviously‘been ggggested ( in Chapter 3) as a red-shift
of the S->Cd charge traﬁsfer.transiéiﬂn, aind is present regardless of

the metal ions used to ‘displace zn2t

. The second stage of the cut
binding (lines”é—ll) is characterized by a decre;sg'¥n AZSd am ;nﬂ én
increase ip the-Qbsorption in the 280 nm region with igosbestic points
near 240 nm and 260 nm, respectively. These absorption changes '
&émonstrate the disﬁlacement of cda?t by cut. The S=>Cd charge ;;;nsfer
band is replaced by a broad absorption band at about 300 nm. The finai
stage represents. the point where more than 10.1 moi:;equivalents of
Cut have been added (linés 14-16) and the absorption épectrnm shows an
overall increase. in absorbance. . ‘
The changes in the CD spectrum are much more complex. Initial

c nées in the'CD spectrum involve mainlf the 225 nm and 238 mm . bands,
/while the 258 nm band'remains.unchangéd. The MCD spectrum exhibits a

. -~ 's_ . X
red shift of the negative lobe due to the removal of the Zn-related

band at a higher energy. At the same time, a new positive band

d41




R
_develops at about 292 mm in the CD spectrum_which'is accompanied by a
broad, negative MCD signal. When the concentration of cut in the

2+

protéin solution is double that of the Zn“" concentration initially

present, more dramatic caanges are observed' in the CD and MCD spectra.
The original derivative-shéped €D éignal due to the Cdz+ binding sites

. - diminishes in intemsity, while the positive CD band at 292 nm gains

— . -

significantly in intensity. When up to 8.4 mole gquivalents of §u+

have been added, a new CD signal appears which consists of two !

positive and one negative bands: 292 nm(+), 268 nm(-) and 242 n#(%)
- While the 1ntensity of the 292 nm band does not. change signifijantly.

. ’
- when a further 1l.7-mole equivalents of Cut ( a total of 10.1 mole

-

equivalents) were added, the two CD bands dt 245 nm ‘and 268 nf
'contin;es to increase in intensity and reaches a maximum wheﬁ-10;1
moles of Cu’ had beén added. Further addition of Cut beyond the 10.1
.molés resul;s in the ﬁisapbeagénce'of,the newly formed CD signal and
thé.formatiop of a new set of CD bands. The final four traces were
obtained with a Cu:proféin. mole ratios of 12.9, 19, 25; 28.9, ‘

respectively . The final CD spectrum observed has three broad bands:

260 nm(+), 285 nm(-) and 340 nm(+). This cD spectrum resembles closely
-l ‘ N

that obtained by Rupp & Weser (195,214) during an EE.XEEEE,C“+
titration of chickén Cd,Zn-MT.
The changes in the MCD spectrum are characterised by a dec;ease in
. the negative lobe due to the Cd-chromophore ( with the iaésbesiic
point ;t_248_nm0,.gn¢ fhe incr@hse of a weak broad negative band at
: - around 300 nm. The findi MCD spsztrum 6bta£heé when more than 12.9

mole eqﬁiéalenta of Cut are added exhibits'two broad negative bands at

around 300 nm and 250 hm.

, .
. . -
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" -w . FIG. 27 The effect of adding 'Cu+’or'1 the absorption, CD and MCD

" spectra of a sample -of rat -liver Cd,Zo-MT 1. The native solution

a2t 2+

E;otitained.lt..hS mo(]\. eq C and 2.1 mol eq Zn

S+ Y %) 1 each solution-was A: (1) O (native), (2) 0.78, (3) 1.1, (4) 1.5,

> =

»

" (5) 2.0, B: (6) 2.4, €7) 3.1, (8) 3.8, (8} 6.1, (10) 6.4, (11) 7.1,

. (12) 8.4, (13) 10.1; €: (14) 12.9, (15) 19.0, (16)25.0,- (17) 29.0. .

) _The units for € and Ae are L mol™ cm™l. The units .for Aey are L mo1~1
cinql Td~1. .
~ 4 .
i A

-« The total mol eq of Cu+
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- FIG. 28 A plot of the changes in the CD band intensities versus mole

b

equiva}ents of Cut added to the Tat Cd,Zn-MT 1. The three wavelengths

ﬁlotted correspond to the maximum- peak positions of the new CD signal -

%. )
observed during the Cat titration. .
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FIG. 28 shows a plot of the int;nsity ch;nges ip the CP spectrum at
) ° o ‘_several yqveiénglhs vérSus.tHe mo}e equivalents of Cu¥ added. The

< . -, & .

' 4'\Epree waveiengths'plotted corresponq to the peak positions of the new:
. . CD:signai observediduring'the-Cutatitréqioq (FIG. 27, line 13). It is

clear that the new derivative CD signalfteached its mﬁximum intensity

-

when about 10 mole eqqiyalents of cut ﬁéﬁ been added. When the Cu+

2+

content is more than doublé'tha§ﬁ6f the Zn ions present in the

< protein sample,. the changes in the CD intensity at 292 nm become.
significant. A.stﬁilar set:of.titfatioh data wésgalso obtained, for

- ~ both the rat liver Cd,Zn-kT i‘aud guinea plg Cd,Zn-MT 2.

(11) Rat lver, Cd, Zn-MT 2
FIG 29 shows the effect of the addition of aliquoEs of Cu a

Cd,Zn-MT-2 solution. This protein sample contained 3 9 mole

d2+ 2+

equivalents of € and 2.5 mole equivalents of Zn5_ . The inftial

addition of up to 5.1 mole equiivalents of_Cu results in an increase.

o

in the 250.nm‘a$eorpfion shoulder as well as a gradual decrease of the

0

- CD spectrum due to the native protein. A small increase in the 292 nm,

CD band is. al#o observed. The last trace in FIG. 29A represents the
Vi <

- point where the mole equivalents of,Gu+,added was twice that of the
‘ R . a

( * "202% bound "Inirially. The effect of further additions of Cu.on the
apsdrptfan and CD spectra 1is 41Lustratéa-in FiG..29Bu“Boxh the

.1 ' - »

absorption and CD spectra ,show isogsbestic changes. The 225 nm CD baéd

,. of the native.protein.collapseéfcdmplegeﬂy when 6.1 mole equivalents'

of Cut had been added. Furthprtaddition beyond 6.1 mole equivaients

L4 J - . : .
.show a gradual disappéarance of the remaining 258 nm CD ban&*and'with'.

a corresponding indrease 1n the 292 nm band 1ntensity. The final CD

spectrum obtained in this second stage g}ine 10) 1s char&ctgrfted by 3"

B ]
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FIG 29 The effect of adding Cu , on the absorption ang CD spectra of

rat liver Cd Zn-MT 2." The metal concentrations.of this, solution are:

- Y

: d2+= 5. 9x10-8 moles; an = 3 8i10 moles. Moles of cut (x10 -8 moles)

LY

added were A: (1) 0 (native), (2) 1.4 (1.0),. (3) 2.8 (2.0), (z.) 6.2 -

1 ]

(3 1), (5) 5. 6 (4. 1), (6) 7.0 (5 1), B: (7) 8. 4 (6.1), (8) 9.8 (7.2),

“
© - s

(9)11. 2 (8 2), (10) 12.7 (9 .3y, C: (11) 14 2 (10.4), (12) 15 & .

of1.5), (13) 16.8 (12.3), (14) 18.2 (13.3) (- - = - ), ,(15)5 21.0 -

LY

(15.35. The values Ln—bFackets are mole equivalents of Cuf added. The

- ' ’ - -

. L o.=1 -1 .
units for € and Aec are L mol cm . . . . -
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(Y268 and- 242-am-{+)) gnd is very similar to

-

o . ‘the transient ‘'spectrum obtaine&'during a titration of Cd, Zn-MT 1 with

(FIG,. ZJ) FIG. 29C shows the 1ast stage in the cut binding to MT

. " and the subsequent formation of Cu-}ﬁ‘ The Cp, 8pecttum illustrated by

.
e ’

the dashed line represents a MT solution containing about 13 mole

. ‘ : LI '
equivalents of Cut. Further increase in the Cu* concentration in the

-

sample results in"an overall increase in the absorption spectrum.and a

* 4
LY .

“drop in the CD band intensity. C e
FIG. 30‘shows a plot of the changes in the CD intensity at several

wavelengths. Both the 258 nm and 238 nm band due to the native protein

. Y .

were observed'to lose intensity as. cut ions were added to the

e

v 0o sqi__ution:i Similar to the case with Cd,Zn-MT 1, the new CD signal with

.
-

bands at 242 no(+), 268 nm(-) and 292 nm(+) was found to reach its

o maximum intensity when the cut added was about 9. 3 mole equivalents.

! 6 3 1 22 Guinea pig Cd,Zn~MT 2 !

-

p - FIG.. 31 shows the absorption and CD spectra recorded during a
) i . g ‘;' . ’ .
‘,1‘ ' “titfation of guinee pig M'I‘ 2 with cut. This protein sample contained
R -
t 04
N 4T nepleq of Cd2+, 1+7 moles of Z,n2+ and 0.4 moles of cut. Initial

I .

.
)

Coe »
PRI Y ;pdd,ij:ibﬂ’ of_ up t? 3.9 mole equ{\\ralents of Cu resilts in the gradual
' a4 lf 3
. decrease in-the CD si nal 1ntensity (1ines 1- 4) Ag’ further Cu is

4 ' ,..-“'. . added (up to 5 6 mole equivalents) the 225 nm pgsitive band of the

. nate
- , . .
{‘, L e . )‘ . ‘.' L4

-

- nat-{vg, Cn%ctt'um: tollapeeq completely. A new band at 292 nm
2 TR g Lok
. ¥ . inc;easeé An’ \1: psity, while the 258 nm CD band shows & large drop itf

'a. .

) .
.'-',"v » ) ,'-,: Tl intenéity 131€292 tﬂ Band reaches. a maximum \ahén 6.l mole equivaleita.
RPN, : .

s coa of Cd* haéM added.,apd remains at tl?is intenqity even afger anothet ’

IR 1 4 m’oles y Cu ~ohad been eddad .(té’ & total of 7.5 mole equivhlente oi

- N 10 ! - \
‘ . ﬁ"") At tﬁe Pmme ‘,time ?‘ new pos‘itive band at Z42 nm also Qevelopa and
"3;: . \ {‘ ‘. . “n' B w‘ “ Vo 'T . .%’ ~’“}
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FIG. 30 A plot of the changes in the CD band indtensities versus
mole ‘equivalents of cut added to rat liver Cd,Zn-MT 2. The €D ‘bands at, *
ZSQ‘anand 238 fm are due to the native protein. The Cl) intensity at

242 nm, 268 nm and 292 mildis ‘plotted against the m61 eq cat added.
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FIG. 31 The effect of adding Cu+'on the absofptiom'and CD spectra of

guinea pig Cd,Zn-MT 2. The metal content of thig solution was: Cd?ta . >
o8 24 2 1. -8 7 N ' ‘ '
7.3;10 moles; Zn“"= 3.1x 10" ° moles; Azso = 0.39 before the addition SR

'qf cat (dashed line in FIG. 31A représents tthSpectEum of the Aative -
protein). Moles of Cut ( x10~8 moles) added were A: (1) O (native), |
(2) 1.8 (1.0), (3) 3.6 (2.0), (4) 7.1 ‘(3'.9), (5) 10.1 (5.6), (6) 11.0

» 16.1); B: (7) 13;5'(7.5); (8) 15.5 (8.6), (9) 17.3 (9.6), (10) 19.1 )

(10.6), (li).25.1 (13.9). The values in brackets are mole equivalens
of cut added. In FIG. 31B, the final spectrum containing 13.9 moie

N

equivalents of Cu+ added (dashed 1line). The upifb for € -and Ae are

L 901-1 em L. o L ' .
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FIG. 32 (A) A plot of thefchanges in the.CD infensity versus the

mole equivalents of Cut .added to the guinea pig MT solutidn. A CD -

. intensity at 242 nm and 292 mm is plotted in FIG. 32B.

3
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reaches q:maximum intéhsity_gt 7.5 @dle equivalents of.Cu+. Furihef
addition of Cu¥ results 'in a shift of the 242 ﬁﬁ band to longer
wavelength, as ;ell as a decrease in the 292 nm‘band iﬁgenéity. The
changes in the absorption spectrum follow a similar péttern as in the
ca%t foading experiment: where the first-aliqﬁots of Cut result in a
red-shift of the 250 om hbsorpt;on, gege:ating a better resolved
'shoulder (liﬁes'l-k)l The ﬁext_al}quoté added result in isosbesbic.
changes in the 250 nm absqrption as the Cut concentration is incréased
to .6.1 mole equivalents (lines f-6)1 The isoséestic points are lost
when a total of 7.5 mole equi;afénts of Cut has been added. Any
further additions nOW'resuit in a general incregse in intensity of all
baan in the absorption‘épéctrum. The cha;ges in the CD épebéium‘as
&F 15 added are clearly evident when the CD intensity at several e »
waveléngthé are‘plotteq against the mole equivglenté of Cu+ added,‘in'

FIG. 32. The CD intensity at 292 nm and 242 nn did not show sigificant '
- - A

chaﬂées unf;l the amount of Cut added was more than & mole

+ LY

gq#iv;lfdts,'Tﬁé:CD intensity at 268 nm was also plotted to iilﬁstratg?f
_thé gigwth of the CD band due to Cut binding in the saturated Cu-MT.
-6.3.1.3. cut bindigg to alpha fragmenf |

. The'Cu+-titrat;on s;udies of a sample of ;ipha fragpeﬁt are
ﬁargicularly importané because the effect ‘of tﬁeACuf adéition on the

CD and MCD spectra of the 1solated 4-metal clu;ter'can be

'investigated.°Moreover, any differences in the Cu+'b1nding properties‘
.. 3 N

.of MT in the absence of tﬁe 3-metal cluster can bg elucidated. .

FIG. 33A shows the absorption, CD and MCD ‘:;a for a titration.of a ’ o

. 4 .. ] .
~8ample of alphs fragment with cut. This samplé contained about 4.8
- o " - - 5 -

* . mole equivalents of Cg2+ where the pyotein condentration was




. : | | I i58

N\

* or cut vas present "in the

LI

native protein. The insert in FIG; 33A shows :the changes in sbsorbance

determined, using the' DINB reaction. No Zn

B

at 250 nm and 285 nm as the titration proceeds. The set of data has
been replotted in "FIGS. 33B-D, in order- to illustrate more clearly the :

T

seduence of changes that occur in the CD and MCD spectra during the

. 3 2+ 12 v ) .
different stages in the displacement of C by Cu’. Similar to the
cut titration studies with Cd,Zn-MTs, the cut bindfné reactions 'in .the

alpha fragment proceeds in several steps. However, the initial red-

A

- shift and increase in intensity of the 250 pm absorption shoulder, a

common spectral featnre in other metal replacement studies with Cd, Zn— -

”

‘a 'y
MT is not observed in the ahsorption spectrum. This further supports
- n ' .
~he suggestion that Ehe apparent red—shift,and increase irf the 250 nm

absorption during the early stsge of thethetal replgtement reaction in

cd, Zn-MT 1s related to the displacement of Zo?* from the protein. In

FIG;:3BB the absorption spectrum shows the isosbestic decrease of the
. ; .

‘$f>Cd charge transfer band and a corresponding increase in the
absorption in the 285 nm region when‘up top3.6 mole equivalents of cut
are'added. fhis represents about ie*z of the cd2* 1nf£i311y pregent;.
Two sharp isosbestic ooints at 230 nm and 260 nm are obgserved. ,

In the CD specttum,ﬁthe derivstive enveiopeldue to the Cd~ - o
chromophore is shown to decrease with the mole equivalents of cut xﬂffl'

- added while a broad band at 292 nm 1is seen to grow in intensity When :

:»v the amount of Cut added has reached 2.7 mole equivalent uhich T
represents.about,56z of the'Cd2+Abound initially q; the alpha '

/‘ AL ! ’ .
.,f/-fragment; the native CD spectrum collapses c¢ompletely. On the other

a2t

-

hand, the MCD spectrum shows the loss of the tetrahedral C

isosbestically and is re%laced by a distorted negative signal.”Though
9

-
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[0

-

- displacement of C

-
-

k]

both the absorption and MCD spectra exhibit ieosbesyic behaviour, the
. 3. - a ) *

absence of isosbestic points in the CD spectra suggests that the

2+ . R T .

d®” during this stage involves more than one

reaction. FIG. 33C shows the effect of adding cut beyond 3.6 mole

equivalents. The‘CD spectrum shows the 1sosbestic formation’ of the

- ©

: characteristic derivative-shaped bands ( 242 nm (+), 268 o (=) and

when'a the amounts of Cd2+ and Cu

i

292 nm (+)) which are similar to that observed earlier in Cut
titration studies using rat and guinea plg MTs. The sharp isosbestic

points indicate that a single species is now formed which is

cherecterized by the CD spectrum. The MCD spectrum'(iine,7) shown in
. 7 . '

';?Iél'33c demonstrates a blue-shift of the band maximum to 250 nm.
~ ¥

. Addition of Cut beyond 6.3 mole equivalents quenches the CD spectrum

(FIG. 33D); The CD spectrum for the final solution eontaining }6.7 @

mole equivalents df added cut 1s essenfially featureless and the .

*

jcorresponding MCD band snows a significant change in band shape and

intensity. FIG. 34 shows a plot of the changes in the CD spectru?,aa

. . A ) M RN -2
several wavelengths. The absorbance at 250 nm decreases to a.mimimun

4]

2+ are equivalent, while the

2
absorption at 280 hm: increases in a linear fashion. A decrease in, the

..225 nm and 238 mm bands with respect to the mole equivalents of cut

added to the pretein solution is observed. The new. CD signal attaihs

its ‘maximum 1nfensity'when the Cut:ca?* mole ratiO‘ia:close_xo l.1.

<

6.3.2 Cut binding and dialysis experiments |, -

"6.3.2.1. Alpha fragtnent

The eharp CD signal dbeerved during the cut titration experiment is

intriguing because the well defined signal must repreaent a specific

structural arrangement around “the bound metal ions. Results from the

P
- . '. ’

[ o,
A . ) s 4
. .-

v
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FIG. 33 (A) The effect of adding cu’ on the absorption, CD and MCD

3 .

spectra of rat liver alpha fragment. This solution contained 4.8 mole
equivalents of Cd2+. The mole"equivalents of Cu+ added were: (1).0
(native), 52) 0.9,'(3) 1.8, (&) 2.7, (5) 3.6, (6) 4.5, (7) 5.4, (8)

6.3, (9) 8.7, (10) 11.1, (11) 16.7. The spectra were replotted in

three stages (B,C and D). The units for ¢ and Ae are L mo1~1 cm‘?. The

hd Q.
..

units for AsM are L mol'1 cm‘% T‘l. o .
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(solution 2 in TABLE XI), the protein‘séiﬁtion contained 11 nmol ca?t

\ " . | 167
Cu-BAL .model compound‘study and the CD.spectrum reported for

heurospora-crassa (182,183) show thst Cu-S related transitions are

present in this wavelength region. Therefore, it is attractive to

. assign this new CDléignal.asfresulting from the binding of cut to MT.

In order to confirm this assiénment, a series of cut binding and : o .

.

dialysis ex}eriments were'carried out-to determine the amount of metal

”

ions bound in MT durtngvthe different stages. of the Cut titration.

Moreover, the relationship between the content of metal ions and the ’.
changes in the CD spectrym was studied. - The alpha fragment sample
presents' a simple system whereby thecbinding of Cut ko the 4-metal .
cluster can be studied. FiG 35'shows the'ahsorption and QP spectra of

a solution gi flpha fragment cdntaining‘37’nmol €d2* and 43 nmol Cu.

v

The metal content ef the solution (Solution 1) before "and after "5

dialysig sre shown in TABLE XI. The CD spectrum is characterized ‘by

the unique derivative-shaped signal. After di@lysis both ‘the Cd2+
L} -

cut concentrations in soﬂhtion decrease with 21 nmol ‘32+ and 26 nmol

- L

cut still bound to the protein. The CD spectrum still exhibits the_

same signal but with a decrease in'the,qversli intensity. In the j

dialysis experiment dith the snother sample/9f alphs-fragment golutionr ,

) » \

.
3 " '
an.‘ﬂ nmol Cu* After dialyeis the Cd2+ was conpletely displsced snd <.

. <“I

the Cu+ that renainea bound to the alpha fragment is. very close to the

“cdZt content present initially. _' ', , ' a

The pH stability of the apecies in soiution that give rise ‘to the CD

~ . .

spectrum has also been inveetigsted‘ FIG. 36 shovs the effect Jf pH-on

the absorption snd CD spectra. The inittal spectrum i'epresents. a
solution of slpha fragment thst couttined 5 5- uole equtvalents of Cut oL

. . . / r - e .
. . . J P ,
.\ - . . . . . N '
< . . - L ! ‘ . . . - .
- . . . ’ - . . . . .




added at pH 6.9. The pH of the solution was then lowered to 3.3 by

adding pL aliquots of a concentrated HC1 solution. At pH 3.3, the CD

‘spectrun'a collapses. In the absorpt-;ion spectrum there is nd change in
the 300 nm absorption but * there is a significant decrease in the

absorbance in the 250 ne region. The solution was then exposed to air

-~

for a short period of time and air was bubbled into the solution for'
up to 90 seconds during each exposure. ~Né’ significant change in the CD

spectrum is obseryed after each exposure. When ttte pH'of the solution

was raised to 8.4, the derivative.CD signal reappears, but with a »

iower intensity.
]
6.3.2.2. Rat liver‘ Cd,Zn-MT 2

s

A similar ‘set of Cn binding #nd dialysis experiments &as caq:ti.ed

.\‘

out with rat liv"er Cd, Za-MT 2 to stud-y the' Cu binding Pfoper!ziee in' -..:;, o

‘the presence of. the 3-meta1 qluster. FIG _37A shows the absorption and

- »

)] spectra of a Cd,Zn~MT 2 solution where the mole equivalents of cut

added weTe the same as the amourot .of Zn2+ present in the r\ative -

[y ‘,

protei,n The absorptioo spectrum shows a red-shift and an imcrease in

@

' the absorption in the 300 nm region. tl'he i spectrum exhib:lts a small

inérease in the positive- 'band intensity at 290 nm "and a corresponding

decrease in the ‘€D signal due .to the native protein. After dialysis,

) ‘ "
AAS analysis shows the complete ‘loss of .Zn2+ and a small decrease in’

. .

the Qéz content. The absorptton at 250 nm decreases significaﬁtly but -

.no change ta" observed 1n ‘the, 300 nm region. Thie derivative Cl} bands
'decrease further in 1ntensity while .the 29O o CD bend remeins
‘constant. TABLE XII showe the metal &mtenﬁe. for’ 'each ‘of x:he solquonn

. ‘

(n cl-‘IGS -37 and 38) befbre and. af-t:er dialyais. )

-t 3

FIG &73 shows the absor,ptiono,ptrd CD apeetra of a aolution

/
J/r}

a
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FIG, 36 The effect of pH on a soiution of .alpha ,fraﬁment.-uhicﬁ ¢

contained 5.5 mol eq Cu*,added. The absorption,.CD-épectra of the

native solution (. ) and after Cu* agdition (=- “-'-- ). The pH

of the solution was lowered to’ 3.3 by using ulL aliquots of"a_ .. ' -

- «

3 .

. concentrated HCL salution and then exposed to alT repeatedly for about .,

. -

1 min edch time. The .spectra were recorded after each exposure. The pH

of the solution was then raised to 8.4 ( —+ —«— ). The units for €
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containing 7.2 mole equivalents of,guf added.. The absorption spectrum

. ' * »

resembles that observed In FIG. 37A but is at a higher intensity. The

e .
-

. CD speetrum shows the charadteristic new.signal.observed‘fn the cut

3 -

titration expeniments described earlier..Little change ‘is observed in q

W

thé overall absorption spactrum when th alysed. ..

However, fﬁe Ccb spectrum shows some loss of intensity in the 240 nm

. , band while the rest of the spectrum remsins the same. This solution is %
& b
B 2+- 2+ A
found to. contain only 57 % of the original Cde™, while Zn“" 1s Gl T .
B eompleteiykabsent. Burthermore, 7 mole of Cu are bound to MT together ﬁﬁ ' R
with 272 moles ‘of Cd2+ .to give a Cd Cu-MT species. L ,"¥: o
FIG. 38A shows the sbsorption'and CD spectra of ‘.the solution where an ,méﬁ ;
: PR et
‘ 9 2 mole equivalents of’Cﬁ* were added Before dialysis both the . ..

,“ :'f'" ~

‘ ';: dbsorption and CD spectrs are>very similar to that observed in FIG. 3é.ff"

. o
-® .

o 37B However, a significant chsnge is ohserved in the CD spectrum

. after dialysis. The 292 nm bdnd dhereases in dntensity dand the nen

e S
: derivative shapeotsignsl collapses to form a broa&.posftive band at ‘\ﬂa. —

“*\H\

sbout 260° m:’ After dialysis, oply &.2 mole equivilents gf foteg and L.

mole equivalent of Cd2+ still remained is the protein. IG. 38§
shovs the absarption end €D~spectra for.a soletion containiﬁg 13 3
e o i

«  ‘mole equivalents of Cu . After dfaiyais am :he,)cd”*' and Zn2+" ET

ds

1h the.

v
" s

L

native MT- hsve been displaced by the 11. 2 mole equivslents of Cu tbat q?%L
ot ' 2 NGO R S
LA ‘are bound ‘to . the protein. The. absorption spectrum before and aiter . LR

° - - T LR | l

: dielysis shovs“minor chsnges in the 250 nm region. The.CD spectrum o u‘f,aﬁo%"
”1v:,erhibits the positive 260 nm banﬂ,snd wesk negative besds st longer o L

4":

»

N ‘waveiensthS' , .' . 'A ' A - f~ R N -‘ [he | h‘l:.‘: . -:1 ’

:..-‘ ‘. ) - s N :_.w“ wr A ::'::x"-..‘.:"
: The résqlts from the dialysis experiments with both the slphs : '

.
S

' ;frsgnyt snd Cd Zn-‘i'l‘ 2 solutions indicate: that the’ chstscterist{c CD

T ) ‘n

. 5 . , ) . B

| R Y

. " . , . A L , e o ) .
' C ' e o J , .

~, : . N toee L . v ., »

W e \ .o . . R ) . P h X - .
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»

specfrum ohserved during the Cu+ titration experiments is related to

thebpresence of both Cd2+ and Cu in the MT. Since Cut bound in MT has
\ ,-..‘.'4 v ~

o previously been shbwn td\be highly stable at low pH and its CD

I

Spectrum “ag: found to remain unchsnged until the pH of the solution

1.

EAS TR !

'”was lowered to 0 5 (82}, the pH stability of thb Species in solution
which cqntributed to the,uaique Cch spectrum was investigated. FIG -39
j?ShQNB the effect of pH on the absorﬁtion and Cb. spectra of a.Cd,Zn-MT

¢ -

o, 2 solution which contained 8. 8 mole equivalents of cut added as

Cu(CH3CN)4 C104 The concentratigns of Cd2+ and Zn2+ present initially

b were 3. S-mole equivalents and 2 7 mole equivalents, respectively. The

' -

initial CD spectnum is dharacterized by the derivative-shaped signal

: f‘ - - ..,‘. \
R ebserved in the Cu titrations descriBEd earlier. When the pH was
T o
1owered from 7u0'to 3. 6 a decrease An the CD intensity of all three

. - l

/‘
bahﬂs is obaerved,vwith a slight red siife of the 243 nm band centre.

1

The 2§3 nm band shiétggiurthec to about 260 nm when the pH of the ~

.....
. ‘u
-l s

nm band loses its intensfty cowple ly at pH 1. 8 The absorption
ke

U.‘ :,; N - \.ﬁ‘ - 3
"t 'changes follow an isosbestic paztern withea substantial decréase in

. the absofBﬁion of the 250 ‘nm region. At pH 1.5, the 292 nam signal is
. 4y

‘\

o replaced by aﬂWeak Rroad negative band at about 300 nm, while the 260

A \e

]

nm~hand isvdecréa*ed slightly. Furthermore, the, changes in the CD

-

‘

'-

Cgpectrum are related by a common Asosbestic point at about 280 nm

Ydurfag the pH titration down to pH 1.5. The final spectrum was
,J
reconded ét pﬂ 0 8 which shows a large decrease in the intensity of

-
L
-\‘.

‘:'{;;‘ * the 266nm‘ barrd in the CD ag well as an overall Arop in the intensity

"7 .of the absorption spectrum. .

-

<«

N
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FIG. 38 The effect of adding cu’t to a rat Cd,Zn-MT 2 solytIom, - 'f - -
} e ® ) . . . * . - ,ri"#
‘followed by dialysis im water, at 4° ¢ for 10 hoyrs. The absorptior and . ©
° CD spectra of the native protein solution ( Oaoo ) The soluEion aftef . T
"(A) 8.3 and (B) 12. 3 nfol eq cut were added ( D00 ) "The same solut:lon ‘ A

after dialysis (A A A) cbntained (A) 8.2 mol eq, (B) 11.2 mol eq et T co B

a*

cut. a11 cu?t additions and dialysis were carried out.,under a nit“;'o_gen - :

atmosphere. The units for'e and Ac are L mol~l cm__l . ’ ’ D B
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+ __FIG. 39 The effect of pH on thf abgorption and Cb spectra of a rat
: e

-

v Cd,Zu-MT 2 solution éontaining ‘8.8 mol eq Cut added. The pH of the

solution was lowered by addition of pL.éliquots of a concentration HCl

solution. The units for ¢ and Ae are L mol~l cm‘l, .

yoo - a -
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' LE XI

-

- The effect of dialysis on the number of nole_equivalents of ca?t angd

cu’ bound tp alpha fragment

-

Alpha ‘fragment
Solution 1
Before'dialféis

Angr dialysis

-Alpha fragment

Solution 2. .

Before dialysis.

. After dialysis

-

cqlt

Cu+

(x1078 moles)

Cu+/€§d2+
mole ratio

1.1

4.3

2,6

1.7

1.1

1.1

1'2

1.6

.+ 16




The effect of dialysis on the number of moles equivalents of metal

"~ TABLE XII

bound to Cd,Zn-MT

t

¥ *> . = ¥
cat, 72t 1 cut
t 4 -
mole , mol.eq. —mofe wmol.eq. mole mol.eq.
~ ' . At 0 .
A. Cd,Zn-MT 2 ) . 2
jitive 6.2x107% 3.9 3.9x107% 2.5 0 ‘0
+4,46%1078 o ' - |
i mol. 4. »
Cu',after dialysis ’
5.0x10°8 3.1 o . 0 3.9x10°8 2.5
B. Natiye 6.1x107% 3.9 4.1x107® 2.6 -0 0
CTUH1L1x1078 mo1. } :
cut,after dialysis .
- Ve :
' 3.54x10°8 2.2 0 0o - 1i.ox10°® 7.0
C. Native 6.2x1078 3.9 3.9x1078 * 2.5 .0 0
+13.2x1078 pol.
Cu+, after dialysis h
. s
1.8x108 1.1, o 0o  13.0x107% 8.2
D. Native 6.1x1078 3.9 4,1x107% 2.6 0 _ 0
+19.2x1078 no1, ‘ ’
Cu”, after dialysis . - .
0’ o o 0 hsx1078  q1.2
E. Native C 6.1x10°8 3.9 4.1x1078 2.6 0 0
+30.5x1078 mo1: ) .
Cu’, after dialysis
0 0o 0 0 23.2x10°8  1s5.3
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6.4. DISCUSSION

n

chicken Cd,Zn-MT was first defhonstrated lgﬁvitro by

cut binding to
Rupp and Weser (195,514) using #sorption and CD spectroscopies.

-

However; their study only served to report tge spectrum obtdined for a
. o

cu’ saturated MT, while the complex spectral changes that occurred in' _
the CD spectrum during the metal replacement reaction were left.
unexplained. Sinc; the. Cd, Zn-MTs of mammalian ofigin have now been

establishgd.to contain two metal bfading clusters, and résults‘from

our studiés with Cd2* and Hg2+ have indicated that distinct

. . ’
spectroscopic changes took place during the different stages of metal -
. 4 ; - ’
replacement reaction. Therefore, a thorough spectroscopic.
» £y

’

t . - hd

re~investigation of the cut binding properties of Cd,Zn-MT becomes
important, in order to determine the relative® affinity of cut for the -

two cluster sites as well as the stoichiometry in the Cut binding
~ " * - . L3
Site- ’ ‘ 3.

The results from metal binding studies described in previous
. . L3

.
2

chapters have shown that 1somorph6ﬁs'teplacement of‘Zn24 by Cd2+'and

! ]
2+

Hg“" occurred in rat liver MT. Though the alpha cluster appears to be
. 1

2+ in excess of 4 mole equivalents, the

ast

resistant to the binding of Cd

;;ta cluster, on the other hand, can bind 3 extra moles of C thus

' +
giving rise to 3 [Cd¢SqF unit. Since Cut fg known to form a series -

. ’ )
of cluster compounds in which one of the structures observed involves

a'(Cungl3_ unit, it is 1mpbrtanf to probe the structure of clusters

being fotmed in the Cd,Zn-MT upon cu’ replac;pent. dn addition to
- . ‘ -

"absorpttan and CD spectra, "the MCD data provide additional information

“on the steredchemical propertieﬁ of the Cu+ binding sites in these Cu-

1

subqtituted MTs.

-
.

.
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'the formation of Cu-MT.

*cluster while the Cu+ fons are associated with the beta sites. A

"~ o 18

From the results shown in FIGS. 27, 29 and 30, it is clear that ail . v

. three éﬁecies'of metallothionein ( rat liver Cd,Zn~MT 1 and 2 and

_ guinea pig Cd,Zn-MT 2) bind Gu¥ in a similar mamner. The

characteristic specfral changes in the absorption’ , CD and MCD spectra

were observed for all three titrations which suggests, that -the

sequence of Cu+.binéinglls unidue for .Cd,Zn-MTs. The effects of Cu’

-

binding to Cd, Zn=MT can be claesified “Into three stages (1) the -

displacemernt of zn2¥ 5 (11) the’ formation of the unique mixed cd, Cu—MI'

species which is characterized by a welL defined CDh spectrum and (ii1)

. ‘\‘

The changes in the CD spectra indicate that the.bfﬁ&iné of Cu”t

- the beta élueter does not contribute to significant CD intemsity,

since the overall CD spectrum remains very‘similar to that of the .
) . . s

native protein until the'displacement of the cd?t ions from the alpha

- -

cluster has occurred. A similar CD spectrum hass previously been
observed for a Cd,Cu-MT isolated from rat E&dneys (219) which =~ - s
contained a Cd%*:@?* mole ratioc of 2.5:1.6. The  close resemblance of .

the CD spectrum due to the native Cd,Cu-MT and that of the native

/

Cd,Zn-MT suggests that fthe ca?* in the Cd,Cu-MT is bound to the alpha ) -
113 cd

nmr study of a Cu, Cd-MT prepared by the in Xitro displacement of Zn2t

by Cd2+ in the native Cu,Zn-MT from calf liver has.also revealed :hat

-

the cut ions are bound predominantly in the beta cluster (73). Thus

\

these results summarily suggest that~Cu+ has a higher affinity for the .

" beta domein during in vivo binding and are_preferentially boiund in»the‘

beta cluster in the native protein. . A

’

The sequence of spectral changes observed here with the alpha




W

Y o
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.- -
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. N -

fragment closely follow thoee'iescribed earlier for Cu® titrations B o
: - : .

~

with Cd,Zn-MT8 from rat and guinea big. The main spectral difference
‘\\‘between the cu’t binding to Cd Zu-MT and the alpha fragee;t is

reflected in the early stage of ‘the titration. The absence bf the red- ]
shift and.gesolution of the 250 nm absorption shoulder during the
,eerly additions of Cut to the alpha fragment solution provides strong'
EVidencelthat thie particuler spectral ehange'observed‘previOusly in
'beth_the‘Cd2+ and Hg?+ replecement.studies witﬁ Cd,Zn-MI is related to
the displacement of.ze2+ from the protein.

The same characteristic,,deEivative-ehaped CD signal (592.nm(+), 268 °

nm (7) and 242 hm'(+)) is also present during the titration of the

alpha fragment solutiom with' cut, The complete collapse of the native

CD spectrum due to Cd?* binding to the alpha cluster when -the cwt 7

concentration is 2.7 mole equivalents suggests the loss of tetrahedral
: y

C424 an& the single species formed in the reaction exhibits the new CD:

spectrum. The concentration of this species increases with further

additions of Cu* and reatches its maximum intensity éﬂ'n the Cu+/Cd2+

mole ratio is close to 1 (FIG. 33D, line 7). The loss of tetrahedrally

.
-

bdpnd Cd2+ rrom.the ciusterAis flegged by the decrease ﬁ; the MCD
- envelope. More significeﬁtly, a distinct blue-shift of the MCD band °
ceetre to 250 nm 1is appareet. , " .
in a Cut titration study using biemuth indﬁhea Zn;MT (192), the
unique, new, derivative ehaped CD spectrum obtained during cut

rsvlitrat!nn with Cd Zn-MTs and alpha fragment vas not observed. The

. spectral changes during the addition ‘of Cu is much simpler. They =~ =,

- »

resemble the characteristic sequence»of’changes observed during the

lest stages of cut binding € Cq,Zn;MT, when the new, derivative-

A [}

‘185
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shaped CD spectrum starts to lose intensity and the 240 nm band

~4y-

gradually eﬁffts to longer wavelengths with subsequent forpation of

——

the CD spectrum due to Cu-MT. This gbservetioq is significant since it

d2+ -

suggests that, in addition to Cﬁ+,‘C is also an integral component

of the species thaf giyes rise to the mew CD spectrum. The spectral

evidence obtained so far suggests-that the-species formed'duriﬁg the

dz+ and Cu’ ions bound to the alpha

cut titration contains both C

"

fragment. L o L e

‘ - ‘/‘5 .
The dialysis experiments described in FIG. 35, 37 and 38 represent g
5 W i

series of experiments used tb‘studf the sfo;chrometry of Cut -

binding
in MT and tﬁe relationship of the stoichiometry to the CD spectra

observed. The metal contents of each of the solutions containing added

-

cut were measured both before and after dialysis; The results are

K

summarized in ‘TABLE X1 and XI1. The dialysis experiments carried out
\ 'hwith the alpha fragment demonstrate the cut binding properties of the
alpha cluster.  The number of moles/pf cut bound to the alpha cluster
’afte} dialysis islvery close to'the,Cd%+ content initially presents

which suggests that e;'least~4 cut fons can be bound to the alpha

» fragment: Further expériments were not eeqried out to to determine the
. . number of moles Cu* that eould be bound when Cu* is present in large

‘excess becaude there was not enough protein sample. However, dialysis

-~ . - : . ." N v
experiments with Cd,Zn-MT haye shown that more than 4 moles of Cuf

may be bound to the alpha cluster. The MCD spectrum of the saturated

Cu-M:I exhibits 2 broad negative B terms. Thefefor‘e, the binding of Lut.. .
N )
in-the alpha cluster does not appear to involve the tetrahedral -
’ N - 4 ¢
symmetry as suggested for the yeast Cu=MT (211,212,217). The,

‘e

propensity.of cut to form polynuclear clusters with various Cu*/s mole
) I_.ﬂ ' ...‘ " ‘ R ." . . -



" CD spectrum contdins both C

equilibriut and that the 'alpha cluster has.a higher ‘affinity for C

h . ' N
ratios have been amply documented in the literature. Furthermore) the

¢oordination number of cu?t varies from 2 to.4. Therefore, it is not -

unreasonable to expeCf that the Cu¥ bound 1n the albha fragment may

involve a.coordination geometry other than tetrahedfal. It is relevant

" to note that results of a recent preliminary XAFS study of piggliver

Cu-MT suggest that the Cut ions are bound with a trigozi} geometry,‘g

geometry which.is commonly observed in structurally characterized Cg+

cluster compounds. On the other'hand, the fact that the alpha fragmént'
‘solutimn conkaihing equivaleng,number of moles of Cd2+'an; added Cd+
retains ghe*éaﬁe characteristic CD spectrum even after exhaustive

dialysis provides strong evidence that thﬁ cut ions are bouné to MT. . )

. ) ' v .
It also suggests that the specles in solution that contributes to

a2+

and cut 1on;. The dialysed solution
(TARLE XI,* solutioen 1) indicates the presence .of approximately 2 mole.

equivalents of cd?* and cut respectively, thus implying that a CdyCuy=

alpha fragifent species is formed. The sharp isosbestic points observed

during the'titration indicate that a single species is generated, .Y
. . - P

which may be repfesented by the following equatiom. | .

»

Cdy + 2 Cut ——aoy CdpCu, + 2 Ca2*

A two-fold excess of Cul ig required to achieve the maximum -CD

* signal intensity.’ As the Cd), protein persists in the presence of 4

a

- ' N .
moles of Cu' added, this implies that the reaction attains an

d2+ .
than cut. -

. - : - i

The intefpretation of the Cut binding to.Cd,Zn-MT'wﬁfch contains,

-

both Ehe hlpha and beta cludfers, though mhch'ﬁore complex, is

.considerébly simplified ‘ien considefing the rgsdlts obtained from the

E
-
L]

v
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. - ¢

" alpha fragment experiments. Results from the cut binding and dialysis
expegimenﬁstwith Cd,Zn-MT 2 show the number of méles of éu+_that ‘are .
‘bound in the alpha ;n& beta domains durﬁng thé various stages of'the
displacement reaction (TABLE XII). The fact ‘that the CD spectrum of

the solution containing an amount of Cut which is the same as the

- ' native Zn2+

content, st;ll.retains the der;vative-shaped/signal
similar to the native protein, with only a small increase in ;he
positive CD band at 292 nm, suggestssthat the Cd2% ions that rem#in
bound to MT are still maintained in the original binding sites and
that Cut displaces ant from the beta cluster. Thig is confirmed by

the fact that there is no Zn2t left after dialysis, while the ca?t
. »

content remains relatively constant.

titration studles described

Similar to resultg'bbtained for the cd?*

in Chapter 3 L; which the yeta cluster is found to find a total'of six
mole equivalénts of Cd2+, the data from the second Cu’ binding and"
dialysis experiment (FIG. 37Bz‘also inéigéte’that more.than 3 mole
équivalentq of Cu+'§an be bound'to the beta cluster. Metal‘ahalygis‘pf
the solgtionﬁafter ﬁialyéié shows that the species in solution

contains 7.2 mole equivalents of Cut and 2.2 mole equivalents of
hd s

hd -
I

- galt, Based on the assumption that the new,CD spegtrum arises from a

€doCu,y species formed in the alpha .cluster, one can postﬁlaté that the .

remaining 5.2 moles of Cu' ( which represents twice the amaumt of znt

[N

bound in the natiyge protein) are associated with the beta cluster.
3 . This fmplies that it takes 2 moles of Cut to dlqpléce one mole of L
. , Zn2+. The fact that the CD spectrum changes 80 dramatically after

. ' . dialysis (fIG. 38A) suggests: that there 1is a.change in the arrangement

‘0f the amino acid reeidues around the bougd Cd2*. The 5.2 mole-

y]

.o o




equivalents of cut.

-

equivalents of Cut associated with the beta cluster suégests that a

[CugSq] species is formed. Cluster structures contain{ﬁg Cu:S ratio of

A.2:3,are common and havé been shoxg' to contain trigonally-coordinated

-

r

Cut fons (165,167,¥715.

The addition of 8.2 mole equivalents of cut ( goi¥pared to the 6.5

2+

mole equivalents of §d2+ and Zn“" in the native protein) also results

in‘the &erivative;shaped new CD~spectrum. However, the change in the
éD spectrum obserwved af;er dialysis suggests that a rearrangement of
the binding of the ca?t and Cu’ in MT has occurred. The CD spectrum
may représent a mixture of the quispecies, namely Cu-MT and CdCug-
MT. The results from these exper iments stroﬁgly suggest tha( the
St91¢hismetry of'CﬁT binding in the alp&g and’ beta cluster sites are
different. While the alpha fragment aépears to bind at least 4 Cut

-

fons,-a total of 6*Cu’ can be bound in the beta cluster. Results from

. the last two sets of dfalysis experiments with Cd,Zn-MT 2 (TABLE XII, .

Solutions D and E) also show that ﬁT can bind more than 10 mole

° '

An important conclusion which can be drawn from Cu' titration

" studdes is related to the different metal affinity of the 2 metal

“

clustef units in MT. Unlike the Hg2+, where isomorﬁhous repléﬁement of
Zn2+ in the beta cluster 1; follqwed by éhe replaéement of Cd2+, a;
qxtr€.3 moles of Cut are bound to the beta cluster before 1nte£action
wifh the alpha QOmain takes place. The fact that an excess of cut 1s
}equ;red-t; &1sp1ace Cd2+ with tﬁe formation of:a stable intermediate
species also suggests that binding constant of cd?t to thé alpha

cluster 1s higher than that of the Cu'. Based on-the-similarity

between the CD spectra'ofwihe Neurospora crassa and the native

-

&




e highﬁr gffinity of cu¥ for the beta cluster unit, it

' o = A ;
can bei postulated thgt,ﬁhe cut 1ons present in Hg,Cu-MT are probably
- ‘

bound in the beta sites. Overall, the following order of binding aan .°

’

be proposed for ;he alﬁ%a cluster (in vitro): :

Hg >Cd >Cu>2Zn S C oy

while for the beta cluster (ih vitro):

e Cu, Hg > Cd > Zn . o . : -

-

Amino acid sequence studies have revealed the close sfuilarity

between the Neurospora crassa and the first sevgu cysteine residues of

v \

the N-terminus of uammiaiiap MI's, which constitute the beta domain.
it is impurtant to note that the Neurospora crassa binds 6 uqles of
Cut which is consistent with the fiﬁdipgs hé;e in the Cu+'titration
. that 6 moles of Cut can be bouud in the Sethiclugter. Thetefore the

Neurospora crassa appears to be a good model. for the study of the cut
binding in the beta fragment. In additionm, Neurosuora arassa has been

reported to bind 3 moles of Cd2+ (183) with spectral features similar
to guat of equine Cd-MT which implies a tetrahedral symmmetry. A

possible strutture of.the beta cluster containing 6 cut 1onsuéan be

e
.

postulated in which 5 cu* 1ons pogsess trigonal geouetry and the sikgﬁ
) ! ' L e? e
cut is close to’'linear. Many cut clustéx compounds have previously

LN

been shown by X-raj dryétallography to contuin a mixture of
coordination geometries within ‘the same cluster unit (167-170).

The pH experiment probes the stabiiigy of the species formed in the

[} *

Cu titration experiment that gives rise.to the unique cD spectrum.

The changes in the CD spectrum (FIG. 39) suggest that the Cd2+

reIeased from the ptotein aﬁd :he further binding of Cu in MT, results

L]

in the formation of the saturated Cu-MT. Thése résults further suppor;
- ‘n’ 4 , , - \"“‘ . ‘

a
. — .

190
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"+, the conclusion thdt the Species in solution that exhibits the new o ’

[ ] ' A ¢

.
-
] * 'Y

e

- : derivative CD signal contains both Cd%* and cu™.

’

In eonclnsion, the binding of Cut to MT can be reﬁfesented‘by the

followiné schemes. : : -

. <

(1) CdyZny=MT + 6Cut ———> cd,Cug-MT + 3 Zn2*
o (2) . Cd4C\16-MT + 2 Cu+ —d__> CdzCUB‘MT + 2 Cd2+
. 3 CdzCus-MT + 2 du ——---) C“l ~MT + 2 Cd2+

The replacemént of zn%t in the beta cluster’ resuIts in a species
{
acontaining 6 mole equivalents of cut , 1.e. [Cu659] . The MCD spectrum
. -
= does not exhibit the derivative—shaped envelope expected for - B

- ]

tetrahedrally coordinated binding site. In ‘view of the tendency of Cu+

to form polyndsfear species, it°is quite possible that a_{Cu659]3

clt7ter unit is formed which cortains trigonally-coodinated gut. The

J/ - " 4 e .

v ) intermediate’ species formed which exhibits‘well resolved CD b#nds and o
. . ' Y

. a- broad MCD;signal 15 difficult to rationailze-based on the,spectral Poe

. data obtained. However, the loss of the derivattve MCD envelope ‘due’ to
‘ |
S=>Cd change transfer transfer suggests ;.’at the . Cdb' is no longer, ~

- R T

bound in the original cluster with tetl.hedral ‘symmetry. .
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2rption, CD and MCD spectroscopies have been used

metal binding properties of Cd,Zn—meta}lothioneins
> sources: rat liver, guinea pig liver gnd crab

e techmiques represent three different approaches -

- -
-

. binding site properties of MT. Absorption

least informative. The CD spectrum provides

. on the stereochemical arrangement of -the amino

E;gdetal ioné, while information on the Symmetry

r sites may be obtained from the MCD spectrum.

-

re show that the three species of MTs exhibit very

tures in both the absorption and MCD spectra. The

-

- %

D envelope observed for native Cd,Zn—MT 1is wvery

ined for a tetrahedrally-—cpordinated Cd-—BAL model

ts that the ca?t binding sites in MT involve a
o This'ip counsistent with the conclusions derived

(97-99) , as well as reauits from XAFS studies

nce of 4 sulfur atoms -in the first coordinmation

bound in sheep MT (103).

pecies of Cd,Zn—MT contain metal ions bound in a
e significantly different CD ‘spectrum observed for-
a different stereochemical artdngemeni of the

ound the bPound metal ifions. This 1s consistent wttﬁ
-

Cd nmr data which proposed that two 3—-metal
in the crab MT (136), while a 4— and a 3—metal

ted in other Cd,Zn-MTs (9&%!;Hence this also *

ulnesst 0f the CD techniqué 1in the characterization

: 182. ' ‘



1

" of metallothioneins.

. ' ' 193

v - <
To date the identification of the‘majority of the MT-like proteins

has been based, mainly on their gel filtration properties, their high
cygtéine and metal content. In this work, we have demonstrated the use

of optical technihues’to provide additional criteria for 'the

113

identification and characterization of, new ﬁTs. Cd nmr has been

shown to differentiate between the different metal ions ‘in the o

. cluster units, however, in vfew of the high'Epncentrations of - protein -

and the considerable length of time, required for the collection of

data, the nmr technique 1s less favorable than optical methods for the

-

routine characterization of metél binding in MTs. Moreover, at the

present time;, the application of nar '{n the study of metallothioneins

199

is limited to 113Cd. Another metal ion probe ( Hg), which has been

. : ”
investigated in this work, fails ‘to give useful information b%cause of

®

the inherent lability of Hg?t foms in the metal binding sites.

This sheé%% has also described the Specffoscépfc changes in the

absorption, CD and MCD spectra in metal replacement studies of

egnet’allothioneins, in order to characterize the binding properties of -

- ,

+ 2+

Cd2+, Zn2+; Cu’, Hg2+ and Co<' to MT. Specific spectral changes

associated with the different stages of the release and binding of

-y )
Zn2+'and Cd2+ in the native MT have bee®shown in this work. The data

obtaiﬁeﬂ show that the alpha cluster has a higher affinity for ca?t
than those In the beta,cluster, i.e. Cd2+ binds prgfereffgﬁlly to the

alpha cluster. In the prasence of excess Cdzf, the MT can*accommddate’

up to 6 mole equivalefigs of Cd2+ in the beta unit probabaly througﬂ
" )
binding to the te steine sulfurs present, while the alpha ‘

e cluster remains unchanged. This is an important feature because it

\



a2t

suggests a mechanism by which MT can accommodate more" C during high?

-

Cd2+ exposure with the possible redistribution of the excess Cd2+ to

newly synthesized MT at a later time. That the beta cluster can bind 3
extra moles of metal ions which have a lower bindipg constant than

42+

those of the first seven C bound allows.spéculaiion that the .

binding and release of metal ions from this cluster may pl&y'an

important role in the metabolism of metal ions iﬂ vivo.

2+ ‘displaces Zn2+ readily. Therefore, the presence of naturally— N

-

occurring Zn-MT 1n mammalian organs suggests that Zn-MT may act as a

Cd

precursor for Cd, Zn =MT. The replacemenb/of zn?t by Cd2 in vivo may

a2t d2+

occur’ during acugg exposure to C . However, the C d¥inding v

properties of the apo—MT,élso suggests that Cd-MT may be syathesized

K in a similar mamer in vivo. It is important to note‘that the-reducing,.
- —_— .

condition required for such reactions is present in the cell. In the

2+

presence of a large excess of Zn‘" jons, metal exchange also occurs

without degradation of the cluster structure. This suggests that the

202t fons are also hound in- tetrahedral sites similar to that of the

ca?t ions. ) . - . | :

. 2+ % -
- The Cd in MT has a higher binding constant than that of Zn and

the proton—-induced degradation of the cluster structure appear to
proceed in a cooperative mamner.

- ! .
~ The ease of metal subgtitution in MT supports the suggestion thaf“f

. in the preaence of excess metal ions, metal exchange can occur at

’ physiological pH which results in the formation of mixed-metal MT or

homogenous MT containing metal fons other than’ Cd2+ and Zn2+

Hg2+ hasqbeen.showq to displace an and Cd2+’sequent1é11y in azlzl

a2t

. .fashion. The MCD spectrum obtained upon complefe replacemeﬁt of C




95"

: A )
and mZ* consists of both positive and negative lobes which resemble

-a MCD A term. However, the MCD A term observed for the BAL-Hg model

compound exhibits a much higher intensity as well as a smaller band
width. This suggests that the MCBbspectrum observed here for ‘Hg-MT

probably consists of 2 B terms of opposite signs. Hence, we conclude

that the Hg?' {ons bound in MT do not involve a tetraheral symmetry,

in contrast to the conclusion of other workers (23).

2+ 2

cut displaces Cd2+ and Zn“ readily. The replacement of Zn * in the

beta cluster is followéd by the binding of up to 6 mol eq of Cu+, thus

<
forming a [Cu659]3‘ specles. It is interesting to note that neurospora
. . cL . .
crassa, which has a amino acid sequence similar to the firdt seven

N

cysteine residues of the.bqia‘domain of Cd,Zn-MT, aiso binds~6‘moies
of cut, fhough tetrahedrélfy coordin&ted_Cu+lions have been postulated
for yeast Cu-MT, -the Mcf data obtained in 5h}s work do not suggest
such a structure. The Cg+ fons bound in MT most likely involve a 3-
coordin;te structure whicﬁ,i§ commonly observed:for Cut polyﬁgclear
species Qith CuySq units (165,167,171). However, a cluster structﬁre
which cqntains both trig?naliy and 1inearly—coorainated cut could not

-

be eliminated. Native Cu-MT has been shown to bind an average of 10

moles of Cut (207). The results from the eu’ titration experiment

indicate that 6 Cul bind to the beta cluster, while 4 cut are bound to

[

the alpha cluster, suggepfing that the native Cu-~MT also contains two

metal. binding domains but with a cluster strucu;e differernt from that

in Cd,Zh-ﬁT- The binding of Cut 1n'£he alﬁha fragment proceeds via two
stéps in which a stable intermediate is formed. The unique ,

. / ’
intermediate formed in the alpha fragment consists of a [CdpCu,]

species. However, -the structure of the this species can not be

185



postulated based on the information available at this time.

coZt 2+ 2+

has a much weaker binding constant than both the Cd and Zn

. ' T
bgund in MT and metal replacement does not occur even in the presence’

2+

of a large excess of Co“". The Co-MT prepared'in this work exhibits

L] ’ .
- similar spectral characteristics to that observed for Co-MT obtained

from rabbit liver MT suggesting that the rat and rabbit MTs bind Co2+

A

in a similar mamer. The MCD spectral properties ®f Co-MT indicate

tetrahedrally-coordinated Colt,

‘As part of this study, new information has been qptained'regarding
the mode of %lnding of several metal 19ns to MT, under a varjety of y
different cohditions. Mo;egsiqnificantl;, metal ion specificity of the
two metgl clusters in MT has been demonstrated. The two clusters have

a different affinity for different metal ions. The following order of

metal binding for the two clusters hﬁs'been concluded from this work

. .
-~ . . . . . -

(in vitro): N . - ) ' o
For the alpha qiﬁster: Hg > Cd > €u > Zn, : oy,
while for theé beta cluster: Cu, Hg > Cd > Zn. .

. he 3 /

Al

PROSPECTS FOR THE FUTURE ’ ‘ o .

24 . )

MTs containing metal ions other than ca?* and Zn” '  -have become

. A<

increasingly important and much work has’to be carried out in order to °.

L]

characterize these p}ékeins. One of the more interesting MTs is Au-MT.

'

Gold complexes have long béen used in the ;reatﬁentvof rheumatold: (

'

arithritisisﬂowever; little is known about the mechanism and chronic

-

toxiéity'of these drugs. Recent studies have suggested that Au binds |
to a low molecular wélght ﬁrotein in the cjtosol (34,35,221-223) and
MT has been proposed as the protein involved. ‘It fs. important to

establish fhe role of MT in the metapolism of these gold drugs.
; ; .

-
-



s
.

~

Y

Therefore 6ptical dharacﬁerization of the in vitro reconstituted Au-MT
- f ~
., as well as the in vivo synthesized Au~containing protein should be

carried out to probe the identity of this species.

4
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