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ABSTRACT

The complexation of Cd2+ by ligands 6f biological

«

interest has been studied. by 1H. 13C and 113Cd nuclear .
fmagnetic resonance (NMR) spectroscopic measurements. The

L aim. of this study was to gain an understanding of the beha-'

fv1or of Cdz* in biological systems in general and in red

‘\blood cells (RBC) 1n particular.l - . . - .f‘ t | ‘\ S,
Blood transports Cd2+ to various tissues where 1t is |

ultimately accumulated hence the 1mportance of the inter-' ?f

=‘action of Cd2+ W1th blood components in the. toxicology of

\\1~. '

fcadmium. Prev1ous researchvhas shown tbat glutathione (GSH)
"and hemoglobin (Hb) are the*main binding sites for Cd2+ in

5lred blood cells.: The stability of the complexes formed in

ll

Nred blood cells was determined semi-quantitatively by 1H-]
' N

;\

j”NMR spectroscopy 1n the present research.‘ A competitive FOEARN

jtvreaction was exp101ted whereby the ligands in red blood“
. ‘ 4 R
picells had to compete\with ethylenediaminetetraacetic acid i

"/‘.' i

"*fﬂ(EDTA) for the binding to cadmium:ifﬁ.‘35*




e
{‘ displacement of EDTA from Cd(EDTA)z‘ nas monitored by
measuring the intensity of the resonance due to the _L e_g»‘
ethylenic protonsrof M;(EDTA)z' in-the spin echo 1H NMR ”:{jn
lpectra of muac to which Cd(ED’I‘A)z‘- wag added. Mg(ED'I‘A)z’

was formed by the magnesium present in red blood cells and

the EDTA displaced upon reaction of the Cd(EDTA)Zf Qith

ligands of the red blood cellss From the‘equilibrium

“,, o D

constant" estimated for thlB reaction. the stability constantT i
| for the complexes formed by*Cd2+ with ligands of the HRBC ””)*”“;
was’ determined to be of the order 109 It is suggested that ,;fn

in a first step GSH reacts with cadmium binding through 1ts:l;f B

i

- sulfhydryl group and then hemoglobin reacts with the complex

Cd(GSH) to form the mlxed complex ((GS)Cd(Hb)) B Model ‘"1"
J gsystems were studied in Dzo by single pulse\lﬂ NMP to vali—;ﬁ;e

date the results obtained w1th red biood cells. Equilibriumﬂi-
constants obtained for Cdzf complexes of GSH,‘cysteine and o

l

N-acetylpenicillamine are comparable tofthose obtained with vy

To characte;ize the tendency of various biological




) f&(N—Cys), mercaptoeuccinic acid (MSA), S—methylglutethiOne

I ,"l N ! , R L i L - e RO

h . v . ' | . [, . ) g R , \. . N

op ‘ A B .

[ . PN ' i v, Ta e B ' L , ‘|' [
N [ . ‘ o v St PN e—

\(CH3 G),»glycine and glutamic acid.‘ Glycine, glutemic acid&-‘f

.

S I
. and QH3SG formed only mixed complexes Cd(NTA)L. Their o Yoo
BT .l , - K
formJtlon constants were determined from chemical shift ;vw e {

1 ” . ‘,r v ' P

'measurements made on the exchange averaged resonances of the

rsecon ary ligands.w All thiols studled also form mixed

\d’

. ”complhxest Also, they form single ligand compJexes (Cd(L))

4 by dlelacmg N'I‘A from its Cd(NTA)" complexn The f°r“‘“i°“ |

Cof
- I

dwfconsténtsvof the mlxed llgand complexes as well es the

’slnglL 1igand complexes were determlned from~chemicai-sh1ft ‘3

1 \‘.
e

Lo and intenslty measurements on the resonances,due to free and

'1‘bound NTA.‘ Results of thls study are dlscussed 1n terms ofw

l ) i “;\,
. ¥i

e‘;the ba81c1ty of the llgands,‘their ablllty to chelatetyand P

' yisterlf factors.~ The exchange behavxor qmong specief in.

T R st . ,

uthese‘systems was also dlscussed.~cvl;@; 55.~' N
AU SR ' lew
G/‘ the 1mportance of glutath':l.one complexatioh in the

toxléology of CdZ+.;1ts reactxons with glutathiOne were ikﬂgf'ﬁ‘a

studied by 113Cd NMR The pH a8, well*as the concentration

-idependence of the 113@6 NMR‘spectra of Cdzf and GsH. mixtures ;

”metallothioneinfoc




' N “\‘.\": *: ' ,)' I" '
AU v ‘ Lo ‘ § Fape
’ ‘ “‘ o “'(4\“ “. ‘ ' e : . FI‘: "‘
N to determine the percengage of the total cadmium repreéented ‘
7by the reconances observed 1n the 113ca NMR spectre. Th;s

; : information @qp the chemical shift information obtained are

e dibcussed in terms of the gxture of the éomplexes formed. o
Ry Lol ‘ ; .
”fﬂégsurementa were maae

\'L “.

13c a ia: IH NMR -

’udata.on the glutathlone Cd2+ system;w

mmeisurement.”were also made which were consistent wlth the ;'ﬂQ
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. CHAPTER 1/ . . =

- INTRODUCTION

_A. -Toxicity of Cadmium . .- |

'VThe tox1c effects of cadmlum in the form of Cdz* are‘

Lwell establlshed and documented [1] It has been found to;“

e R '

‘“Efg 1nduce varlous pathOIOglcal condltlons, some of wh1ch may be:

¢ ' ’

fatal such as the 'Ita1 Ita1 dléease 1n northwes ern

[l] Other condltlons include cardlovascular dlseasee

uJ.[z 3] hyperten81on [4] andscancer [5]
It 18 known, however, that most of the Cdz+ in- bxologi-
cal systems 1s not 1n the form of free Cd2+ ion‘ rather, i& Qf,diuc

15 complexed by the abundance of blologlcalhl:ganda there1§hfﬂ”

! \‘ B 1\_!‘ G

Q [6 10] For example,'ln animals, Cd2fqaccumulates malnly in‘f'

‘eathg llver and_kldney where 1t 15 largg}y bound to thionein,d:fxfnh?;ﬁ

, 17ia sulfur r1ch proteln [11 13] As a. consequence{ there has

been conslderable interest 1n the coordlnatiol

j',.\

”}}‘Cd2+ wlth.blologlcal 11gands-
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\Vaaddreaaed’in‘thiéﬂtheaie:arefdeacribed-dﬂ;"

B." f’"rhe' t‘oordination‘Ch‘e‘_m‘i's'tr'fy of ‘C\adrn"iu'r‘n‘ B

' ' t t v [N

| N oo . Nl
. . ' '

Divalent cadmlum,(cd2+) ia the most c0mmonly encountered_‘

- ﬁoxidation state of cadmlum.‘ It is a mlldly aoft acceptor‘
’Lwith properties between thosé of the falrly hard an+ and
‘:the very soft H92+ W1th 1tq 4d10‘e1ectron1c conflguratlon;j-
‘Cd2+ adopts tetrahedral and especlally octahedral coor—“'
,fdlnation arrangenents.J"Softer llgands (e. g., S donors)
?prefer four coordlnatlon, whlle“harder’lones (e g., o and N?
”:donors) favor le coordlnatlon Nonetheless,‘many excep— |

: ! ) 1 o \
‘tlons to thlB generallzatlon are known and departure from

,‘;geometric regularlty 13 qulte frequent due to Jahn-Teller

!

‘}weffects. As well, cases of hlgher and lower coordlnatlonv

'-nffnumbers are well documented. Coordlnatlon numbers of seven fff'

v

frf/ﬁvand elght are found particularly with“hard"chelatlng

’dinate compounds based on approximate tr1gona1 blpyramldal

‘iligands auch as nitrate and agetate [14 17] Flve coor_rejk;“*~

;ﬁ‘jor square pyramidal arrangements also occur for cq?+ com-,,.f~ﬁﬁﬁ

\;mx re found infspecies withIPOIArlzable o

u), . ‘.
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Yoy
'

';show a'stronéfﬁendency to ligate.. Perchlorate,.nitrate and

sulfate have the least rnner sphere involvement with Cd2+

‘”g[18 20]

A

N ! : : o

| "C,f Coordinetion"éhemistry.of‘dd?*.ﬁithlBiological.ﬂigendsi~h;

As suggested earlier,‘the complexation of Cdz* by ‘ vh\

fﬁbiological ligands plays a 81gn1ficant'role in the toxicou

i ' !‘ B ‘y. ' ,

‘ﬁ'logy of,cadmium. The understanding of the 1nteraction of

[

'thzf‘in complex blological systems has been largely helped

t;by the study of model systems 1n aqueous solutions.‘ For ~”'
. - LI [N

RS

‘example amino ac1ds, peptides and related molecules are used lu}
tlwto mimlc the 1nteractions of Cd2+ w1th proteins [21 23]

“‘,Simple amino ac1ds coordinate through the amino and car-‘”

! l

‘gjboxylate groups,}while N-protected amino acids coordlnateﬂ_

CN

‘?ﬁsolely through the carboxylate group [22] In peptides.,,,fﬁfs

potential coordination sxtes are-‘ the amino groups of the (lff

N [t R

'”}N—terminal amino ac1d re81due, the carboxylate group of the

- "

‘“3fﬂc terminal amino ac16 re51due and the oxygen and nitrogen‘ ‘3’7””"

Yo ) /‘:" ‘Q
. -‘»‘." oo

“gﬁfatoms.of‘the“peptide bonds.' Depending qn the residue@,




e e R R
j_fffffff‘mine their formation constants [21 22] Nuclear magnetxcr
. dﬁresonance (NMR) apectrometry has also been used to study the
;'hi7complexation of Cdz* by biologlcal ligands provxding I
| tdetailed informatlon at the molecular level &bout coordl—

’ ( '

;nation at apecifiC\potentlal b1nd1ng 31tes [21 23 24] Also‘ -

1

‘”f“ffffthe change in NMR parameters, ‘e g., the change in chemlcalJT

‘shlfts upon complexation, can be used to determlne formatlon

A

‘qconatants [23 25] ‘ In this respect NMR 1s a powerfuL~topl

f;ﬂ;' ‘ﬂrfor both the qualitatlve and quantltatlve characterlzatlon

K [N
' -y . P '
. w "

b‘Q,‘l‘wof the b1nding of metal 1ons by blologlcal molecules.f,;u"
Other ligands of 1nterest 1nclude thlol contalnlng mole—ﬂ

:flefxcules because of the strong aff1n1ty of Cd2+ for sulfur..‘Awl‘"gfﬁ

Hcase that has attracted much 1nterest ls the formation of

5cadm1um metallothioneln in llver and kldney, whlch is con— 3

: . i o
‘. B

X ,jf81dered to: be a natural detox1f1catloﬂ»mechan15m [26 28]
"“f'f;ﬁhiAAéigé‘are a class of cystelne-rlch protelns found in a ;{-f:.w
J”mggvariety of speoies includlnélmammals, bxrds, flsh, etc.;mgofihhsf
tfexamble, 20 of the 61‘amlno ac1d residues of the th1one1n i
'lhflff:found in’mammala are cystelne resldues. Heavy metals such

T

Tfjuxﬂfvas mercury, zinc and cadmlum haVe been found to bind to ‘Hﬂ;',,‘*

\?Tthionein through the cyqtelnyl 31de chains. wherefore the

El

?name metallothionein.. It is the hlgh metal content of these




-'Thiols also tend to form polynuclear species with cd2+'in

“'solutlon as well as 1n the BOlld state [30 32] orwu'f

”7~slble.; When a red‘blood cellglysate containing CdC12 was

A
: \’l“.'-‘ B
4 v ‘. . . ,

. and penlcillamlne has a formatlon constant of 1011 4 [29]

a

!

'nv‘ ‘e

‘ example, both pen1c1llam1ne an~/gyste1ne form polynuclear

‘complexes w1th Cdzf in- aqueous solutlons [30 32]

The 1nteractxons of Cd2+ in some real b1ologlcal systems

have been studled.‘ Of 1nterest to thls thESLS 1s the study

i
!

conducted on the complexatlon of\Qd2+ 1n human red blood

P ' .
cytes whlch blnd Cd2+ Was establlshed from changes in hlgh

O . ' o . f r

B )
It was found that 1ntracellular cadmlum blnds to the trl-»

“

peptlde glutathlone (GSH) and to hemoglobln (Hb) ' Though

SR the exact nature of complexes formed was not gstablished in‘“:

a

thls study, 1t was suggested that be51des complexes of the |

)

and both GSH and Hb mlght eX1st.‘ The latter conclusion wasygbd”

drawn from dlfferences 1nfthe changes observed for resonances

2, o G
A v

from GSH 1n red blood cells and 1n aqueous solutlons upon

the additlon of Cd2+ From'the same study, it was found

N [
’ h NE

that the b1nd1ng of Cd2+ by GSH in erythrocytes is rever—“,'

nature Cd(GSH) and Cd(Hb), ternary complexes 1nvolv1ng Cdz*fliwfa

y cells [33] X The 1dent1ty of the components of the erythro—w@ph[y’

R resolutlon spln—echo 1H—NMR‘spectra Qf 1ntact erythrocytes.‘d“
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A

end'dithiole. The‘relqtive effectiveness of varioue

i

' thiol-containing chelating agents for removing Cd2+ from its

complexes in erythrocytes was determined from their effect

on the GSH resonancee of Cd2+—contain1ng red cell lysates.

.The followihg order of effectiveness was observed. A

mercaptbéuccinic acid -~ N—acetylpen1c111am1ne < pen1c1llam1ne

<&mergaptoecetic acid < cyﬁ}eine < 2,3-dimercaptopropere—

‘eulfohic acid < dithioerythritol < 2, 3—dimercaptosuﬁﬁln1c»‘

P

; , , ‘ , ‘
? ‘.‘ Since blood plasma contains smaill. mo}ecules and proteins

-

whiqh potentially can ‘bind Cd2+, the uptake of Cd2+ by

erythrocytee in auspenSion 1n isotonic solution was compared

)

with uptake by erythrocytes 1n whole blood._ Thie was done

B

BE

by measuring time courses for the uptake of cd2+ ny. erythro-_
ﬁytes in the two media,"nsing as an indicator of the uptake
the intensity of the resonance for the cysteinyl protons of
GSH. The time courgfs for the uptake of Cd2+ by erythrocytesi;
;Qn the two media were found ‘to. be eimilar. In both cases. :
the intensity of the glutathione resonance\reached a- minimum :
after approximately 30 minutee..indiceting little 1f'any |

interaction of Cd2+ with plasma components.('

Coy ,.“ . )
. I
1 : . . .



\ .
The complexatlon\of caz+. by blolog1cal macromolecules

(e g., metalloproteins) has been studled by lI3Cd NMR
Naturally occurlng cadmlum contalns two isotopes of spin LQ

" The natural abundance of lllca is 12 75% and that of 113Cd
is 12 26%. The 113cd isotope is, the one most commonly
bbserved by cadmlum NMR. The 113Cd 1sotope has a sen-
g51t1v1ty of 1. 34x10‘3 with respect to 1y at 1sotop1c natura1~

abundance and constant fleld, whlch makes ig approxlmately

r R -

' .eight’ tlmes as sensltlve as the l3C nucleus.

113Cd chemical shifts cover some 900 . ppm.'conslstent
‘ w1th large paramagnetic contrlbutlons to the shleldxng
‘constant [43]. Thohgh a strlct relatlonshlp between chemlcalﬁ

shlfts and the nature of the Cd2+ complex ‘has not been
{

-ﬂ-determlned, 1t is well establlshed that the number ~and

"nature of donor groups plus the geometr of the c0mplex are{Jd
ma jor factors determinlng the chemlcal shlft. For example,‘b
oxygen donors cause ‘an. upfleld shift whereps nltrogen and |
sulfur donors pfoduce a downfield shift, w1th sulfur causing
the largest shlft [20] Also, cadmlum in a- tetrahedral
‘coordlnation geometry appears to be deshlelded relative to
that 1n octahedral coordinatlon by approximately 50-100 |
'ppm [34] A similar degree of deshleldlng of 113cq is known
‘to exist between octahedral and heptacoordinated oxygen

v, :
llgands [35] Outer-sphere effects have been reported as



ithiolate ligands brings about a’ shift of the order of 15 toj
'20 ppm per alkyl substitution [36] ; From a compilation of
7113Cd chemical shifts for Cd2+—substituted metalloproteins,
Armitage and Boulanger [37] summarized Fhe effect of" the |

"donor groups as follows. resonances fro@ cadmium bound

.

' ‘exclusively to oxygen ligands are 1nvariably found in the

region of 0 to —125 ppm, those bound to a combination of
l“,oxygen and nitrogen ligands appear between 0 and 300 ppm,flhg
‘whereas resonances from cadmium bound to two or mores“ |
thiolate sulfur ligands are found in the most downfield .
region,}between 450 750 ppm These chemical shifts are
reported relative to 0. l M Cd(C104)2 solution to which O O
ppm is generally assigned o ' . f . .:”
-One of the most significant applications of 113Cd NMR “f':
has been its use as a surrogate probe for 21nc and calc1um‘ ‘
“in biological systems. For example, zinc(II) is substituted:‘
- by. cadmium(II) in iis metallothioneins, and the anironment
'"of the Cd2+ is probed by 113Cd NMR., The 113Cd NMR signal of
‘metalloproteins was first observed by Armitage, Coleman and
“'coworkers [38],, f0110wed by Sudmeier [39], Drakenberg and

]

coworkers [40] and Myers [41] Significant progress has‘jl

/

'been made in the elucjdation of the structure and the natureip&'

\

) of the binding of Cdzf metallothioneins.‘ Human liver
v-fmetallothionein. for example. exhibits 113Cd resonances in
ﬁffnthe region between 600 and 680 ppm. which haVe been a;tri-,,’fsg

e

T



‘h"--'crystal struc ure by Dance and Saunders [453

.73 cally stable

:sulfur‘E28]u \i v‘(_ - . “t-"‘; " .';‘;44,;5
?111»‘ The calcium—binding muscle protein, troponinuc was
,investigated by Ellis and coworkers [43] Individual reso—
nances were observed and assigned for all four calcium |
binding sites in Cdz*-substituted protein. These signals
appeared in the region between -100 and ;120 ppm, 2 for R
structural sites and 2 for regulatory sites..‘ : L
Given that the l13Cd NMR chemical shift has the poten—

tial to provide detailed information about the chemical

env1ronment andvstructure of Cd2+ complexes, there has beeni‘ o

A‘Tan increasing need for benchmark chemical shifts of model
"”Cdz* compounds.' 113Cd-NMR parameters from these ‘model °

complexes can prov1de data relevant to the interpretation of

hthe 113Cd—NMR parameters of more complex biological systems.

'For this reason, model compounds of Cd2+ have been investi—;‘L?“"

\ ¥
;gated by 113td-NMk both in thé solid state and aqueous solu—‘ ;
'tions.. Eulman et al have reported 113Cd chemical shifts |

iﬁand ll3Cd\113Cd coupling constants for cadmium complexes ofif

~

:pithe bis(ethyl cysteinate) amide of EDTA [44] which are closefgﬁil

to those observed for metallothionein in aqueous solution.'

Simllar cou lings were' measured in 113Cd-NMR spectra of

polxcadmium\Xhiolate/chalcogenide aggregates of : ownf];

. [
(RN

,2+ complexes were recently investigated by

i Keller et al.*'463 The 113Cd—NMR parameters from these l;

'fsmall dynami—‘,;lf




s

. of cadmium salts of selected carboxylic ac1ds and cadmium

differences

) w-vulrnlsvnﬁu yauvcu LU uc usex:ul xor tne 1nterpretat}on
‘ of those from Zn2+ and Ca2+ substituted proteins.u Honkonen

| and Ellis measured 113Cd NMR parameters for single crystals.v

.y B
Vo

diammonium disulfate hexahydrate as a baSis for under- ” 'f,
standing the characteristic shielding of the resonances o fﬁ
corresponding to Cd-substituted parvalbumin [40],‘troponin ;g"

NY [48], calmodulin [49],vinsulin [50] and concanavalin A -

[51] SR e e T

'ﬂ‘.‘.

In aqueous solutiOn as well as in biological systems.yf

chemical exchange can hamper the direct use of the

PR

113Cd NMR chemical shifts to determine the chemical enViron—fu‘

ment of speCies.~ The worst case is the total loss of the

: NMR signal due to exceSSive exchange broadening.‘ A direct

consequence of the high sensitiVity of 1L3Cd NMR to small

o changes in the chemical enVironment of cadmium is large

v R

nirespnance frequenCies of closely related Speafri

| cies. Exchangeﬁof Cd2+ among these species can cause the»‘wua"'

NMR signal to disappear from the spectrum due to inter-‘fi:ﬁﬁ*

mediate exchange rates. Exchange may also affect parameters,

not directly observed such as the nuclear Overhauserifkffgﬂgﬁl

Ll e et

enhancement and the spin lattice relaxation times [52] mlwffgﬁg

Consequently, interpretation of NMR parameters can be

totally inaccurate if the effect cf chemical exchange is notf”‘“i”

f‘considered. This apparent liability can. however, be turned:

into an asset not available with the mostTcommonly us




wucics - unu“‘L"’lnus a detailed study by’ 113Cd NMR of N

i

"‘ffth ‘ well known" Cd(EDTA) complex [52] proved useful for

K _ﬁabcommodatlng conflicting reports on the solution structureltr
\of Cd—EDTA [53] T'Investigation of the pH dependence of the

L I ' .
113Cd chemical shlft and spin—latticezrelaxation time and of .

5113Cd {1H} nuclear Overhauser effects at. three magnetic
, ! ' ' .
qgfield strengths, prov1ded new evxdence for a pH dependence S
N \ . 0 ' o
of the solution structure of the Cd EDTA c0mplex. This

t

‘fstudy.by Jenﬁ:n and coworkers 1s an elegant demonstration of

Do mmR

nformatlon attainable with 113Cd-NMR and -
*emphaSLzes the cruc1al need for a careful interpretation of

"ltﬁe detailed

‘”‘Frelaxgiion parameters in order to draw accurate

Vi oL T !
. -",'.r' e

: ,conclusions.A Cee T ,' ‘,'. ' R

To c1rcumvent the problem of the lost signal by exchange,.;m4¥

g

L Ackerman and Ackerman used supercooled emulsions to impose

'complexes [54] HoweVer. the assignment,of the resonancesu:5r5*7~

"'“_was not unamblguous. as remarked bY the authorB. who

»7ﬁ?observed a, signal at a chem1ca1 Bhlft which they had attri-‘.;,

“.ﬁbuted to a Cd(II)gly01ne complex from supercooled solutions ;:}ﬁﬁﬁ

ﬁfof lecine., It was suggested that this signal might have“m




ficiently reptd exchange to produce a. single 113Cd resonance

\

for ell species in a given system.; The observed chemical

ehift is then a weighted average of the chemical shifts of

the various speciqg Individuel chemical shigts can be
deduced with knowledge of the formation constants of the
species,‘assuming exact reaction models were used for the f"
determinetion of the formatlon constants [19 55] ThileTV.‘
method relies upon the accuracy of formatlon constants‘o;QL i5

b T LA

determined previously by other technlques.‘ ‘=;‘U’f,‘_ffinh

e . o

[
X '

As discussed earlxer.‘Cd-?+ can have coordlnatlon numbersv‘f;““w

k \

up to 6 or larger, Many blologlcal ligands have fewer den-ﬁﬂf;ﬁli‘

tetes end thus the Cd2+ 1n complexes of such ligands ls

\

eoordinatively unsatureted, with solvent molecules occupylng

the other coordination sites.plThe solvent molecules in




Cd-ligand complex to form mixed ligand oomplexes.' The .
:%Q'|system studied consists of a prlmary ligand; nitrilotri-;d‘
BCEtlc ac1d (NTA),\whlch forms a stable l to 1 complex with iv
Cd2+ above pH 4 in solutlons containing equimolar amounts of

N

Cd2+ and NTA.J The proposed struc\';e of thls complex isan

shown in Flgure 1 The tetrade tate NTA (one nitrogen and
three oxygen d0nor groups) blocks four of the sxx coor—‘pfjﬁdV

d1na§10n sltes on Cd2+ 1eav1ng two vacant 81tes in a cls -ﬂf

conflguratlon [56] The secondary lxgands used in thlB work

iwere the amlno ac1ds glyc1ne (gly), glutamlc acid (glu), ‘*:f*‘

penlcillamlne (PSH),'N-acetylpenlcillamlne (N—PSH),.;VJ,”ﬂlllfﬁW;
\. . . v‘\ , ‘n .‘.H' o Lo ‘.'

cystelne (cys), N—acetylcystelne (N-cys), mercaptosuccxnic

‘Yf» acxd (MSA), the peptlde glutathlone (GSH) and 1ts derivatlve “;

RN

'S—nethylglutathlone (OH3SG)

As ment;oned earller. 1H—NMR ev1denoe has been/%iesented




Structure.of CA(NTA)+




oA ' . . -w", B RN . N . . .
\
[}

lthquantltatively characterlzed.‘ Equilibrium constants are .

. ) i
[ " N
" .

'Xhﬁestlmated by uslng a reaction in whlch EDTA competes w1th

"llgands 1n the red blood cells for Cd2+ Equilibrium

*constants for the reactlon were calculated from the inten—ff»V

{ffSLty of resonances in spin echo 1H NMR spectra., Thls

PRT 1

‘approach was also used to determlne equxllbrlum constants

B . a

.gfor several model systems for comparlson.

Y . . . ) o A [ ) '
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’.t]A; Chemicale ,fi;’ PR

’ s

e~

. Cadmium nitrate, Cd(NO3)2 4H20, calcium nitrate,_f
; Ca(NO3)2, sodium hydroxide (carbonate free),‘ -bqtyl alcdhorfyfff
(TBA). %gtassium diphthalate, pota531um %1hydrogen -

phosphate,'disodium hydrogen phosphate, 21nc metal, silver

u‘u oxide (Agzo) and methyl iodide (CH3I) were obtained from"

J T Baker Chemical Company. Cadmium bromide and cadmium‘

perchlorate were obtained frOm Alfa Products,‘sodium

[
oy .

nitrate and magnesium chloride frOm Mallinckrodt Chemical
Co., l 4-dioxane and glyc1ne from BDH and Dzo from Stohler

IsotopeVChemicals Q

60d1um deuteroxide (NaOD), deuterated {}fﬂ*n”

‘ap nitric acid (DNO3). glutathione. pen.villamine, N—acety1-n#g
penicillamine, cysteine, N-acetylcysteine, mercaptosuccinicfffgl?*

i ‘ L"," .
acidpand N—acetylhistidine were frOm Sigm ”Chemical Company.haypf*




’f;‘reactlons were used.

f-the preparatlon of solutions.l S-methylglutathione (CH3SG)
'\W{was prepared as detalled in the next section” o?f[p“x ﬁ“gfvf»“

'y ' a o T [
)

o > e AL
. « P I \ " -“1“.}” . c ';

B{f;§Xptheeiéjandrknaiyeis offséﬁethYIéiuiethionefmfaiﬁ}wxﬁﬂvﬁﬁ

1

| -methylglutathlone was prephreq adcording to the
;Vimethod desoribed by Martxn and Edsall [57] The followxng‘

A, 'H R
AL

_',GSH 4f'1/25A§§Qp£ﬁGSAg +1/2 Hp0 gy e

. i S
N C [ PR i

? Vif“GSAQ;Jicﬁgij4fGSCHjF¥lAgifpy°‘ ﬂ;fs(j)frﬂzu

' ‘where GSH represents glutathlone. JLS'p'ole of GSH (4 6095 gfijp“

"_pfwere dlssolved in about 20 ml of delonized Water and ﬁ‘iwﬁ“’

-deoxygenated by bubbllng Nz through it.: 7 5 mmole of Agzo

“‘@(1 7380 g) ‘were’ add;d to the solutlon in the dark and the !

/ R 1

'7'_fsolut1on was atlrred for one hour.‘ The black sxlver oxide Qp

”iffpreclpltate and the mixtnr “was stir ed; or 42 hours.,;Thej@.rﬁ

\juprec1p1tate was replaced by a white preclpltate of GSAg %7H,uff

‘fmmole of CH31 (2 412 g or 1 os ml) were added to thisaﬁ{j.Wﬁﬁhyv“
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oy
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| A microanalyaia of the product thua obtained yielded the
T following reeu‘lta: -‘ c, 41 23, 5 99% N, 13 on.‘ s,' 9. esg

o f"f&The theoretical percentages are respectively 41 l; 5 96

"

. 513 07 ana 9 79.-';f“j(7jff;f %ai,[iguf‘;;‘}‘ﬁ'fp

N TR ot [ v L
AL - s o S

(S

ey solution?Preparation S T SRR

R Solvents were 0 4 M NaNO3 in 020 for most 1H NMR

;mjmeasurementa and 0 3 M NaNO3 in 5% D20/95% H20 for 13C and

l‘f113Cd NMR measurements.- The chemical shift reference

RN

'lﬂ‘ffnsubstances. tert-butyl alcohol (TBA) (0 04% v/v) and

'-"1 4-dioxane (0 15% v/v) were added to the solvents.‘\ i1rM‘gﬁQ
4 “ ' , !

Solutions were prepared in a thermostated celI at 25 C

‘,T‘in 25 or 50 ml of the appropriate solvent. Argon Wasviv fftl”

{‘ibubbled through aolutiona containing thiols in order to pre-"

“ﬂgvent their oxidation by air. Titrant solutions used for pH

-x.,

'*‘adjuatments (NaOD. DN03. NaOH, HNO3) generally were about
[T [ERENT ‘V/‘“

““;2 M and were delivered with a Mettler/DVll autoburet thrqugh

g

"l;a Pederson 5 ul micropipet.

Samples to be used for NMR measurements were withdrawn

“Ejfrom the cell with 1 ml polyethylene syringes.

ol‘v'
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o category, mixtures contaxnlng equimolar amounts of Cd2+ NTA

a

tg and lxgand were titrated wzth NaOD and DNO3 to make samplea

v

Lo

at dlfferent pH values.. The concentration of each epeciee
"was kept generally at ~0 02M except in the caae of N—l‘

acetylpen1c1llam1ne, where it was kept at 0 01M due.to ite~
lower solublllty., The eodxum ealt of NTA and the cadmium

v
v

"nltrate were dlssolved separately in the eolvent before

mlxl“g" Thls approach Prevented prec1p1tat10n of Cd(oH)z
.'»l* |
‘ whlch results from local saturatlon.H The ligand was then,*“‘

. e Vo . . ‘

added as- a Solld.‘ Alternatlvely,"a stock solutlon of

Cd(NTA)‘ was prepared 1n the solvent.‘ To 25 or 50 ml of

o

thls solutlon, the llgand was added.. For the aecond cate-‘

by
"

gory of experlments, the pH and the concentratlons of Cd2+wﬁ
”:‘, and NTA were keptfconstant whlle the lxgand concentratlon o
e ' "‘- ot . . -'f‘ (I ' ‘ ," AR
f~;'was varled. For th%se experlments, a sample (25 ml) of the

Q”'stock solutlon of Cd(NTA)“was brought to the deeired pH [t.;1,9

Increments of the llgands were added to thls solut;on as. a R /

el

m‘eolld or as‘a concentrated stock solutlon.n;Vdup‘hﬁym_ ,';‘w

'

s For the determinataon of pKa values from chemical ehift
s“ 5 S TR i
‘ ﬁf measurement“"solutlons of a llgand alone at different pH
‘ a:'r\‘.; } .

~tvalues.had‘to be prepared.ﬂ NMR tubes as many as selected pH

-."\' " :{l.. N
. ".




- pH of the golution in the titration vessel was adjusted endﬁdf“

‘Qsample Q&s returned to the titretion vessel efter each NMR

i measurement.] After the pH and/or concentration were " .

\experimental solqtion and a. new sample w1thdrawn.‘ A dilu*'

experiments.fv o NI

f\to tube 1.~ When the measurements on sample 2 were

— , et ) - Y I . T L"ﬂ —IT

the pH. ,,\ ' \ S * B ‘.‘:‘ . e ‘ ‘ﬁl

When formntion and/or equilibrium cOnstants were deduced

v
'

.“frOm NMR measurements, it was necessary to~know ex\ct con-3l

LN »v

centrations of metal and ligand, and a different sample pre-

A

’paration‘wss used.; A single 'NMR" tube was used, and the«“

\ PR N

‘ !adjusted. the tube ‘was rinsed at’ 1east tw1ce with the

|
[

ftion factor could be calculsted and the change in con-

" «
A}

‘centrations monitored easily this way This procedure was

also used when preparing samples for quantitatLVe 113Cd NMRp

where concentrations of spec1es were deduced frOm the NMR
\\ o " . ; ’ Y ‘ ‘ ‘l‘.‘ ' "' .‘.‘ “‘ .. Ay I"! :‘

! ‘T- ; X ’, Y . . i, W /y . ’”
For other ll3Cd snd 13C NMR measurements. a two tube o

\ 4

' vafollows.v at the beginning of the experiment sample 1 and
NMR meaaurements on egmple 1 were 9omp1eted, it was returned =
fto the titration ggggél for the preparatioh of sample 3..

'Whiie the NMR measurements were being made on sample 2. they*

'sample 3 was then withdrawn from the vessel and transfered

~

b

‘ procedure was empldyed The use of two tubes was. realized as‘ﬁ

":sample 2 were prepared and &ransfered to tubes 1 and 2. Whenl
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required for 13c ana 113Cd NMR meaeurementa. this Procedure

proved to be more effxcxent than the use of one NMR tube.

{

For the measurement of 113Cd chemical shifts’ of Cdz*_
BUE (/,
o ‘carboxylate complexes, titratlons were performed on mi tures
: . AT A ) e

of 1 to 1, 1 to 2 and 1 to 4 Cd2+ to ligand Solutione oﬂ

)

’.‘cadmlum nltrate were prepared so ae to keep the Bum of the

;“concentratlons of ligané and. NaNO3 constant at- 0 4 M

,\'IThzzefore, stock (\}dtlons of 0 L\M Cd(NO3)2 1n O 3 M O 2

d 0.0 M NaNO3 1n S% D20/95% HZO were prepared for the l'f'

- '

t to 1, 1 to 2 and 1 to 4‘m1xtures, respectxvely 25 ml were.”bY'

‘;mused for each tdtratlon and the lxgand was added 1n the a

Lf

l}solld form to g1ve the approprxate concentratxon:gof 0\1 M
©0s 2 M and 0 4. M., The pH was adjusted thh ‘2 0 M NaOH or
*iHN03 solutlons. One NMR tube was used accordxng to the pro—ij‘
’fcedure already desCrlbed The stock solutione of Cd(NO3)2 |

fwwere made from a more concentrated solutlon of Cd(NO3)2

(ot

h‘whlch had been etandardized by EDTA titration. The EDTA was

'flrst standardized with anf solution prepared from Zn metal ~
'and coneentrated HCl [58],'then the Cd(NO3)2 solution was'hpuN

"{Qtitrated w1th the standardlzed EDTA solution in the presence dﬁf\
of xylenol orange [58] 7"‘;}k‘ff};ffhu1%ﬁlf; TR 7“J

All solutions used for the experiments on the red blood

s

V;gcells were prepared in Dzo and their pH adjusted to 7 4..

"fl:For the determxnatibn of magneeium in the red blood cells,




te

LAl

'lgﬂ not corrected for the deuterium isotope effect."

solution prepared from MgC12 ‘had a concentration of ~0. 05 M.

.-

The solution of the complex Cd(EDTA)z’ Was prepared by

dissolving Cd(NO3)2 and the disodium salt of EDTA in equimo-‘
lar quantities to make O. 025 M.‘ When the pH is adJusted to
7. 4, the complex is readily formed in’ solution. ' ‘

Calibrations of the pH meter were done. with buffers. :
pH = 4 008 and pH = 6 865 freshly prepared in double

distilled and deiqnized water. ' The pH 4 008 buffer was a'

" 0 05 M solution of potassium biphthalate [59] The pH 6 865

v

buffer was % solution of O 025 M potassium dihydrogen.
phosphate and 0 025 M disodium hydrogen phosphate [59] , The

phthalate as well as the phosphate salts were ground to a

Ry

powder and dried at 120 C for 2 hours before use.

Measurements of pH were made with an Orion model 701A or

a Fisher Accumet pPH meter equipped with a standard glass
. electrode and a double junction saturated calomel reference

| electrode.. The outer junction of the reference electrode

+

contained a solution of ionic strength close to that of the'_x“

solution under investigation.' A microcombination electrode
was used for a ?ew‘pﬁ measurements.,

Throughout this thesis, pH refers to the meter reading

. . o,
f,. . ’ Ty



VThe erythrothes"were‘

was collected in vacutainer (Becton, Dickinson and Co )

- containing heparin. The who e blood was poured into a large

\.The plasma and buffy coat were

beaker (250 ml) and oxygenate . It was- then transferred
into polyethylene tubes and ce trifuged fpr 5 to 7 minutes. i

emoved The cells were

washed two or three times by sus ension in an equal volume
L \

“of a D20 solution of isotonic saline (0. 9% NaCl) followed by T

‘centrifugation to separate the ce'ls from the wash solution.

The D20 replaces most of the intra ellular H20. After e

' washing, the cells were oxygenated again and then were lysed

'by taking them through three freeze-thaw cycles in dry ice..f”

' NMR measurements were. made on 0 5 ml of lysed cells. Thef

*lysed cells were transferred 1nto the NMR tube mith an‘f

"

\

Eppendorf pipette.; The NMR tube was centrifuged to bring

‘“the sample down the tube. The solutions of EDTA, MgC12 or

'achieve complete mixing and to. bring the sample to the

bottom of the NMR tube. - S R — ‘

Cd(EDTA)Z‘ were added to the lysed cells in the NMR tube withf ';‘

110 ul microsyringes._ The tube was shaken and centrifuged to ﬁf‘

,\"
.

Na
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A U General A ‘a‘u‘fi‘

¢

All NMR meaJurements were performed on a Bruker WM-360

'y
o

‘;tspectrometer operating in the pulse Fourier Transform

fmode.~ 13C and 113Cd NMR spectra were measured at spectro-‘i
;dlmeter frequencies of 90 5 and 79 8 Mﬂtlﬁrespectively.‘yupT:
Most experiments were performed at an: ambient probe,\ |
‘temperature of ~25 C.‘ When additional temperature control
. was, needed .cool air was blown into the prdbe and ‘the tem- |

'perature regulated by ‘the- heater and thermocouple contained

fuin the prdbe. Air was cooled by passing it‘through a metal

s .
. coil immersed in dry ioe which was contained in a dewar. It

‘hwas necessary to cool the sample to maintain a temperature‘

”'of 25 C when measuring 13C spectra due to the sample heating

o which results from broadband proton decoupling.,‘

Most 1H and l13Cd NMR spectra were measured by the

fisingle pulse experiment (Figure 2) Prgton decoupled

;"5%13c-NMR spectra were obtained by using power gated proton ‘iff

:tdecqupling (Figure 3) In this experiment, the broadband 1H

'“decoupling is switched between high and low power during and

vfﬁfd»prior to the acquisition of the free induction decay (FID)

'"T;iby using the microprogram listed in A»PPend1x 1'f 1“ ‘° doing,

.i]ayificing too much the Nuclear Oyerhauser Enhancement (NOE)

‘fltyiadvantage.: Prior to:acquisitionpof the FID;

Yoy k

‘“@heating of the sample is kept at a minimum without sacri-' mﬁﬂ

a low power T
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‘v, Eigure 3.. Power:gated proton decoupling experimént.




(o‘u\watt) broad band decoupling is applied during l second

V'fto build the NOE with minimum heating.' Approximately .01 sec

\ i

'”f°pqior to acquisition, the high power (2 watts) decoupling is

.'fturned on- to assure total decoupling during acquisition. j;ff

)

ui0verheating of the sample causes a drift in the lock signal,]
"‘and consequently broadening of the resonance signal.-~5 \
| In the measurement of 1H NMR spectra of aqueous solu—‘V
T‘dtions, the large water Signal was suppressed by applying g

through the decoupling channel a strong selective radio fre-”

1 [

”“Vﬂ quency pulse at the water,resonance frequency for'about 2 sec

e,

*prior to the application of the nonselective observation

**?rfpulse. The purpose of the decoupler pulse is to saturate

\fthe Hzo resonance so that there ie only a small net magneti-~u

‘7i§zation due to H20 along the direction of the applied field

\fefinduction decay{“ The time between the saturation and the

“ﬁfobservation pulses must be kept short to prevent return

‘”“f?relaxation.

i

q

ﬁ;f(z ) when the observation pulse is applied and thus only a:7ﬁf

HV)small contribution from the H20 magnetization to the free

IS

‘ jSthe magnetization from H}O along the z' axis by spin-lattice

fThe microprogram usedﬁis given in Appendix 2.j,‘;




|j[shifts were measured relative to the 13C resonance for o gﬂﬁd

} 'rl 4-dioxane but are reported relative to tetraméthylsllane‘f¢f~”
7uﬁtgf(TMS) The chemical shift of the dloxane resonance is 4
- ‘d:vﬂ€:.4fppm relative to TMS.w 113Cd NMR chemlcal shifts were

‘ d:fmeasured and are reported relative to the 113Cd resonance wfff

T

‘*for a 0 lM solution of Cd(ClO4)2 set at 0 0 ppm.g Inltlally

“‘fa ll3Cd NMR spectrum of a concentrated solut1on of Cd(NO3)2

ﬁ&(4 5 M) was recorded. The resonance 1n the spectrum was‘«u

o

p spotted and assigned 1ts known chemical shlft relatlve to
"}40 1 M Cd(ClO4)2.“-49 4 ppm [18] Thls produced a spectral
‘reference (SR) value whxch was subsequently typed 1n to

tu{{ft.;calibrate all other spectra.‘fjw*i {\Jﬁﬁa‘,

g? Measurement of Spln-Lattlce Relaxatlon Tlmes

For quantxtative NMR measurements"ﬁat 1s necessary to ffﬂﬂf“}

: “'know the spln-lattlce relaxatlon tlmes (Tl) of the resonancefﬁhj

y‘ ,-1,

B from wmchquanmatv nfomanonsobtindto ene e

ﬁf"f‘kiwﬁtime between successive pulses. is used.;bThe,repeti%%on




. -",,, "._‘,‘u‘\w"
'_Fobtain aocurate quantitative information, the repetition
‘:*n”ftime must be at 1east 5 times the longest Tl of resonances
‘3of interest- at 5 Tl{ magnetization along the z axis will bekgfgi

'3:Ty99 3% of 1ts equilibrium value w1th a 90°“pulse angle. o

The inversionqrecovery pulse sequence f%so';r 90‘

nacquisition RD), where RD 1s a relaxation delay time) wasu””“jﬁl

'-used to determine spin lattice relaxation times., ﬂ ilmbyfﬁﬁg~f7}_

tion during the pulee sequence are depicted»in Figure 4.;¢fgf.'

The 180° pulse 1nverts the magnetization. During the

4
. ' ‘\‘

following relaxation period of length r, the m.gnetization‘uf{f‘5

vyﬁf[: is relaxed back towards 1ts equilibrium value“ The recovery"‘
°f the magnetization by Spln lattice relaxation is described»iTTT“
”V by equation 3,'where Mﬁ\

.,‘

Mo(l-e'T/Tl)

1s the value of the magnetization at time 1 and Mo 1s the










,r;enough,.the magne&ization w111 return completely to its ““57fi

‘”“squilibrium value Mo and the intensity is equal to the

e S » ~ e R
I

7Ifgi516(1-2e7?/T1) R (4)

‘\.x.,‘ . . . . "

R

r‘fwhere IT is the intensity of the signal after a time T and

' Io 18 the intensity of the signal at 1‘> STl.\ If T is long

\\chequilibrium intensity.‘ A series of Spectra recorded at d1f~

'fp'*,“r»;ﬁd.ssgrl“ng‘ ;;ﬁtf"‘r;f;, ST sy

"’}130'

ftion time are shown in: Figure 6.. Spin—lattice relaxation""‘;,hwa
Jtimes were obtained by fitting the intensity versus r data~
i;qto equation 4 wi%h the nonlinear least squares computer

'";wprogram KINET this program and its use are described in
:rSection G of this chapter.‘ When only aA approximate value |
“‘for T1 was required,.it was obtained from the { at the p01nt ﬂgﬂh

L‘gwhere the intensity of the signal is at a. null.w At‘this' yn}%w

'~;sequence, it is necessary that the pulse lengths for 90° d"'
. ’ . .

‘ ined by measuring spectra as

1 . . . e
‘ i . “. 1 '

'Quferent 1 values in the measurement of a spin lattice relaxa—p‘

Lo

i . . ,
o 1 v N v

a

Nl

D . o ; PR

'V";point,\r is: related to Tl by.,h”g,wﬁ_\gx_;ﬂ P ,.ﬁv{'.

B - . o e P

ff[ef To measure Tl values by the . inversion recovery pulsenw“

oy e ‘.. ' ;»,

Ve

flip angles be knowns‘ These pulse 1engths were deter-;fsfﬂf

LI w‘

1

”\function of the length of
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nvchemicaL shift dispersion, however the 1H chemical shift

if range 1s small: and thus there is extensive overlap.‘ The

Lt

usg which correspond to a 90' pulse, and a null at ~50 ps,‘

,,' N

which corresponds to a 180' pulse The procedure used

involved making measurements at fairly widely speced pulse

lengths, e gr 10 usec, to locate approximately the 180‘

pulse lengths to locate more prec1sely the length for

a 180‘ pulse.‘ The length for a 90° pulse was then taken as.

' one half the value for a 180’ pulse Whenever con-

centrations of specxes in solution were to be determined

\

for the resonances of 1nterest,‘and then appropriate repeti- .

~
'm

'tion times were used. o

“y

‘3. Measurement of lH—NMR Spectra of Red Blood Cells

.1H NMR measurements oh red blood cells were performed

using the spin—echo pulse sequence (90‘-r2—180'412—

h acquisition) From the 1H-NMR point of v1ew, the'.‘

erythrocyte is a complicated samp1e° it is made up of a very

large number of compounds, most of which contain hydrogen.

K'-f and signals are obtained simultaneously for all of these o

compounds. There 1s some spreading of resonances due to

[

f~result is a spectrum which consists of a broad. rather _jf'

featureless envelope of resonanees (rigure BA) - The~l f-f

o _ ‘
majority of the resonance intensity in ?igure BA is from the

Sy :, A

-Vf pulse The spectra were: measured using more closely spacedc.

\

IS

: fr0m resonance inten51t1es, T1 values. were first measured o
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"‘1H'nuclei of hemOglobin.. Hemoglobin is present at the 5 M |

\level in erythrocytes and with a molecular weight of 68000, -

-

the concentration of hemoglobin 1y nuclei is much larger
than that of the smaller molecules in the erythrocytes. Todulﬁ

observe resonances from the small molecules, those from

"‘.

hemoglobin must be suppressed or eliminated fTQo methods

l: have been used to. accomplish this° one ‘is based on . the }

wtransfer of saturation throughout the hemoglobin proton spin

‘system by cross relaxation [61], while the other takes advan-

‘tage of differences 1n the spin-spin relaxation times of

.protons in large. and small molecules [62 65] The spin~echo\“

~

.Fourier transform NMR method belongs to the latter category

- i

‘“Wlth this method the entire hemoglobin envelOpe can be par-'

tially or completely eliminated [62 64 65]

The spin-echo pulse sequence consists of a 90' pulse.}a )

I..ldelay period of length 12,;a 180°‘pulse, a second delay of

| plength 12. at the end of which a free induction decay is:””“'

"'v‘collected (Figure 9A) The behavior of the nuclear

'Figure 9B. Starting with the equilibrium net

"p‘magnetization during this pulse sequence is depicted in R

gnetization_f

’!‘

;vfMo. the 90’ pulse rotates Mo through 90' around khe x' axis.fmf;

and generates a component of magnetization in‘ ‘e x y plane“suth

‘7f(Mx 'y! ) ' During the first delay period of length tz. Mx y

decays due to spin-spin relaxation and magnetic field inhomo-;‘Tx

;geneity., The 180‘ pulse rotates Mx yo through 180"around

ffthe x‘ axis. and then during the following’delay ths magne-,ﬁyTl3&
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'ftization which has spread out due to the magnetic field
‘,inhomogeneity is refocussed. The result is that Mx y
Vreforms (an\echo) during ‘the second delay. reaching a maxiqw':“

“'mum at’ time 212 after the 90' pulse.‘ The intensity of thei 7;

'c“echo aﬁ time 212 is given by the equation o

\ ' . )

| :;"sz.z_a ‘1.;(’éxg>g(-2rz/'1;‘2) - ”(‘2'151"\26;?@‘2'?/'3)')fj)‘f'(‘as:,:‘~j e

“‘where Y is the magnetogyric ratio, D the diffusion coeffi- ’i

‘ cient, G the magnetic field gradient across the sample and e

‘Z‘Tz the spin—spin relaxation time., f(J) accounts for modula-‘}”
) tions of resonances in homonuclear spin coupled multiplets.ﬂ'"'"
The second term in- the exponent accounts for incomplete

f"refocussing due to: diffusﬁonnof molecules during the two ?,',::3

oo,

o delay periods to regions where the magnetic field is dif- -

“nfgytferent.i If diffusion is negligible,_this term can be\#**

M} ignored and the intensity of the echo depends on Tz and
R R WRRTRR "jg,,
-g5212 as shown in Figure 10 It is obvious from this diagram S

’"{"that resonances from protons having short Tz values (e g..f»
o resonances from hemoglobin protons) can’ be selectively elimi-lg}]
RPN ~'4}';-,

i Jnated by making rz 1°n9 enoush- Figure 88 shows a spectrum -

l-*’
v

ﬂ'g';of packed erythrocytes measured by the spin—echo Pourier”xﬁ

: 'fffftransform method using a 12 of 60 msec.i with this delay{lfg?

mffitime. the hemoglobin resonances are comp;‘tely_sliminatedf
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«Hsgﬁigufé”rb._ Jntensity of reaonances havxng Tz values of
e \‘ﬁo 1, o 5, 1,_2 and 5 sec 1n the ep;n-echo




”“land ou;-of-phase resonances for the components of multiplet

t'f,patterns due to homonuclear spin-spin coupling [65 66] e nf?h“
h‘phase modulation'is caused by the 180’ pulse in the spin |

Riecho pulse sequence- the 180. pulse Chﬂnges the sbin statesyv
5 b oo
fof the nuclei which cause the multiplet structure,land thusz”“

v

the individual components of a multiplet pattern precess\s

‘fat different frequencies~during the two delay periods.»

R
DN ST
i I .
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S

To completely characterize the Cd2+-GSH system by 113Cd
NMR a question to be addressed Was that of exchange and its“ﬂj?ﬁj

consequences already mentioned 1n the 1ntroductory chapter.fyfV”

s

o

When resonance(s) were obserqu 1n the 113Cd NMR spectrum, ‘ﬂjiﬂhf

it was necessary to know if all the cadmium in solution was‘ﬁ

represented by the observed signal(s) in order to assess the

extent'to which exchange had affected the spectrum.; To:-

‘Adetermine the relative concentrations of species under two orn"

‘more resonances, the previous qpestion must first be

y'hf‘answered as well.w_,.*“w‘



';;*YFV'I i75'*"Hﬁ~j"”fﬁbuf“”fiuj*‘?u‘@ﬂpﬂmffﬁ
¢“; sity of the compound of interest (e g., through a reaction)

§

The 1atter condition can not be met for the present study.w.rl v

If a cadmium c0mpound is added to a solution of cadmium

complex(es) of glutathione for example, it will interfere

N

’“.‘and disturb the equilibria already established,, This

Yo

problem was solved by placing the reference compound in a ﬁﬁp@~*

[}
“

-f;‘f concentric capillary separate from the solution of interest,.

Because the volumes of the reference and sample solu-‘ﬁ:

\ S
P i e

tions were different, 1t was necessary to use a calibration

curve to determine unknown concentrations.f The calibration

1fﬁijf curve was prepared by measuring the ratio of the inten—;‘f'?{7”

|’ \‘

sities of the resonances from the reference and standard
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using the inversion recovery experiment. Velues obtained‘f;u
are listed in Table 2., A concentration of 0 05 M Gd3+
proved sufficiento‘the Tl for a 0 2 M CdClz solution was,irn

reduced from ~6 seconds to 0 25 sec from 0 001 M to 0 05 M

of Gd3* The longest Tl measured in the presence of 0. 05 M

Gd3+ was 0 33 sec frOm a O 05 M CdC12 solution. for which a*

‘7fﬂ‘repet£tion time of 1 65 sec would be sufficient.. However,.eﬂl
timion time of 2 39 sec was used to meet the Tl ‘\‘,;U

RS

iwrequirement for*the longest Tl (O 44 sec) measured for )

@dﬂ Sl
the resonances due to cadmium-glutathione complexes.e

R Solutions containing varying concentrations of CdC12
“"(0 06 to O 16 M) and 0 05 M Gd3+ were used for the prepara—fef”

{ﬂﬂjftion of the calibration curve.. Two milliliters of CdC12

'iﬂsolution were transferred to 10 mm NMR tubes.. A melting

'nftpoint capillary (10 cm length, 2 mm external diameter)

ﬁ7ffcontaining 1. 5 M ca(no3)2 waa positioned in the 10 mm NMR

\ '." -,l

‘_'tube with two teflon spacerS- | The Bpacerﬂ Were-:;»cuﬂ fr°“‘ a.

‘ ”ffteflon sheet offabo\t 2 mmethickness-ﬁ A length Of

\

' Yi:thin teflon tubing was fitted over the upper end of the TQL




'éif;?? 'l'
R
A

The effect of gaddlinium

AN o

relaxation times of -113cq

t

oﬁfﬁﬁé}béin-laﬁgicg‘;~,\H
‘inQCdC12ﬁaolht;dnsl SR

oy

0 leacial
ST

U red(Ney)a1
A A

o

i;”{(secdndé)' ‘f;J

)
P

Y

0.20; ",
L0.20 L
~0.20

‘

. 0.001"

. '0.05

‘p.0100 ¢

\

3 0.05: L

o e . . o . - TR v N B W Yoo
. o o T . . AN i o ' e . Lo A
: " . \ . . . . “ . ., vy S T, Y
0.05" . 0.05. . , i ) 7433 ‘sec
U2 . . , . : ,
ST EEL ‘ R ' , R
TR ‘ : ‘ L \ o
; - . \ Ty . )
‘ " . o ey . .
) . » *\ . ! .
{ o A . .
. B v ¢ i . RURE ¥ . L
. A : ot Lo
' ' n ). B ) 1
Al . '“, 1
. Y ,\‘. ,
‘ »
<
[ "' A

LR



\ o . . S
. . - N o
N ' t A . !
| . . .
\ . ! \ Lo K
. ' ' )
. )
‘ ' i . \
n . LI
PR . N ' '
' ' o v
N . v .
a i .
' N PR ' a
: . L . ’
. L .
. Qo Lo
PR f .o . S
' .
. o 5
"o T :
. ' g il !
: . . N
. _— ! e !
oo ' "
' e . Yo
A \ v
. .
o . " » Co
o * ' e 30 ™
R . o d A
. . v .
", ! . ' "
‘ B ' v ' \
\ ) "
! ' " + .
' .
. F
1y .
. Y [ [, \
\ 4 vy ! . L
[ i o i
L e . t s » ]
. ) i v
[ ), L
1 . . o i i \
e \ I A R
. . Ve

ce) .

Q-

f

e
N
S
|

r

(

AREA

EA

1ibration curve. for Ca2+ species:
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B ratio Iu/Ir where Iu 1B the intensity of a signal'of LTS
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unknown concentration was. measured With thia ratio, the. S

R concehtration was read from the calibration curve.;“ S ‘“‘TXQ”
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o ”M'f}f The non linear least squares program,\Kinet has been‘

BN
"

:‘d fr used to obtain parame{grs from experimental data in this,mrﬁ;*fﬁ\f{
B vtnesis.” Kinet is a‘general purpose'cur;e;fitting program’ﬁ-«,'ﬂffw

developed by Dye and Nicely [67] ‘ Kinet fits data by {i, }ﬁi
ﬂii;f” Qégylhg estimates of\unknown parameters. so as. to minlmisei

the sums otuthe squares of deViations of experimental values jfﬁj‘

" . . . .
p . .A, A i \

from calculated values., A subroutine (EQN in the program) i 1d

3(1‘ must be proVided, which defines the known experinental T

pi r o ' sa T, [ J | ',‘ R .o

variables, constants and unknowns.- The equations in the '9_{

,lu-: ' |

‘Ufitf subroutine are derived from an equilibrium model if one is

- . v
PR YN 3 . - R . ) .
' vy - R S N

splv1ng for formation, dissociation or %qu&librium ‘ j)ﬂ'fﬂj

‘r"" A Y

constants. Data files were created using a prOgram called 3'H45

. “ o #," . LI

PIDEK, whrch puts data in a”format suitable for Kinet.l Data T{ﬂ}u

\ B

files 1nc1uded the experimental variables, e g., chemical 'jﬁ'f

'13;#‘ shift. pH concentration, known constants and estimates of ”rf"ﬁrf

‘ ' ‘ : k . LI
the unknown parameters.’ Results‘from Kinet are reported‘w
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.+ 1H NMR $TUDIES OF MIXED LIGAND COMPLEXES®OF CADMIUM

A. Introductioe : > ' s,

As d1scussed in Chapﬂer I. cadmlum can form complexeS‘

N

havxng coordinatlon numbers of  four, 31x or even’ larger

If cadmium comblnes w1th a llgand having fewer donor groups,?

o

T_tﬁe remaining coordinatlon sltes on cadm1um can be OCCupled

’

by solvent mplecules or by other llgaﬁds to form mixed’

-

‘ ligand complexes. B1ologlcal molecules whlch mlght complex:l

;cadmlum and tﬁhs be ofllmportance in cadmlum toxlcology,

N -

generally elther do not have: a suff1c1ent number of’ donor

ﬁgroups to saturate ‘the coordlnatlon sltes of cadmium, or the

©

wdonor groups can ot slmultaneously coordlnate to. cadmlum. :

\For example, At was dlscussed in Chapter 1 ‘that 1H NMR

v
' ' i

- measurements suggested 1at a ternary complex of cadmium -

‘\ w1th glutathxone (GSH) and hemoglobln is one of the spe01es' ’4(

fovmed ‘when cadmium ls present 1n human erythrocytes.

”{;;Although GSH is potentially a“hex dentate llgapd w1th its

'iwo carboxylate groups,'an amino roup,,a sulfhydryl group

\

d two-peptide groups (Figure 12’, the arrangement of”the tf

N

Y
donor groups is auch that they can not all simultandously

: coordinate to a metal ion.-‘»’ ‘ :j‘”ljy'f f AERETR ,’="'<ﬂ
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. of mixed ligand complexes involving Cd2+ are presented.‘ The.
‘i-model system investigated involves Cd2+ complexed by nitrilo- 3
triacetic acid (NTA) as the primary ligand and GSH as well

‘as a series of ligands which contain carboxylate,'amino and
‘thiol donor groups as secondary ligand (L) . The objective

B is; ‘to characterize ‘the formation pf mixed ligand complexes'\
'iinVOlving Cd2+ and GSH. NTA was chosen as the primary

‘ligand because it. forms a stable 1 to 1 complex w1th Cd2+ inﬁ
gaqueous solutions ‘which contaih equimolar amounts of Cd2+

and NTA above pH 4.. The Cd(NTA) complex has been the sub-
ject of several investigations, including the’ measurement

of its formation constant. The follow1ng values have'been o
reported for ‘the logarithm of the formation constant ‘
“(log Kf): 9.8 [73]. 9 2 [74] and 9 4 [75] In the structure
R generally accepted for Cd(NTA) ; the tetradentate ligand '
'.‘occupies four of. the six coordination sites in a cis con-i
figuration as shown in Figure l. The remaining two posi—
tions may be occupied by a secondary ligand w1th the |
..formation of miked complexes Cd(NTA)L. ' | '

The use of NTA as the primary ligand simplifies to a ;i

igreat extent the chemistry to be studied.; Because of its'

uglarge formation constant. essentially ell the Cd2+ in a

“«.solution containing equimolar concentrations of Cd2+ and NTA

i‘“will be present as’ Cd(NTA) ’ which reduces the complexation a

, equilibrium in&olved in thelformation of the mixed Cd(NTA)L.'““"

\

R



;if derivative of GSH.v Penicillamine (PSH), N-acetylpenicillamine

CA(NTA)= + L 2—> ca(NTA)L .~ =~ (7y .

[Cd(NTA)f][L] ‘ . o
- N | _

where L represents the ligand with its donor groups . ‘ A;
hdeprotonated ;i. ‘i.ﬁl“‘ a ‘2‘3 'f.?v”-V-f R _‘ﬁ" ERRIEA

Ih the results described in this chapter,‘IH-NMR has
o been used to monitor both NTA and thb secondary ligand for a
‘range of solution conditions. From these . data, formation

'constants, as defined by equation 8, have been determined

H,'

.‘for several Cd(NTA)L complexes. The secondary ligands which
‘ were studied 1n this research, and their structures, are‘
givenlin ficure ié, with a531gnments of their protons for

quture use in the te;;;m These ligands were chosen as models

oo,
: »

for the various potential coordination groups of glu— “

tathione. For example, glyc1ne§(gly), glutamic acid (glu)

~

’.and cyste{ne (cys) were chosen because they are the

a

'constituent amino ac1ds of GSH. Furthermore, glycine serves
‘_as a model for the free amino and a-carboxylate groups of
»ﬁithe y-glutamyl residue of GSH. The interaction with these

.two donor groups was further studied using the s-methylated

jj(N-PSH), mercaptosuccinic acid (MSA) and N” cetylcysteine

.‘,... -

*“fﬁ(N-Cys) were studied to characterize the interaction of




'~latter ligands.are also of interest because they were BhOWD, f"iﬁ

’f\fin studies on Cd2+ in red blood cells, to be effective at

gdisplacing Cd2+ from its. complex With GSH and hemoglobin E

'
P

‘[33] V‘_t‘_n.&"*?_ﬁ. . ”¢V‘<p. : p‘s_‘

A detailed analysis of the 1H—NMR measurements is given s

”gfor a. wide range of pH and secondary ligand concentration.,‘-

‘uFormation and equilibrium constants are determined from“?F"

.

fchemical shift and intensity measurements.‘ In some systems,\
\‘for example those involving thiol ligands, not only do ;"ivFVa”
mixed complexes form but in addition. the thiol ligand can

displace NTA as a. result of the large fOrmation constants of

ffthe Cd(thiol) complexes.‘ The displacement~of NTA is accom—‘i
, ,panred by: the formation of complexes of the type CdLn.‘ The ?:{*“

"formation constants for the latter c0mplexes were also deter- R

. ; ! \

o 9
‘1\:mined from 1H-—NMR data.‘ EVidence for the displacement of

“Z_NTA from the Cd(NTA) complex oould be obtained directly ':M.._

“through the appearance in the IH-NMR spectrum of a separate

Ty

‘{Qresonance for free NTA and the disappearance of the doublet

"ffﬁwhich is: due to coupling of the NTA protons of«Cd(NTA)

u._\;

‘ f'{ﬂgthe 25%\of the cadmium which is 111Cd and 113Cd- -wf?waﬁ,hif”'d.

it

In order to calculate the formation constants of the-f:'

' d'gvarious complexes. the acidédissociation constants of the'




[71TTI Tympasas was teuererminea:under the same con-‘V‘

ditions- this constant was needed to evaluate the formation'veﬁ

L constants in those systems where the secondary ligand dis—

placed NTA with the formation of CdLn type complexes.

L o . . X . SRR . [ ]
. . . P ' b () PR T R
N

; . . w‘ C ‘*‘I'-v ; N \:” ‘ o . ‘. - . ".‘ ) o
f\B,u‘DeterminationJoffLigand‘AcidﬂDissociation Constants,c;\
,‘ ! The acid dissoc1ation conStants of tbe ligands are"
ol K ' N Ij‘ .<‘\ .
r\ required in the evaluation of the format;on constants of

their complexes. They were obtained from 1H—NMR chemical
‘shift data which were measured as a function of pH for each .;i
of the ligands.f For all the ligands studied, exchange of |
\ligand between protonated and deprotonated forms is suf-y;
ficiently fast on the NMR time scale that only exchange-j“v”
'; averaged resonances are observed for the ligand protons. 11i:f1f
In those pHIregions where an ac1d1c group is being titrated
.'i‘and thus both protonated and deprotonated forms are present;

\

’rthe obServed chemical shift for a particular 1igand proton?

1 R ".

" G |

concentrations., For resonancea which are affectedlbyf5n




. .7 . .. LHLJ ALV

lseGHL and GL- are the chemical shifts of the protonated (HL)

q,‘tional concentratlons of HL. and L .l Pﬁﬁ and P depend

\'Vefon the pH of the solution and the pKa of the group being

;ionized as expressed 1n equations 12 and 13.t1‘ S
PHL oy L) | [Ht) O e T
[HLJ + [L"] | Ka +. [n+] SRR N SR

st

- rm P heTEL

LY

”‘Knowing that,the sum of PHL and PL__ls unlty and replacxng

f*,pePHn w1th (1 PL_) and PL w1th (1 PHL) in equatlon ll the 'fff'

”'fand deprotonated (L‘) forms, and PHL and PL; are the frac—i'sﬁq."



T (16)

o = m . [HYT & . S S AT T o

;nn'fyg.‘gw If 5HL and 6 ;‘could not be obtained directly from the \
et ‘ » o BRI ! .
IERNC data, for example, aue to overlap of the resonance for HL ora'nd
o UjfL thh another resonance, they were determined simulta—,‘ |
; v, ‘4),' R K “a

R e:ffneOusly wlth Ka by fittlng the' chemical shift Versus pH datalf,;f

(thh KINET f The model to whlch the chemical shift data were'ﬁfh

f?1f1t for a monoprotlc acid or for a, resonanoe whose ohemical ;{
| M,’;.shlft ‘is affected by 1onlzat10n of a single acidxc g;onp is\..
o bdesbrlbed by equatlon 17 whlch ls\obtained by substitution
hzﬁof equatlons‘lz and 13 1nto equatlon 11. g,sf:'f&7,h;ﬁ.ﬂf,'bf‘uj3

R ;Q;;s‘ U 6 [H* + 6 ZK; Co T T e
S Gobs HL ] a SOt e e 17y

: . ’ ; N . G e D] ) . s A . SRR
R . o DL Lo - " ‘

‘jf‘of;,fE The acld-base equlllbrla for a d1prot1c acid ﬁzL, are

o

descrlbed by equatlons 18~21 iﬁ“klgﬁh'anﬂw“

s




fﬁ“fWhen the ionizatlon of the two acidic QIOUPS ﬂffeCtB the" 

fuchemical shift of the resonance being monltored, the

‘L\obaerved chemical Shlft will be the sum of the chemical .

e

;‘fshifts of the three epecxes H2L, HL‘ and Lz”; weighted

:y}according to thelr fractional concentratlons.3wf_.e .

o "“ ","-,.“‘. “_".\,‘> S

‘c-o‘b‘s« 6HzL '«PH‘:L; '+‘;¢.ri'L%“ Pap- + GLZPIP L A28

T’where PﬂzL, HL“and PL2_ as deflned by equatlons 23 25
L 5 Ll [H2L] |
E ;_“2.“1' [HzL] + [HL"] * [L2 3 R

e “*”2 * "a “‘*] * KaIKaZ i e e

: ‘”Q»‘fwﬁ'fff[ﬂ : [HL‘j're‘wgV‘-‘;‘“ ‘ﬁ  t? ‘*f‘ﬂ’

Ka1[H+]
.12 + Ka1[H+] + xalxaz




oA, R o e e .

5HZL[H+]2 + GHL-[H"‘]Kal + aLz-xalxaz

‘3§ 6ob

LY j‘x | [H+]2 *+. [H*]Kal + KalKaa ff*fftvt“ﬂf_~pfl}4*rt
'?p\’f4]+;’m;.ﬁ‘xjf,Aﬁ'gf}{fll»,'h'f:kfxf}ﬁ:’;u_[;'“f‘;f”m‘q'fo3Q
This equatlon expresses the observed chemical shift for the

o ﬁ“f5 resonance Of a d1prot1c acid in terms of the acid diaso-” 'Qj‘VV””
' w'.‘ L ,\‘ ; L I ;
c1at10n constants of the two groups and the,pH.‘ Kal and

"

Tffm:f7k32 were obtalned by fltting chemlcal 8hlft versus pH data o

to thls equatlon w1th the program KINET Chemical sga‘t L

wfff 5HZL, Inir‘and 6L2_ Were also treated as unknowns.ﬁ This

“?'was more cr1t1cai for GHL_.because it could not be obtained 'ﬂdﬁ?

dlrectly from tltratlon curves due to superimposition of .

‘ L T e

1onlzat10ns.‘ The treatment for a’ trlprotlc acid 8"
e E v ‘,f,;‘;g“,gn; et ;j'-‘=¢ 7;‘ﬁ:w,3'wme‘+ga

51m11ar.,m
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1.' Formatlon of Only the Mlxed Ligand Complex

The ligand L reacts with Cd(NTA) to form Cd(NTA)L as ”szn

[N

f_[“described by equatlons 27 and 28,‘ -
Cd(NTA),"?F L t Cd(NTA)Ll en.

ng [Cd(NTA)L] RN U gy
L [Cd‘(NT?)“][L] B R AR GRS

: , c e R '
. AR o
L R ot Lo

N

'Vfbflt was found thaEIthe chemlcal shlfts of resonances from L

 %fi}”change more upon formatlon of Cd(NTA)L from Cd(NTA)‘a"‘d‘f; '
' &ffL than doesuthe resonance frOm NTA.‘ Thus, changes 1n the o
;chemlcal shlfts of resonances from L were used for'the DR

evaluatlon of formatlon constants of the Cd(NTA)L complexes.:'

”}The exchange of L between the free form and;"d(NTA)L 1s fast




v

"ﬁjlllustrate the procedure, the derivation of the model f:?f B

i ; '.equatlon fox the~case whére the llgand Hs a monoprotic acid
dw111 be descrlbed in detall.‘ For such a system, the f _ :*_:f~]‘
v observed chemlcal Shlft 1e given by r‘ ‘ff¥.‘f ,”‘ ;fﬁ\ TR
3 ‘aobs = qu_npan; f_fcx;P'L;; ;+',i; 6-c1.>q;‘;',. SR (30).
"‘ﬂdidT‘ total concentratlon of the secondary llgand and of ”'fV“‘ »]ﬂ
cadm:.um are glven by ' " I » T < R
RS Y [HL] o+ [L] + [Cd(NTA)L] S (31)
- ".'},j'-";‘ "\. .".. i R o / ' L '. ! .

‘pggfﬁlﬁoangLECd(NTA)J.+‘tbd(NTA)nga,ewwf]' RN TR ¢ P} PR,
©". The terms.[HL] énd:ECd(NTA)L]-Can“beﬁsubstituted by




“'C;:‘-\. v
([H+fo + KaKf) [L]2 PR S 2

;iu‘u;s [';‘12  ([H*J + xa ¥ CdthKa + LtKaKf) [L] tha ? 0 (36)

Thzs quadrat1c equatlon 1n,terms of [L] was solved by a
./

- subroutine (DTRMI, from the sc1ent1f1c subroutlnes llbrary

] ':f of the Unlsersity of Alberta) 1ncorporated 1n the KINET *': .

, program., Th{svsubﬁgutlne uses the estlmates of Kf and the‘ﬂ =
7-dﬁlhf known patameters (H K, L ) to calculate [L] " With | ‘
.;‘;thls estlmate of [L], the three fractlons ueedii‘to calcu—'” i

wf‘. ;f late a value for 6 bs Wlth equatlon 30 and the concentratlon o
ofmthe species are deduced as follows.uu‘7f

CRLESTe oo e (37)

[HL] pHL % Lt ,"g‘gswpf,f‘ .‘,f

[Cd(NTA)L]\ 2 t“ [HL] 2 [L] ““;ffsnﬁf'{d‘cxfﬂnv tcﬁﬁ

"‘»A‘-.'! ' et S ety o »Il’ ."\"
g,ﬁfi~wfﬁﬁf‘Ecd(NTALLJJ%7P&\#QLtﬁj;?‘*f g :

L The procedure for obtalning Kf frOm theﬁuu‘;‘

ﬂéal shift data with KINET'involves first glving the’sgbgram

. e
e l’“’x
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. S T L (Y
“u Do Rt A L
i K :

39 1n equation 30. Ka,(GL and 5HL obtained aa detailed inilff“3

\j the prev1ous section are provzded as known parameten

Cor
il

Residuals for each point given by equation 40 where : »
Res;dual_ =, 5ca1.c,‘ = Sopg . e coh e e (40) .
‘ L R v D . TR . s KN ' - R

Gcalc 18 the calculated chemlcal Bhlft, are calculated. /

v LR

'

o . ' Y

e KINET wxll contlnue to vary the estimates‘of Kf and 6c eo‘ i}:V,[

‘o
. vhe '
\.“‘ 'h . ‘

! v,. VHAS . "‘.
as: to m1nim1ze the .sum of the squares of the resxduals.f
C Untlg the sum of thd’squares of the re81duals 18 minimized, ,:’--

4

the prevxously descrlbed pfocedure 1s repeated to calculate e
- v'.14 v’,' L . ,‘ o ,’ FERREY o Y "
[L] and Gcalc"‘_‘p N L F “ e
YRR ”d 27 Case of the Formatlon of CdL and Cd(NTA)L ﬂWf‘{ﬂlyng,Q*
. ,ﬂ“' ’ For each of the th;ol-contalnxng ligands investiéated l:"j
Sl at least two reactlons occurred whlch could be detected by t,"f

changes Of the NTA re.sonance% 'l‘hey wer% the formatiorv S
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. the formatlon\cOnstant of Gd(NTA)‘ is known. by combining".

-equatlons 42 a%d 45 to yleld 46 .  - ' ﬂ.i' o A ‘
caz+ + Lt \CdL R T < C(a3)
[Cd&] o - e
K B_a . ‘ - . {44
cdL e S L. roled)
A ECd(ﬁrm ] o 45y
"'CA(NTA)~ , [Cd2+][NTA3-J ‘ ) . . \ ‘
\ . . ‘ . "‘ ' —— [ ‘c-
. A -
Kedr = Keq x Kcam*m), S o (46)

\\ ' ‘ T
The remaxnlng portlon of thls sectlon descrxbes the genéral
3

procedure used to deduce Kf and KCdL fromHNMR measurements.

S < b
The NMR data used. 1n\th18 ‘case were obta1ned et a - o
"constant pH and varylng the concentrat1on of the secondary
. -) X ,\ N
"llgand Or s by varylng the pH and keeplhg the concentrations :
constant. - The follow1ng scheme descrlbes the equlllbrlai 1\"
x-of the system~‘. L
CA(NTA)~ + L. —3> -cdL. + -NTA3- R | e
' Kf l " . . o "_\ o Co. "
: Cd(NTA)L o . , ' : -

‘Kf and Keq were determined from chemical Bhlft uata, and

then the format1on constant of the complex CdL was calcu-‘
ulated from Keq and the for‘ tion constant of—Cd(NTA;.;fane
procedure used involved detereining the relative con-' L
“centrations of the various apecies from intenlities and from

“,the chem1ca1 shifts of resonances of free (NTAf) and bound




NTA\(NTAb)a Shown in Figure 13 is a. spectrum which

) N
illustrates the changes which occur when both Cd(NTA)L and

¢dL. are formed. Cd(NTA) exhiblts the spectrum A. with

, _only one resonance flanked by two satellites due to coupllng

1 .
T \

of 1H w1th 113Cd and 111Cd Spectrum B was obtained ﬁrom a

mixture of Cd(NTA) and PSH. The two resonances around

1. 2 ppm. are due to the protons of the two methyl groups of

Cd(NTA)L) Exchange between the specles CdiTA) d-w‘

‘PSH, the slnglgt at 3.679 ppm is due to- Ha proton of PSH,‘

the slnglet at 3.80 ppm is due to free NTA and the resonance

at a 25 ppm 1s due to Cd(NTA) spe01es (i e Cd(NTA) d .

t

.‘Cd(NTA)L is fast and thus an exchange averaged reaonance is -

.resonances whereas formatlon of CdL results in dlsplacement :Qf*

pNTA were obtalned from relatlve areas under the slgnals

C 63

observed’r Formatlon of Cd(NTA)L causes a ehift of the Cd(NTK)“H

N\ ’ o
of NTA as ev1denced by the appearance of the resOnance due ',

© .
to. free NTA.- Relatlve concentratlons of free and. bohnd o

o

R

from free and bound NTA respectlvely, as’ descrlbed beiow.f\

‘n

Ay = Ap + Ap AU . EEN "‘(‘4‘8.)‘ :
.Y e | ey
[NTAJf = Pg x [NTA]g " =0 - 0 T S0 050)
beii'{ - e (51) -







B ;PCd(NTA) -and PCd(NTA)L are replaced alternatively in hl.‘f:';;;

"f‘_by equations 55 and 57 from which the concentration of ;;ffiulﬁ;gn

[NTA = PoxfNTAY - (53)
j N , . a ". .. '\ *‘
Ae. Af and Ab etand for total area. area under the free and -

area under the bound NTA resonances respectively. and Pf and

Py etahd for fraction of free and bound NTA respectively,‘
I ' ' [

the bound\NTA being the sum of Cd(NTA) and Cd(NTA)L

To obtain the relative concentration of Cd(NTA) qnd

l

Cd(NTA)L from [NTAJb, the observed exchange averag | R
”chemical Bhlft of bound NTA was employed The latter.

7chemica1 shift ‘is given by.,

;f505s = Cd(NTA)‘ Cd(NTA)- + "Cd(N'I‘A)L"Cd(f\"f")L Vo

From the sum of the fractional concentrations ""[‘VT . L
S o , S ) T
(U S : . -

Peanta)- * Pea(ntajL = 1 C(54)
e Y [N

';equation253 by’ﬁ PCd(NTA)L and 1 PCd(NTA) respectively.v Hf‘

f‘After rearrangement, the fractional concentrations are given ;%V&

”r‘species are calculated as in equations 56 and 58 :
: ool | ‘ -

e o Sobs = 6 ST Lr‘ff B
R "-CG(NTA)"'T ,G.Cdxm,)\r.:e s R

[Cd(NTA) J Cd(NTA)‘ x [NTA]b :Z'ftff?{;f°f5;=:;fés)fiiizﬁ;[f

5]‘°b Cd(NTA)' "f'_*';fl;]fgu“’vﬂéﬁigi)lfo-éwlf

Fr PCd(NTA)L - . RS S S
e e 5Cd(NTA)L &t GCd(NTA)‘*N el e

LN




'.ﬁf“nfﬁ‘ [Cd(NTA)ﬂ]'*,PCd(NTA)L‘x'[NTA]bvii"f o . (s8)

=Y
PR

“The chemical shlft of Cd(NTA)‘ is’ obtalned directly jrom LT
TR p e o ‘

'!7ﬂiﬂ‘3da spectrum Of Cd(NTA) formed 1n an equlmolar mixture of‘ ‘r' n,f;w
. Cd2+ andtNTA at pH > 4 and is 3 162 ppmr- The chemical ‘. " f:u
Bhlft of Cd(NTA)L 1s the lim1t1ng chemical Bhlft on the_ﬁ< ;‘Jﬂﬁ

urve of 50bs versus\total concentrat1on\of the sedondary’»"-.” {?

i ) N
hN f e

llgand Lt ‘ The otner quantlty needed to caiculate the for-ﬁ

‘ matlon and equ1libr1um constants 1s the conceﬁiratlon of the' ‘ '
free secondary llgand as given by: RO

* i

erfl%.ng-_tc&LJ - [cd(NTAYbJQ7 S A (59) "

”"‘ Under the condltlons used 1n thls work,.(Cdt/NTAt = 1), the ?'

free NTA accordlng to equatlen 41.;‘The concentrathn of

free NTA can be deduéed frOm the xnten31ty ofx?he resonance f #.”i‘
for free NTA. W1th all these concentra;ions, the con-t.mvfuﬁ; PR
' dltlonal formatlon and %qullibrlum constants defined by 1Q\'ﬁ3i‘f”-

equatlon 60 and 62 may be calcula&ed. Kea\and Kf can then

be calculated froﬁ the condltlonal oonstants ugi’r frac-‘3‘

[Cd(NTA)L] SR
'wccq(NTAJJJ[P]ﬁ?;me

K,f i: Kfc/uL - ‘
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! 4 : I ‘J‘ 5 o ’ o
/ . e g -
Koo = o LCALIINTATe AN
eqc = o e T e2)
e Sfeammrinae o o 0 T e
/' {.;‘ \f.% <:“"‘ hv" ;R% 'A.‘ _‘\ﬁ -
. : , GNTA,.B.'A N - : L K o s e . . .‘
.K ‘ ’ K g - o A\ o o : L L o -T B o 63 ‘l"f""".
aq - eqc , «L 1 N . . . “ ‘,‘ N {"'vv“’;‘ “'u‘ ) ." ; ( )HUK,,: _‘."‘\‘g .
Ve . L | RRRRE ) R A
uv‘ s ~ . R .?:; .‘“¥£‘ijj,“‘ﬁw? ' :
. 1In the cage df a monoprot c acid o is.given by: ..
T ETE R L T ey

IR TR R L
' I roo kR ;)' ¢ . [an N ’ R . ' . 1““'“ RN
) A A . R : m R , R
} “ R ot I ety . L
o S ; AL L

» T
oo . . ' , L oo . N J e
'.‘\' r [ " .

o f*A model equatlok\was also der1ved to obtain Kfc and:)
¢y$ g

Keqc BimU1tGRGGUS1Y frOm the, Chemlcal Bhlft data u51ng ”“ﬁ‘

.ﬂ Kinet.~ Replacxng PCd(NTA) and PCG(NTA)L by equatlonsl{i

D om

65 and 66. equatlon 53 is transformed to equatron 67 AP

L pa ca(NTA)—z-r_";ﬁ-QV 1 ‘.*g,ﬁwg;f SRR
. Poawray- =

8 o o '68)
= | ITA)= . Cd(NTA)‘ + Cd(NTA)L b + KfclLlf- ,;u*(,wzﬁ”ﬁf
° r?f”~<4ffb‘j:j T B S e
o S pe Cd(NTA)L
P =
FTRIE CdQNTA)L Cd(NTA)‘ ¢\Cd(NTA)L

L . ey n‘ .,-V . = ."v'
'ai”7 ﬁ3'5"47? GCd‘NT”> + 6cqmm)nkfcmf
b~h§9w§HF #“l ; 1 + Kfc[L]f

I%Q Keqc [cd(Nral ]

‘v



: : 4 s
’ - 68
‘ ; o LI
RO xegcccal(nm) Jmf e B R
‘3. " _[’CdL]/ ” [N’I‘A]f o : . (69‘)‘
L o o . A
L [Cd(NTA)L] Kfc[Cd(NTA) J[LJf ., (70)
4 DiResuless . oo
NEEET 1 Formatlon Constant of ca(NTA)-’ S e
o 5 Thé format;on constant of Cd(NTA)‘ has been determlned
-;;vby Rabensteln and Kula u81ng proton NMR measurements, and
wqft‘b others u81ng potentlometrlc titrations [21 22] Because
i ' J :
LA Th, acid dlasatlation constant of
"form of NTA. HNTAZ- ‘was first determmed* ‘

/wsix'equivalent

4’

m,thylen'aprotonsm

The change in the chemical shift of
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[76] and 9. 4 (75] ‘ leenlthe pK values 1. 8 and 2 5 [76]
for the trl— and dzprotonated NTA respectively, the NHTA2
and NTA3 spec1es are the most predomlnant forms in which
NTA is present 1n.the pH regron of 1nterest in thls study.{x'

| Hence; above pH 4 the three carboxylic acxd groups areA g '
totally dlssoc1ated and in HNTAz; the proton 1s on the‘..‘td i‘#&fq

| 1H-NMR spectravfor NTA 1n solutlons,conta&nlng O 02M

Cd2+ and O 02M NTA are shown as a function of pH‘ln l   ,vlﬂ;dfot

L Flgure lS.~ Above pH 4, a 31nglet-resonance flanked sym-,“

. metrlcallyxby two weaker satelllte resonances is. 6bserved-h s

hel S B ]

Pl

e

L resonance 15 due to NTA 1n~the Cd(NTA)‘ COmplex- the ‘-jfiﬁf;w‘:ﬂv"ﬁ
"’Y'satelllte resonances result from spln-spln coupllng of the

The separam:‘-,.fJ.A:v,..;l_1

oy NTA protons to the 1 ","-’7% 1110& amd 12 3% llacd° .

spin






bound NTA and ie‘located between 3 162 ppm, the chemical _ “7 i

sh;ft of the bound NTA and 3 8 ppm, the chemical ahift of .
_ ‘monoprotonated free NTA, the predomlnant free NTA speciesf,.ﬁe]
k 1n thls PH reglon.f To calculate the formation constant of
' Cd(NTA) as expressed by equat;ons 71 and 72 NMR data  y;:
r'were obtained 1n the pH reglon (2 5~ 4) where resonances.afeVVa
| .observed for both free and bound NTA‘ “ ‘ o "C:
L Kf L tcammy-y L e e I
““HfVﬂ [Cd2+]{NTA3 ] W tS;e*f”jr'V'*:fe}”{”ﬂeﬂﬁf“:’ k‘fn S

k”af?résonancefintenéitieéfb the‘following!procédQEe. The totalfev]

‘&".

":e for free and bound NTA is glven byf



‘\‘ ' | v ; "»' . ‘ ' "-.‘;v“"( “ Lok ! B " : - ": vl“
—/" ‘ :‘u‘; .' ‘:‘HA‘ : y N "él«‘ I"' : “‘
] g . ) K “‘n \‘ vy I R
: ‘1 { S - A‘b‘. ‘,.‘I \ ." i
: P EEE LA
S ;j?_‘; the concentrations of free ([NTA]f) and bouﬂd ([NTA]b) NTA .
o ' were obtained from equation 76 and’??.”e“‘ . ‘;L', S e
- .‘»‘. '~ ’ l"“ ” ' v ‘, “ o , \ ‘1’,":-' e . ‘ " ‘ y‘l ’ ".l "“ . . ‘,l‘“'”1’_5»“.,‘,“““‘“‘ . N } “.‘u‘lv“\ v ":
_._ “.':‘ ! ) .. ) ,yv [ NTA}f =’:Pf.[NTIAJt\.\ ‘w ’: ’I" \ . I‘ 5 ’ ,' “, v 4*-‘- ) i‘.""; e ~ (76‘) “
R [,Nm]bi's" %ENTA];,~~.~" G T e (77)
N ‘Qjﬂ,@ﬂ The concentration of free cadm;um 18 the dlfference between ‘
k '3‘the total concentratzon of cadm;um. [Cd]t.nand the con~'-[ B ST
{‘ﬁ“f;ﬁf“ centratlon of bOUnd [NTAJb. WhICh 18 equal t° the C°“’L

centratlon of Cd(NTA)““‘



SRR NTA“ =

','Q-compleXa

of the mixture of Cd(NTA)
‘- *“ti)

,fglycine s emino group and the binding of g%gcine to Cd(NTA)‘gl :

hf The reson nce’ aroundg3 16 ppm ie due to bound NTAfand is
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The free cadmxum ;s all in the form of Cd2+v
N

becaﬁee qadmium

does not form complexes thh NTA other thad the Cd(NTA) jﬂ;“”*

D

under the condltlons used in thlB study,

N P

i e.‘ "* n‘.‘

. [

formed wlth glyc1ne gnd glutamlc ac1d had the slmplest

behav1orsh

4

For both systems only the m1xed compLgx Cd(NTA)L
1s formedﬂfﬂf.fﬂkfﬁfgﬁf”ﬁ“ R

'Solutlons contalnrng equimolar.amounts of Cd(NTA) ‘éﬁ;fu“

and glycine ag shown in Figure«f
16. one at a low pH of 4 and another at a high pH of 9.‘1’f;f

.ﬁequlmolar concentrations of cadmlum and NTA end low pH.rgﬁﬁ}ﬁﬁj |
Ny average value of 2 69*0 10 x i09iwas obtained fOerf (rbg |
SR ‘ S
\1Ji§f 9 43)q, For comparlsg?,fvaldes reporeed previously are ;fi“
" a.23 [74]. 9. 4 [75J‘and 9.8 1732 '“*‘““,v'l,"}g?H*?TH.TV1;HW
""‘, ol ~ T e ‘_”ﬂﬂ . _:” wiv‘ﬂ eiﬂ‘”fﬂ’ ,ﬁ
‘”‘2; Mlxed ngand Comglexes of Cd(NTA) Glyclne and . ‘:ﬁf; \ ;f
‘Qiggffgf7” Cd(NTA)-Glutamlc Ac1d wfﬁa\;“qﬁffhf fﬁ”~;'ﬂf':7ﬂ#f' e
R i{ "&M " ;,g ‘;;‘ Sl ,f,,';;ﬁxj-fﬁ “ﬁff:;f'yﬂ,gjkgg‘w';ff Vo
Among the mlxed gand c0mp1exes 1nvestigated those~\ﬂ‘ﬁﬂﬁf:
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Figure 16. Spectra of 'eq\limo.la'_r solutions of Cd(NTA)- and
. ' ‘glycine at (A) pH 5 and (B) pH 9. ’
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\
>Bhlfted to lower field as compared to that of’ Cd(NTA)

‘(3 162 ppm) ' The chanée in the NTA chemical ehift as the pH
increases is a result of glyc1ne binding to CA(NTA) ™ The

PH dependence of the ‘chemical shift of glycine Ha\resonance
and bound NTA resonance are depﬁcted in Figure 17 In

Figure 17 points on curve A represent chemical shifts of the
glycine Hq resonance 1n a solution of glycine alone, these
t‘data were ‘used to determine the pKaz of glycine. The .
lcarboxylic acid group qf glyc1ne is essentially completely
deprotonated at pH > 4 [71] The solid 1line through these -
data pOints was calculated by KINET with a pKaz of 9.8510. Ol
and chemical shifts of (3. 5550*0 0005) _ppm and |
(3 1599+£0.0006) ppm for the protonated and deprotonated
Aforms of glvcine Experimental data on curve B are

chemical shifts of the glycine H0 resonance for an equxmolar
solution of Cd(NTd/: and glycxne. The curve defining these'\
points is shifted from that of the titration of glycine .

! ——

alone- from pH ~ 6 due to complexation of glycine by

[

Cd(NTA) . Curve C is defined by experimental chemical shifts

o

of methylene protons in Cd(NTA) Only a small shift ie

,experienced by this resonance upon - complexation (~. 012 Ppm)
" as was stated earlier.“ Hence, the pH dependence of the

o

.chemical shift of Hqy protons of glycine, which experiences a

more important shift upon complexation, was uaed to determine 1

the formation constant of the mixed complex Cd(NTA)(gly)

Using the procedure described in Section B,,the solid Line

o

4

)
[

h

-

\
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 “Figure 17.

'3.30 b

fﬂetérmiﬁdtiop,W(C)fmetﬁyiene?prdtbﬁé:onfbognéf
NTA dur;hg‘titfgtioh.bf'an“quimolar“solugioﬁ\
!Cd(&?h);;and”glyéiﬁe; B OIS

3.50 |

3.35

The;pﬁ.dependeﬁae'of the chemical shift of (A) H,

during titration of glycihe and the calculated
S i o R . N o

curve from pKa2 determination, (B) Hy during

titration of an equimolar ‘solution of Cd(NTA)-

'gﬁﬁ"éifdﬁhe'#hd'the‘qalculatgd curvé.frbmrlog~xf‘4
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,ppdependent.s It 1s affected by th ac1d-base chemlstry of

Cin; equ1molar mlxtures of Cd(N%A) and glutamlc acid.
:Changes 1n the glutamlc acld H&

jresonance are depxcted 1n Flguje 18 As was the case plth
;gly01ne.qkll NTA remalns bound to cd2f and a’ 81ngle reso—I‘

'{1ncreases, thls resonanCe 1s shifted sllghtl;‘downfleld as

. the b1nd1ng of glutamlc ac1d to‘Cd(NTA) The chemlcal‘,f"

“pfrom chemxcal ehlft data for ‘the Ha resonance o~

through the data p01nts was calculated by Klnet with a lOg

N Kf of 3. 26*0 02 and a 6c of (3 31410 0002) ppm.‘ For com-

"parlson some literature values prevxoualy reported for

‘ “\

ﬁ‘log K§ are: 3 62 [71], 3 25 [VBJ and 34 05 [79] ‘Jw,‘_\.

The complexatxon of glutamlc acxd by Cd(NTA) is'

A

‘refletted in spectral featuref and chemlcal shlft behav1or_]‘

-l

\1,ﬂslm11ar to that of glyc1ne 4 Complexation was investlgated'

“resonance and bound NTA
i

(

nance is observed for NTA protons However as ‘the pH

N

compared to Cd(NTA) (3 162 ppm]to 3. 176 ppm) as’ a result o

q

Shlft of the resonance due to glLtamyl Hu 1e,aleo pH

glutamlc acid as’' well as the complexatlon‘of glutamic

5

h”ac1d by Cd(NTA) pKa3 of glutamlc ac1d was determined

l

x
: eolutions
I

'wﬂof glutamlc ac;d alone.§ The experimental data and the curve.f*

i

. fcalculated by KINET are given int Flgure 19 (ourve A)
RS Mi;pxa3 of 9 7210 03 and chemlcalﬁshifts o@ (3 75410 001) ppm
Vand %3 2:810.002) ppm for the‘protonated and deprotonated e

Mspecies were obtained. The formation constent of the mixed }"

‘jcomplex Cd(NTA)(glu) was‘determined from the pH dependence

DU XS
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N

P

;_of the chemical shift of Hq in the equimolar mixture of -

‘qu(NI&L glutamic acid also shown in Fi re 19.‘ Pointa

“on ‘curve B are experimental results and the solid curve
T through them was calculated by Kinet with a log Kf of

"2, 79*0 04. and a chemical Bhlft of H in the complen (6 ) of

.“’(3 439:0 004) ppm o ",‘,. Sy o

. . .
’ . 4._| "

'3-f The Mixed ngand System Cd(NTA) -Pen1c111am1ne f,‘ vln:‘"

[

The equilibrit established in the mixed ligand system o _
”‘Cd(NTA) -PSH WEre 1nvestigated by lH-—NMR chemical shift and S ‘;s;‘
resonance intensity measurements.. When PSH is reacted with

Cd(NTA) in a 1 to 1 ratio,lthere is BOme displacement of

NTA by PSH. This 1s 1ndicated by the presé%ce of a reso‘7ﬂ[ o

‘nance around 3 8 ppm for free NTA. Figure 20 shows the :

.tﬂﬁ;fchanges 1n the spectrum for a pH 5 5 solution of Cd(NTA)

\

as PSH 1s added.w

;A pH of 5 .5 Qas used to avoid overlap of
R 3

-resonances for NTA‘and PSH.: The concentration of Cd(NTA)

R
54 1.,.

,Addition of'ESHggauses the displacemenu5

. 5 ‘\"":' .~."

'the o
r,

iAs'the intehgitylof_the resonance due
)

that of the esonance due to\Pound NTA

"ﬁ:decreases. The latter resonance is also shifted:downfiold'
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Figure 19

(A) The pH dependence of the chemlcal'shlft:of‘ diﬁh
N _glutamic acid Hu’during titration of glutamic g
ff‘Cid and the calculated cnrve fro :




"Initial concentrations [C@(NTA) ] -

o'oéu"and [PSH] =_(
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) natellites due to 1H-111Cd and 1H-113Cd coupling are

o broadened which suggests wbakef\bonding.‘u ~f“‘;'t "'b\f“‘”'

l

the H“ proton of PSH (curve B), and the protons of bound

NTA (curve C) are ahown in Figure 21., The chem1cal Bhlft ;ﬂ‘gg; E
titration for PSH alone (curve A) and Cd(NTA) alone“'fif)i:\ 1
(curve D) are algo shown in the figure for comparison. 'fhé ‘
lchemical shift for the protonb of bound NTA 1ncreases above fip{"-{
: pH 4 5 and reaches a plateau of ~3 31 ppm above pH 9,, Thelg‘ |
chemical shift of the resonancewfor the Hc proton of PéH o

| ‘\ )
is shffted from that of its resonance 1n ‘a solution of

13 berng titrated It also reaChes a plateau of about 3 2 g T-W“"‘

C ; .
. Tl Y v .
. : : . »

ppm above pH 10 ‘:, ‘ .'" "‘:'; IR

JData for the chemical shift titration of PSH between pH ﬂ[ﬂifﬂ]f

6 andhll (curvemA on Figure 21) were used to determine the;

In thls PH r‘egion the Hn resonance moni- ffV

"ac#sl;:#i iépﬂﬂfaﬂf‘c;ﬁw .

| tors the ionization of the sulfhydryl and amino groups.l The"J

. “




CALSHFT (ppm) ~

CHEMI

'I‘he pFl dependence of- t,h'l’ chemlcal ahift of-'.. (A}
_ ‘H“,durlng titrat:.on of
titratio 'of-kan Quimofar mixtur"' ,ffk"Cd(NTA)""
“PSH, . (C)’ Methylene proton“ - 4n bound NTA
Ij"during:a”t‘itration of an‘ equkmolaar mixture of"‘
ca( NTA) ’SH'and (D).
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A, pKaz of 8 09*0 02 and a. pKa3 of 1o 79t0. 03 were obtalned.ld”

R \ ‘ L
.The chemical shifts obtained for Hn in PSH PS"and Psz‘

)

\

"

.l“) I
were (3. 70610 002) PPm. (3 32210 003) ppm and (3 02910r0035

T

' ppm respectively.‘fﬁ~;‘*“ f‘g Vlf 'fﬁ ; ff
| ‘ The equxlibria established 1n solutlons contalnlng p_ f
lCd(NTA) and psu are descrlbed by the scheme.t - " L
‘ .f§s2~'+ Cd(NTA)? ;;++5345"TCd(pé)‘fiNTA3‘*- | L
. R o
Co
Cd(N'rA)(ps)3- T e e

VL»*It involves the formatlon of the mlxed complex Cd(NTA)(PS)3‘;¥307fdﬂ
'Tx;as well as disp;ifement of NTA w1th formatlon of Cd(PS) f,fff“lffﬁu“

Data obtained at a constant pH of 5 5 were used to eva-”,~

lefﬁluate the Kf and Keq First. the condltional formatlon ﬁ?;5ﬂf‘ld@tﬂ;
“ﬁ;constant for Cd(NTA)(PS)3“& Kfc.‘and for the displacement ofo, ﬁoﬂ‘ﬂ

Co.

. f{NTA by PSH, Keqc, as defined by equatlons 84 and 85'§ere f“‘

e obtained by




\
. . " ' v * ! B v K B .\
o ' o R ST ' r | ot . PREY !

o L . N ,,\. a1 L , . . .

;,;‘h" descrlbed in sectxon c. 2 of thiﬂ chapter.‘ The values :

= 53. 1:0 5 and Keqc'= (1 14:0 49) X 10-

‘obtalned were Kfc
) . A

‘The experlmental,data and’ whe chemical shift versus [PSH]

g——.

v““\ﬂ'curve predlcted w1th these constants are shown in Figure 22.3"
NG

yThen Kf and Keq were calculated using equations 86 and 87

‘jw;}“ﬁKfr‘='LKfC/?fS2“ -(86) h

| RN = , S L e
R~ Y I A T

.
, e oy : 3 1

n.ﬁfkg;iare the fractlons of Ps2- and NTA3“»M

'1n the solutlon at pH 5 5 ' The values obtalned were Kf =

R3S

! 4'22 X 10 and r“q = 1 26 x 102 The formatlon constant of

YCd(PS) was calculated from Kf and Keq uslng equatlon 88 andVJ

) lé9;f The value obtalned ‘is 3 41 X 1011 (lo

B I8 .
' O . A

9 Kf Cd(PS) = 11 53)
o f cd PS V'IQFT‘f-‘f;f?ii y{%j¢',>‘ , ,_‘»;‘
. Kf Cd(PS) T [ ( )] ‘ . . SETART f.'yw(8§l T

: ARy [ca2+][952—]- I T ‘.-:1'-‘ﬁ:-_” ,
e uﬁ 5u“fﬂ  ”Vd'“f o ‘~33u lf&;:j‘u;ih CoT
,'Qk?Kf(Cd(PS)ff Kf Cd(NTA)‘ x Keq ”f”?”fkv”ffﬂ, (89)

‘.),‘» S
\

1n good agreement wlth reported 1iterature values of 10 92

I \

f{ by Suglura and Yokoyama [80], ll 4 by,Kuchinkas and Rosen

Walkerfand.wm'llams [31] and 11 51 by '
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Cd(NTA)z formed under these condlt;ons.' Literature values
, ’ “ 0 )'l

for the formatlon constants for the Cd(PS)z and Cd(NTA)2 V‘r PRI ¥

a .

b

complexes were used [8 30] together with reactlon conditions ‘j ”ml
used xn thrs study. At the hlghest PSH cpncentration, Wherejtf«p"

4

‘ f‘ therhlghest concentratlon of Cd(PS)2 and Cd(NTA)2 would '.5‘;‘f3

form, less than 2. 5% of the cadmlum was predicted to be pre-“'c ﬁfﬂ

sent 1n elther of these forms, 1nd1cat1ng that neglect of ,wa]ff
the 2 1 complexes was Justlfled u‘lf““‘”'f‘”" SR ,'ﬁ“A'zhf
Sl oo N cd “ .,‘ ', ' "‘ oy : “.' K ‘,‘nr“'ﬂ “‘,, .}"b" 11‘_ o ‘” o 'q "\‘ 3
R The Mlxgd ngand System Cd(NTA)-N—alcg‘ﬁya-“j;.i._“
S :‘wij L V““ o «“-]‘-»F‘h ‘“Vﬂfi"'fdf':lep r;y;
ol _4¢ pen1c1 lamlne N ““, '2‘ .w H.'Aw i Lt ,‘ R
A m1xture of l to 1 Cd(NTA) Aand N—PSH was tltratedwand 5
e : v v ' . ;: "
S ulH-NMR spectra recorded between pH 2rand 12.' Representatlye i

‘ﬁspectra are shown 1n Flgure 23.‘ Only the portlom of spectrum,_prff
'.'contalnlng the Ha resonance of N-PSH and the NTA resonances Q“Lﬁuf:f

913 shown’? %hese spectra 1nd1cate,d18placement of NTA"as was

ey ‘.’ \ . ' i

frthe case,w1th PSH The resonance due to bound NTA~15,Xf]Q7ﬂVJ“V'ﬂ

' 0. . ,"
' -shlfted to lower fields w1th\1ncreasing pH-values.,w P
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S . N—acet\. lpenicillamine at (A) pH~4;.:91' (B)‘_:_‘a 51 :.
L | ,'_Qvand (c) 8 01. RS

’ i
.- : | R , . 5
. “"Q‘: - S SR R o Y
a & . . . . . : ] \
B 2 . ‘ J\'
W . -




(2SN

4.4 |-

4.2 +

36

CHEMICAL SHIFT (ppm)
R .‘n ’ .

o

¥

3.4 | ' ‘ S o S
. ) ) . ‘ N C
o . Co a—a—-S—S—S—8—a—a
3.2 + o ,J<."’ . o 47
a8 o _ - . ,
[ . 1 . D \
! 1 1 1 4
4 6 8 10
’ pH Al
: i ' ‘ '/
Figure 24. fThe pPH dependence of the chemical ehift of (A)
s Hg during titration of the N-PSH, (B) H, ddring

titretion of an equimoler mixture of Cd(NTA)-
and . N-PSH, (c) methylene protons in bound NTA
during titration of an equimolar mixture of

o .f'Cd(NTA)' and N-PSH and (D) methylene protone in’
B ‘ NTA during titration of an equimolar mixture

‘of Cd2+ end NTA. S

90~



"”d'therefore:'~»‘f' 'vfaw*

i ' , ' : S
' - " 1.
\

. C, \‘ﬂ

alone (curve‘h) and Cd(NTA) ‘aloné (curve D) are plottedoon
the same . figure for comparison. Data for the titration of
the ligand were used to determine the acidity constants pKal‘
and PKaz of N—PSH.i The solid curves through the experimen—
tal data were calculated by KINET with a PKal of 3. 21*0 02,'

PKaz of - 10, 0910 01 and Hu chemical shifts of (4 477:0 004) g

‘\ppm, (4. 24310 001) ppm»and (3 806*0 002) ppm in N PSH,

&

N-PS~ and N-PSZ“V o L | ;*/

The chemical shift of HOl in the mixture of Cd(NTA) nad

. N-PSH is shifted fronr that in N PSH alone frofi pH 3.8 N

"\ . (.

”upwards, indicating complexation of N—PSH The chemicalﬁ
shift of methylene protons, in the. bound NTA is constant

"(3 162 ppm) up to pH = S -5 indicating ‘that the reaction

PR RE

hioccuring below this "pH does not involve the formation of the‘

\
). .

mixed complex Cd(NTA)(N-PSH) Experimental-measurements on

an. equimolar mixture of Cd2+ and. NTA have indicated the pre—

\ N

‘ ..sence of NTA free below pH 4. 5, meaning that some %ree Cd2+

“exists in solution below this pH. It is therefore the

speCies Cd2+ which is cOmplexing N-PSH in the region of pH

‘(3 8-5. 5) where no change 18 observed on the chemical shiftt

‘ of methylene protons of bound NTA.‘ The donor group in this‘f
‘pH region is most ;ikely the carboxylate group of N-PSH
which is titrated between PH ~ 2 and ~ 5.‘ The comp exationiyd

’ aquilibria effective in the pH region ~3 8 to 5 5 re:f:f

91



4

|

ca2* & NTA3- caf. T
caZ* 4 nrad Cd(NTA) ,

(90)s
d2+ + - ~PS™ — Cd(N ps) S T TS R
“Aboﬁe PH 5.5, the chemical. shlft‘of the methylene protons in
‘bound NTA 1s shlfted to. hlgher frequenCLes and’ reaches a
plateau of ~3 30 ppm above pH 8 S ; Thls shift results fromi
Ty the formatlon of the mlxed complex, Cd(NTA)(N-PSH) |
: 0 ‘
'Dlsplacement of NTA by'N—PSH 1s also effectlve as ev1denced
by the spectra shown in Flgure 23. Therefore, the scheme"‘

.

below descrlbes the equlllbrla of the system above pH 5.

Ca(NTA)= 4+ N—PSZ“ —d~ Cd(N-PS) NTA-

! , ‘Cd('NTA) (N—PS)B- ) L

R

. The formatlon constant Keg, ofﬁthe,mixedfliéand‘complex-

P .
\ ~

Cd(NTA)(N-‘S3‘)

I_Kff‘=‘T[Cd(NTA)(N—PS?3‘jL'
N .[Cd(NTA)’][N—Psz‘]ﬂ

‘\

. : T 2 ' : " :
was calculated using data above pH 5.‘ The 1nten81t1es of '

v‘presonances for bound and free NTA were used to determ}ne the

“fconcentratlons of the speczes in solution. as described in

_ZhSectlon C—2 of this chapter.l The equilibrium constant Keq :;";;gtf;f

k'etfor the dlsplacement of NTA,—with bindxng of Cd2+ to the ~""

‘fsulfhydryl group of N-PSH..}




T :Flgure 25 w1th the asslgnment of the resonances.

‘ (5 OtO 5) x lO‘ x The formation constant of Cd(N—PS) ,where . ‘
of CA(NTA)~ and xeq.

~ The value oUtained was 1;44,x 109,

.jfractional tltratxon of the sulfhydryl and amlno groups.»“‘

Y L0 o ‘«‘ ) B
; ‘ ST o
;¢7 AR T ‘ P : \
Koy = LCA(N=PSJI[NTA3-3 - . N
eq - [ca(nTA)fJ[N;psfijn S R cnh e

was . calculated uslng data between pH ~ 6 and 7.“The vaxueé”

obtained are Kf = (8 39:0 24) x lO4 and Keq

Cd2+ is b1nd1ng to the sulfhydryl group of N-acetyl—_W*

[

”penicillamlne, was, calculated from the formatlon constant

[
L “

Kf, Cd (N-PS). =‘Kf;caxﬁTA)f‘ijeqr‘;',fﬂ o (94

- 5. Mlxed Ligand System Cd(NTA) - Glutathlone

In thls study,’the cHemical shlfts of the gz and gS

d,protons of the cystelnyl resldue and the g3, g4 and g7 pro-‘r‘

tons of the glutamyl re31due were used to determlng.the

i

| Representative spectra of the titratlon of GSH are shown in', ‘f”.fo

JL

““Only data

‘ ”u‘recorded between pH 4 and 12 were treated.‘ In thls pH reglon \'

b'f'ﬁpxal = 2 12 and PKaz = 3 53 for GSH [84] Therefore in the ,
:erH range 4-12 only the sulfhydryl and amlno groups»are belng

‘“*ﬂititrated. Species presen§>in-th18 PH range

!fyrigure 25-;,:;

' s

dtﬂboth cerbo_ylic ac;d groups of GSH are deprotonated gzven the ffg';fj

'”re given in |

s are affected .



Figure 25.

" Representative

‘tion

of glutathione.
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,"fsolely by ionization of the eulfhydryl group.‘ The pH ii;ff,‘

”udependences of their chemical shifts are depicted in "H

-f:The equlllbrium monltoredlby the resonances for thesejh(

where GSH represents all the spécles of glutathiOne with

the sulfhydryl group protonated (L e., I, III in Figure 26)

'“:gg‘

hv;ﬁFlgure 27 for gs (curve A) and in Flgure 28 for g2 (curve Ab

'”\‘protons is-i “H5,‘ . e :
L e L T e

. [Gs-J[H+J SN e
o H?" KSH ' [CSHT_- .‘~‘~‘. PR .jﬁ";.u‘~;h;“j'_j1¥§9§)r

and GS spec1es thh the sulfhydryi\group deprotonated fvnﬁufg

(1 e.,lII and IV 1n Flgure 26) The ac1dlty constant KSH

\
{

.'f:An average value of 8 87:0 01 Was obtained for pKSH which

ﬂhf_ﬁ yxelded the f1t shown 1n Flgure 27 for gs proton and

ot

‘qijxgure 28 for gz protons.‘ The indlvidual pKSH and chemical

hvjﬁishlfts of protonaﬁed and deprotOnated species are 1isted in

...

was determlned uelng the monoprotlc ac1d model w1th Kinet._g”




‘Table 3.

Acidity conatants of the sulfh
\ -\groups in glutathxone.. 'm,.

[ .

v .
R

. ERFE

{

RIS

Ya#Y%Qénd §m§h§ s ‘}'{

=

P

‘fe 87a:p 01

}.ge 87220.01
Li,s 48b:o 01[  *“&
slamoon
  9:49b¥dr9#:i:7

f;ﬁ 45569+6”d02 o
'72 942:0 002 

3. 779+o 001jf
2 549£0.001
'Qiz,;sg;o,opli'*

7‘gf224;o{0013"_
" 2.83700.001 -
» f3i264£63001f
Lo 396+0. 001L
. 1 881*0 001"
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' f'deplcted 1n Fggure 29 (curve A) The solid llne drawn “f:'“'

'htand deprotonated speczes are glven Ln Table 3 An average

SR [GNHz][H+] _'h"‘ SR s
’ ,‘ . ' o U . ) ‘Ie ..' R . o .
“,§33+ [GNH3+] LT (98)
nfGNH3 _and GNH2 represent all species of glutathione with the
am1no group protonated (1 e., I and II in Figure 26) and -

Hdeprotonated (i. e.,IIII and Iv in Flgure 26) respectively._ SURERI

‘fThe pH ée/;ndence of the chem1ca1 shift of resonance g7 is

J{through the experlmental data 1s the curve calculated

u81ng the monoprotlc ac1d model with KINET Slmllar data

'}treatment were done w1th g3 and g4 resonances. Results:7~f

:oobtalned for pKNH3+ and the chemlcal shlfts of protonated'r:'ﬂ

“value of pKNH3+ 5 9 48*0 Ol was calculated frOm the three

.(..

| ‘)"data sets- ." S I e Lo

HaVrng thus characterlzed the ac1ﬁ-base chemistry,

o ”pffglutathlone was tltrated in the presence of Cd(NTA) “>§Q‘ﬁ7~* ;
———————ﬁ—/—‘_——‘m H [ L

"Vxﬁfﬁdurlng the tltratlon of'ael to 1 m;xture

E . “,‘ e L A w'..‘v‘e"', IR AR G o o “:’, "" PRI G s .‘L,-‘« ,_) o
,4ngureA3Qgshowsgrepresentativevspectraﬂforfsamples taken'r ern !
PR v ' ! . : ' o ’ ‘w‘ - :(.,. . S A,.‘ ' "‘:'\'.‘: ",‘,‘ .~‘, :"'v' S ‘v‘ Pt i T '

gyca(ﬁrA)fwanau
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free NTA falls under the resonanceés due to glutamyl g7 and

ﬁ“} glycyl gl protodﬁ and thus it is not possible to detect
5‘the displacement of NTA frOm CA(NTA) ™ bx the appearance of a

‘reSQnance for free NTA. " Changes in the ratio Ab/Aref where

' sAb and Aref are integrated inten51t1es of the resonance for

‘in Figure 30 on the spectrum of a pH l2 sample. These

bound NTA (Cd(NTA) + Cd(NTA)(GSH)) and the resonance due to

the chemical shift reference (t—butanol) respectively,
were measured to detect the displacement of NTA and to

.

determine its concentration. Additional resonances are.

!

observed for GSH at high pH ) They are 1nd1cated by arrows'
resonances are due presumably to, ‘the complex Cd (GSH) thch
forms upon. displacement of NTA from Cd(NTA) hy GSH;, To
support this assumption, similar resonances are observed
in mixtures of ca2+ and only GSH'at:high pH values. -

" Changes in the chemical shifts of cfzteinyl resonances
gS (curve B in Figure 27) and g2 (curve B in Figure 28) |

E .’

indicate that two main_reactions are occuring in the pH

range studieqd. Both resonances suggest one event between

.

PH ~ 4 and ~ 7 affecting mostly the sulfhydryl group when

‘compared to the changes of the glutamyl resonance (Figure
,29) " The sulfhydryl group must be: binding in this region

) to cadmium possibly with participation of the amino grdup

i\suggested by the smaller shift in the glutamyl resonances,"‘

Jor two kinds of mixed complexes are formed- one, predominant

‘, fwith binding to the~su1fhydry1 group and the other ‘with

[ /‘ :
. N . . . - Sy

S

[V —



, best demonstrated by the chemical Shlft behavior of the -

4

. ‘.
-

binding to the amino and carboxylate groups of the glutamyl

residue. Above pH ~ 6 a different reaction starts to occur,

%

tion in which the resonance is shifting is noted. Thls

could signify the decomposition of the earlier formed

- #

complex or simply a lesser contribution of the sulfhydryl

;ugroup to- the binding taking place in' this region. ‘The down-

field shift was caused by binding to Cd(NTA% ,~therefore the
reversal. may resuIt from release of GSH' or binding to a

different spec1es, in this case Cd2+ : Supporting the

\binding to Cd2+ instead ‘of Cd(NTA) ig broadening of the

[P -

. NTA resonance and the loss “of the satellites due to ’

1H-111Cd 113Cd coupllng (Figure 30) jf~ ‘tvj

From the preVLous discu331on, changes observed on the'

.resonances of NQA and GSH protons suggest the follow1ng

(\
N

. reactlons H

Cd(NTA) +‘ G's-" -—-ﬁ‘ﬂ_; p—— ‘cd(es)t + NTA3~- ¢

-

Cd(N'I‘A) (GS)2- “ |

. . "
~ T "o .

To determine Kf and xeq, the above equilibria were“

'studied at a constant pg of 6.7 Increasing amounts of GSH

Q&*l

uere added to a solutidn of‘Cd(NTA) and the change in the

chemical shift and intensity of the resonance due to bound‘

4 VI

- cysteinyl gZ resonance (Figure 28). A reverse 1n the direc— S




7/7,

} NTA was used to determine the concentrations of apeciea,in‘
! aolution. Spectra obtained for a ~0. 02M aolution of
Cd(NTA) with 0 to ~0. 052M of GSH are shown in Figure 32.

‘Addition of glutathione caused dOanield ahifts of the '

‘ resonance of bound NTA due to the formation of the mixed ‘.‘j,‘ i'
complex Cd(NTA)(GSH) The dependence of the chemical shift
‘on the concentration of GSH is depicted 1n Figure 33f From . .
'these chemical shifts, the relative .amounts of Cd(NTA) da'y
Cd(NTA)(GSH) were determined following a procedure similar

to that described in section C 2 of this chapter.l The : t\ “ﬁﬁ B

{concentration of total bound NTA (Cd(NTA) + Cd(NTA)(GSH))

u:was obtained*from the inten51ty of the bound NTA resonance. \gyp
iThe 1nten81ty of this resonance 1s seen to decrease in
Figure~32 aF’GSH is added due” to displacement of free NTA }
whose gesonance overlaps with glutathione 8. g7 and gl reso-(

N nances. S ' - o - .
\ . . . ‘ o . . v
‘ L _ .

\ l. First. the ratio (Ab/Aref)Cd(NTA)"was obtained from the
"‘spectrum of the solution of Cd(NTA) of known concentration .

| 5(Cdt) to which GSH was subsequently added.' The ratio

Ab/Aref was obtained from the subsequent spectra'and the

R T :
P

a 5,concentratio of bound NTA was - calculated aa:
. (Rflhref)Cd(NTA)‘ : ol s '
3 k" N ) ‘g“

iThe concent ation of free NTA was then obtained by differenpe ﬁ7*~ v
‘,\, : . " N ! A" »'- . ’v‘, - "- PR _)

[Nm]f - cat - [NTAJb (100)




U 107

"'vSpectra obtained for aoJ(utions contaim.ng a o
(i fixed. concentration of Cd(NTA)“‘ (so 02M) and"
j_“‘l-variable concentrations of GSH (0 - -0 052M,)-
'.:‘-..-»at pHQ v__ SR = S




'
\
v
R
'

002714~

[
B .

.







' ot o [EREN L e Y . . i L [N
. o S P N N . X R VO N . ) ) ) :
. . AR . . B ' . . ' P . . v o P . ;
e n R} . E B . . o [ : .
Ca b , 4 e AR L R ) ‘ e C 11
. . . : (R S R . S Vo O oy e S

- Havxng determined the concentration of all the apecies,‘ |
estlmates of Kf and Keq we‘ first obtained for each data '
AR p01nt in Flgure 33 uslng expresexons given in Section C 2
1; fhesne}uea‘obtalned were then refined uaxng KINET to f1t the‘
; “cndnge‘of the chem1cal Bhlft of bound NTA versus the total d
\\fconeen‘fatxon of glutathlone.\ The values obtained are f |

”‘ |

| '.02+o 02) X 105 and Keq (1 64+o se) x 10-
log Kf cA(sg)‘— 6 16 obtalned by Rabensteln et al. from : :
nmg equi-f;;-'
f. | and GSH &lso;revealed a strong
f*nﬁeeffect on henresonance”due to cystelnyl carbons upOn i e
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chemical shift of cysteinyl Cc in the mixture (curve B)

as compared to GSH solution (curve A) indicating binding to

the sulfhydryl group." Between pH 6 and 8,‘the chemical

shifts of glutamyl Cu in the,mixture (curve D) are super-?if'

)

the latter Ca resonance experiences a. shift, however it is
much smaller than that q‘ the cysteinyl Cqo This shift K
‘oecurs in the region where the amino group is being .
titrated, which sugdests some§;:nding to the amino group of

' the glutamyl reSidue.

“Figure 35 depicts the pH dependence of the chemical

shifts of cysteinyl CB{ the carbon to which gz protons arexk

’
v

attached and glutamyl CB, the carbon to which g4 protons aré 5

‘f'attached.h The titration of GSH alone is represented by

W‘;curve A for cysteinyl qﬁ resonance and curve C for glutamx& .

CB resonance, while the titration of the 1 to 1 mixture of

imposed on those from GSH solutions (curve C) Above pH 8._‘ff"
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vapproxlmately PH 7.‘wh1ch 18 still hxgher than thewpﬂ‘ he o
7f where shlfts occur 1n the resqhance due to g7 proton d\'V;hﬂﬁf‘dfff

(Figure 29) J;.‘;~ j\‘fg‘,};ﬁs'f; \,Lru‘-hws

[ . -) ) . e ¢ A v . o
q‘.‘ -‘.‘ : , W L ' . ' ,»‘-‘ , ! . ) , .
Voo . L o o .

;~36L The Mlxed Lxgand System Cd(NTA) -S Methylglutathlone ;

P : ' T ’.“v('. "\.;‘“
The S-methylated derlvatlve of glutathlone was selected oo

L to characterxze further the contrlbutlon of blndlng to the

‘h~'am1no group ;n the Cd(NTA) —GSH system. "L'f-ﬁmjfﬂyfm:,f y

\ [

1H NMR tltratlon of an equlmolar mlxture of Cd(NTA)-' d‘U*

CH3SG reveals a behavxor very Blmllar to that of the Cd(NTA) qu
glyc1ne and glutamlc ac1d systems. No free NTA 1s detected *“ﬁ'ﬂi‘*

[y

and the resonance for the cqmplexed NTA undergoes a small

Vooo gl

change 1n chemlcal Shlft as shown by curve C in,Figure 36. 5“7"

; 1nd1cat1ng the f rmatlon of the mlxed complex Cd(NTA)(CH3SG) '
'V”ﬂ Changes of the chemlcal shlfts of the resonance due to glu-fV'.';*M

tamyl g7 protons dep;cted 1n F;gure 36 1ndlcate that up to REAN

‘n-
|

pH ~\6 4 no complexatloﬁ has taken place.l Curve A 15 _ff'uy'Y

‘was ‘obtained: foy
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vip bound NTA:during titration of‘an éqﬁlmolar
mixtute of. S-methylglutathiqge and Cd(NTA)-‘




‘Va,Then the formatlon constant of the mlxed complex was‘

*Jsolld llne through the experlmental data 1s the calculated

‘

K}

"wobtalned by f1tt1ng the chemlcal shrft versus pﬁ data of the

,tltratlon of the mlxture as described 1n section ¢. l. The

o)
l T

curve ylelded by KINET w1th log Kf % 2 5510 02. Thls value

) .
' _,zf‘

"lls the smallest Kf«for all of the mlxed llgand complexes

"
L

b

“whlch were characterlzed. T '.,,\mwﬁg‘-~ ‘j-'f'

‘V7¢ﬂ Mlxed ngand Complexes of Ca(NTA). and other Thzols

The reactlons of Cd(NTA) w1th cysterne, N-acetyl—~

‘h‘cystelne and mercaptosucc1n1c‘ac1d were also investlgated.

v

“,Cystelne and<mercaptosucc1n1cfacxd cause extensxve dxsg&ace—

“‘ment of NTA from 1ts Cd(NTA) complex., ThlB dlsplacement is

o

f‘laccompanied by a decrease in the 1nten31ty of the resonancehufﬁf

“'due to methylene protons 1n Cd(NTA) In the presence

'snof cystelge and MSA thls 81gnal 1s strongly reduced andl'

¥

'Qﬁﬁbroadened. thus precludlng accurate measurements of its}"

"l_flnten31ty or chemlcal shlfts., When N-acetylcyste1ne was

"”allowed to react thh Cd(NTA) a number °f resonancea

“‘

| 116



' \ ' ) A ‘ “‘ vy i l ' ’ . ) \’{ng ‘\
The“chemicsl shift behavxor for. the cysteinyl¥ﬂa

‘and bound NTA resonances is deplcted in‘Figure 31-es&q‘func—

.

tion or pH for an equimolar solution of‘cysteine:dnd
A, .

Cd(NTA) “ Curve A is for the titration‘of cystelne
‘alone. “This data was used to determinefthe pKaz and pKa3 of
cystelneﬁ Results obtained were pKag = 8.212 O 01 end PKai\
= 10 4320 Ol Curve B shows the effect of compkexatlon
‘on the chemlcal Shlft of the. cystexnyl Hy' resonance ' J“ L
Curve C.shows thﬁ Bhlft of the resonance of bOUnd NTA o
.‘indiceting the formatlon of the mixed complex Cd(NTA)(Cys)
‘ The chemlcal shifts of the resonance of free NTA. not |
plotted vary between ~3 80'andv~3 28 ppm.‘ Consequently the
nbvreeonance of free NTA overlaps wlth the oystelnyl Ha reso—

s nance. The chemlcal shlft of the resonadce -due to bound NTA‘a.

.varies between‘~3 18 ppm and ~3 28 ppm, thus some oveqlsp

’ occurs w1th the resonance due to cystelnyl HB whose chemicalx

o shxfts vary between ~3 08 ppm and ~2. 89 ppm.
Ti\hntitate the equilibria, the reaction of Cd(NTA)

‘d cysteine wde. tudied at a constant pH of 7.5 where the ;j”
‘lresonance duéﬁggﬁiound NTA is free of interferences.v The
‘ep;;trs obtained when increaslng amounts of cystelnelare :{
edded to solution of Cd(NTA) are shown 1n Figure §8. As

’ 'was ststed before, the resonsnce for bound NTA is shifted
t[4due to formation of the mixed complex (Figure 39) end its
'Vintenszty decreases‘ind;cating the dieplscemeﬁ( of NTA.C Ther

'..nsitellites due to the coupling 1H—¢11Cd. 113Cd sre totally

e
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The PH. dependence of the chem1ca1 Shlft of

(A) Hy proton’ durxng tltratlon of cyateine, (B)

Ho and (C) methylene protons in.bound NTﬁ

during titration of an equimolar mixture of
oystelne -and Cd(NTA)"A:fH;;{ﬁ '
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, cysteine (0 + 1.4 10‘
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-solution = 0 01M.

2y) are: added to a’ eolution“f_,,
Initial cOncentration of Cd(NTA)'
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Dependence of the chemical shift of methylene o
_fprotons in bound NTA on’ the volume of O 1M: solu- f;;’v
]ftion of cystelne added to a, eolution o£ Cd(NTA)-":Vf}
(0. 01M) at. pH 7.5.0 S




o Figure 40... Spectrum of an equimolar mixture of Cd(N’I‘A)"‘"
R \and N-acetylcystelne (0 OZM) at pH 7_276.; S
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lost even at 1ow concentratxons of cystexne and the reaonance

o

‘ c’is very broad.; Due to uncertalnty in the measured limiting

M '

"chemlcal Bhlft and the intensxty of the bound resonance;
'gnthe determlnation of Kf and Kag' was done for .a eingle"“ﬁodV
‘texperlmental data eet ([Cystexne]t'= 5 63 10'3Jb The for- l"
fggmatlon conStant of the complex Cd(Cys) formed upon dieplace—de
‘:ment of NTA was calculated usxng Keq and the formation ,f7
ﬁfconstant of Cd(NTA)“SLmllarly to the previoue thiol eysteme h"
‘f’studled.; Results obtalned log Kf = 9 3 ‘and log Kf Cd(Cys) = 1)Jﬂ“'

'-13 are cons;dered seml-quantltatlve for the reasons mentloned "

'above.‘f\

‘E. Discussion
-*—rf‘-—*rf o

The values of the stablllty conetants of the mixed
=iallgand complexes formed by reaction of Cd(NTA) with the

ligands glyc1ne. glutamlc ac1d ang\;H3SG (Tablee4) increase r;fr”

"i'fw1th increaslng basic1ty of the lig nd," i. e.. CH3SG < glutamic

"‘acld < glycine. However, besides basicity a steric effect

\'-

fcontrlbutes to the etabllity of the mlxed complexes.‘ Though

‘whfall the three ligands have the group HngCHx-Coz which may

o f(‘of the group x seems to be an important factor in the

‘gf;chelate through the amino and carboxylate groups, the nature‘fiﬁﬁjf S

m'rff:etability of the mixed complex. In 91¥cine -x in -H. in,ﬂ;hfaf"'ﬁ

| "'U;'glutamic acid .-x is -cuzcnzcoz and in cn3sc -x
S -cnzcnzcomaca( cnzsca 3 )conmcazcoz g

._*-—-

reeulting in 1ncreaeed
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;ﬂfrffstability of the mixed complex with glutathione.“ PSH forms L

RSN

' NTA. S e ' RN

o different. For example. the mixed complexes formed with f:f

TN e T e e TR T e e T
SPRRER e T T e o R
S
c B SRR R ‘ S CE SR ITER R TR
‘steric crowding in. the mixed complexes in the order given.r'““

IS

For these 1igands only mixed complexes are formed, and 'ﬁ

)

the formation of the mixed complex causes only a small

h change (~ 0 02 ppm) in the chemical shift of the resonance

for bound NTA.‘ The coupling between 113Cd and 111Cd and the

NTA protons is retained even at high pH values, meaning that

'the binding of these ligands to. Cd(NTA) does not signifi-f

cantly alter the/strength of the binding between Cd2+ and

»..

With the thiol—containing ligands, the situation is

; ‘
N-PSH and GSH have comparable stability constants (4 92 and Fuh-fﬁf
5 02,'respective1y) even though the pKa values for their
sulfhydryl groups are quite different (pKa of 10 09 and

“\,,v‘, e

8 87) This reEult supports binding only to<the sulfhydryl

group in the glutathione system at the pH where*Kf was :,‘V e

'

determined. Also.lsteric effects probably lower the‘g;ﬁ;~7":ﬁ

a mixed cOmplex with a higher formation constant (log xfpéﬁf?”*7 "

.

9 62) J Only thehformation of a five member chelate ringiyn}ﬂf'y jf'&




-_ N “ \ ‘: e ". ‘,

-'. B .w""‘ v \ "
'\amembsred chelate ring would be formed, which presumably

;‘would be less stable than the\S-member chelate ring. The

‘7formation constant of the mixed complex Cd(NTA)(GS) was.hhf”

’

”lbinding to' the amino group

, Hi“

1.

‘tpenicillamipe £ glutathione <. peniCillamine < cysteine(g

*far as the thiols are concerned, this order is the same as

e
[

at fGUng,for the relative effectiveness of the thiols forv ﬂ“

'
e

i releasing GSH from its Cd2+ cOmplexes%gn the erythrocytes yf” v

[33] GSH was displaced by thiols which have a higher for-VJtN

mation constant for their mixed complex Cd(NTA)(thiol) as:

compared to that of glutathione s.wf}

~r
ot

Exchange of the 1igand between free and Cd(NTA)-hpund ,;-Eilp

fOrms was—rapid on the NMR time scale over the entire

pH range studied for glyCine, glutamic aCid,‘CH3SG,”¢NH\

succinic acid. Twoéexceptions were the N-acetylcysteine

,

tﬂ and,glutathione at pH higher than 7;”

“‘determined at pH 6, where 13C NMR data indicate absence of

The relative stability of the mixed complexes increasesxy

'hin the order CH3SG < glutamic acid < glycine < N-acetyl—' h"'

Additional'resonances

fiyrb penicillamine, N-acetyl penicillamine, cysteine and mercapto-ﬁ&&[




. ).‘

Tf NTA was never more than 0 02 ppm., Also, the 1ﬂ-nlCd

Lo O . Lt . B N . n o
VR I w \
By . : : con e

labllity of GSH in these complexes with bimﬁing to the
sulfhydryl and the amino group suggests that glutath%oneﬁﬂT
forms w1th cadmlum compleies of fairly rigid structure._t'

Quantltatlve measurements were done under conditions of V@, e

sllgand are observed.n The use of the changes 1n the chemlcalﬂd‘

shlfts of the 11gand resonances for characterlzlng the for— :.

mation constants was more favorable than the use of the NTA o

resonance, in the cases 1nvolv1ng the formation of the mxxed;xﬁﬂ"

complexes w1th glyQ;ne, glutamlc ac1d and S-

methylglutathloneAﬂ The effect of thls blndlhg is much more

A

pronounced on'the llgand resonances than on the NTA reso—'y fffnjl“’

N

nance.; The Bhlft of the resonance due to the llgand could nﬂffWZﬂ

Y
[

be as large as 0 15 ppm whlle that of the resonance due to

1’

lu-1‘1"3‘¢d coupling in h’é} ':‘g'.s“dn;ax'iéé‘ forbound "N*f-p.;-."i,sffsiwa“)‘(s Lo

present 1n the 1H-NMR spectra for these systems._ The reten—(ﬁ3ﬁ




-~

weakened or broken to

v v t o . A [

This suggests that the binding of NTA to Cd2+ 'm the mixed

'1 complexes Cd(NTA)(thiol) must be quite different from that

in Cd(NTA) alone.u

its protons and the ce tral cadmium 1on. The fact that

.

thiols cause NTA to be displaced from Cd(NTA) supports[such

an alteration in the bonds between Cdzf and NTA.g

The qglease of NTA by thiols is noted by the appearance ,}Li

of a resonance due to free NTA.; The 1H-111Cd 1H-113Cd

S\ : R
coupling is observed in. spectra show1ng release of NTA.- The 1i”‘“‘“

jexchange of NTA between 1t8 free and bOUnd forms (Cd(NTA)

Cd(NTA)L) is therefore slow on the NMR time scale.-fu
Consequently,‘the change observed in the chemical shift of

the resonance for bound NTA is solely caused by the for-.”'

?ome bonds between NTA and Cdzf must be‘fv

’use the loss'of the coupling between f*w

' . .

mation °f the mixed complex and was used to determine the'meng(fv“V;

relative concentrations of Cd(NTA):ﬁ

However,;i'?f




R S E SR CHAPTER Iv/), T e
CHARACTERIZATIQN OF CADMIUM-GLU‘I‘ATHIONE COMPLEXES
e y 113Cd NMR
‘ o vv,' A L [ ‘ : ;xl v ;
Y 'AY | Introduction.’ - Bl . Lo

\ ' -

The nuclear magnetlc resonance characterlstics df cad-,‘_n;‘g‘,

N Lo
N .

fr7:;?kflm1um were rev1ewed in the 1ntroductory chapter.ufr“
\bellustratlons were also glven of the utllity of 113Cd NMR in
problng the solutlon structure, interactions and dynamica of

. Q‘ﬂf e on s !
“lga wlde variety of cadmzum compounds.‘ The firat reporta of

ijJthe observatione’of ll3Cd NMR Blgnals. about a decade ago."Vﬁf- .
; ‘ing; ‘ ‘ dd NMR' in elgcidating the ‘ “ ‘
f; 1“~“nnature of cadmlum coﬁplexes [18 19] It waa evident frOm fx ‘ k

BERNR ;the studies conducted tha; the posltlon of the resonance was
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: type of donor»grOup, the extreme seneitlvity of the chemical
gfsahift to subtle changes ip the environment of: the cadmlum

hion, and’ to ligand exchange dynamica, make 113ce NMR a SRR

OA}

‘ :Epowerful tool for the study of biological systems [37 43 87] i “‘Q

" L
Ki

7-¢‘0bservatfon of 113Cd NMR signals from metal blndlng macro- ;.;,‘

'.molecules were made by Armitage, Coleman et al [38],[

A Sudmeier [393. Ellls et al. [51], Drakenberg et al. [40] an

‘ﬁt:ﬂ?TMyers [41] ‘ The solutlon structures of human [28], rabblt ff

?ﬂ[88] and calf [89] 11ver Cd(II)—subLtltuted metillothlonelns ‘

‘ ‘hfuere elucidated by Armltage et al.f Several 113Cd multiplet
L?hffﬂl;‘“yresonanced were‘observed 1n the chemlcal shift range 600-670 “;fi‘n
E ’riluppm, consistent with tetrahedral b1nd1ng of four sulfur B e
I’:eatoms to the Cd(II) Eor comparison, the resonance for the fs”

tetrahedral Cd(II) in” the CdS4 sxte of the polynuclear ©

Cdlo(SCH2CHZOH)164+ complex has atchemloal sh;ft of 652 ppm

}ﬂjfff%fww[QOJ Selective homonuclear decoupllng experlments led to

[ T
L

ﬁwthe assignment of the fesonances for the Cd(II)-supstituted

ﬁ;\ﬁjl,gmetallothioneins to four and three metal clusters whlch are

v '-‘t IR R

"V”fﬂ*bridged by sulfur-,;f‘

‘donp g;@ﬁéé



L ﬁ‘\v~f 3‘ Reported ‘in this chapter is a detailed study of the j"V”:f&fAMQ

Cdz*—glutathione system by 113Cd NMR : Interest 1n this
gtudy atems from~the fxnding. reported in the iﬂtTOGUC-ﬂfn‘;eﬁylm S

poot

tion, that Cd2+ in~human erythrocytes binds primarily to GSH

and hemoglobin E33J and thuﬁ the importance 8f Cd GSH 1f‘f A

. .
. v

comg}exes in the tox1cology of cadm1um.§ The dependence of

ey
t

the'observed 113Cd NMR resonances on the pH the cog—‘n-

centratlon and the temperature was 1nvestigated,' 13c NMR

\.
v i A

measurements were also made on the system, in an attempt to R

determlne the stoxchiometry of the. complexes formed.‘ 13C *fuuffy
',} R ”-,”5 Co e
and 1H NMR measurements are also used to support the‘\. )

[ .
5

1nterpretat10n of the‘113Cd NMR results.‘ 113Cd NMR measure—”‘ﬂyg‘lgf

"‘ments were aleo made on solutlons containlng Cdz* and *u?"

A\
u{ ’ "

l cystelne, d2+ and penxcillamlne and Cd2+ and N-acetyl-m

" N . W

pen1c111am1ne for comparlson. T T AU S
. yﬁuii”” N s . G\yﬁﬁ""g? ﬁ"”fﬂl AITRRE Y ff,t-ﬂ'/V‘eﬂ*J,i;-L'“
© B »Results and DLBCussion", [T I R I R

~gj73u“q}‘1__ IH-NMR’Studxes ;\‘f"if}jf~;ﬂi 3{\?~}{gprjtv;’
The inVestigation of the complexatgon of glutathione by o

: ‘W cadmlum using il3cd NMR was preceded by preliminary measure- Wﬁf7l
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R T S
5 of Cd2+ and glutathiOne resemble thOBe of glutathione alone

"in that the number of resonances observed is the same in '

both cases.u Resonances ‘have undergone shifts. compared to

f.their chemical shifts in GSH alone. due to complexation.

‘ This effect is illustrated in Figures 42 to 47. The .
'methine protons (gS) and methylene protons (92) of the _
cysteinyl residue experience the largest shifts (Figures 42 {«"‘,11\
‘and 43) indicating the importance of the binding of Cd2+ toe o
.. the sulfhydryl group.’ Resonances due to the glutamyl proj
tons (Figures 44 to 46) are also shifted, although the‘
jshifts are somewhat smaller. suggesting that the amino ‘g
and/or carboxyIate groups of the glutamyl residue are also'
Finvolved in the complexation.‘ The resonance due to glycyl
gl protons (Figure 47) experiences a small shift as well. f“ﬁ
This shift results most probably from the close proximity of
’the glycyl protons gl to the . reacting site on the cysteinyl
,residue. New resonances appear in the spectra of mixtures
"starting at pH 8 5 (Figure 41) | This indicates the for-.
'hmation of kinetically stable complexes meaning that exchange |
,n'among them is slow on the NMR‘trme scale.‘ The new resonancesl
g}are found beside the resonances due to cysteinyl protons g2 ‘-v“'Qj“é
f}and gS and . glutamyl protons g3, g4 and g7.a Because the ‘new - . o
;flresonances occur only at high pH where the amino group is
'a;being titrated. they were attributed to coordination of thelt'”{l

UQamino group of the glutamyl residue., Given that new sets of

resonances are also observed for the cysteinyl protons. the -

A . . NP S . . .
¥ - . . : N ’ . S e ‘“' -
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B . ST
to the sulﬂxydryl |
“ttgroups as well as to the amiﬁougrouy )‘i N\\).f_;f[LVHQfﬁ‘;ij_k
‘ .“w“ A meie ratio studv was done atﬁpﬁ 9 5, where the new ifﬁtQ\f‘ ‘f
! ‘ r%The total concentration of 'waﬂ
T;vilrtcaémium was‘képt at ~0 1M and that of glutathione was varied VJM}T';
RUTE R v e e

1\0 8M.' Such high concentrations were uaed to

:\ 4

'maintaﬁﬁ similar experimental conditions for IH. 430 and

w;frOm ~O 2M to*

E 113Cd NMR measurements.n It was not possible to‘use ‘a glu—'f;("fj:ff

'“ggftathione concentration less than 0. 2M due to precipitation ifi'ﬂ5”

i”ﬁ{of Cd(OH)g Representative spectra are,shown in Figure 48., .

Q'“

’7¥From a ratio GSH/C62+J6f 3 and above, the resonances for the
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N ! Vo Y \ "\f o | .\.
e }af'vl‘ observations auggest that Cd2+ still ﬁinds predominantly to ﬁ“f.pff
\{*fV.‘ the sulfhydryl group at pH 9 5. uf:3f_[s, 7“‘|"'df o R S
‘f ‘.jHZA 13C NMR btudies ",’ﬁk ‘ H““M“'  | | .
'f"fd~-f Similarly to the 1H NMR measurements: 13C NMR spectra“' ',fy\ﬂﬁﬂ
U o “ o _’! f .“ "‘,’ N .: “‘
. o were recorded as a function of pH for mixtures contain1ng fﬁh
, , 4 ( ' "r"' b '2' B
Cd2+ and GSH 1n the ratio 1 2. Representative spectra are s
shown in Figure 51. For comparison, Fzgure 50 conta1ns }3C e
NMR spectra of glutathione aloue at dlfferent pH values w1th
o assignment of resonances. For glutathlone alone, ten reso- o
.,'Wﬂfj;lrnances due to the four carbonyl groups ( 175 ppm), two pri‘z” Y

cysteinyl carbons (a,.B), three glutamyl (a,la, y) and One

v‘" ,.\

ERSEA glycyl carbon are observed over the Whole pH range.l The f713 DR

Il

w‘ shifts of the resonances as the pﬁ 1s 1ncreased result from “_ ”*}ﬁ¢
N ionization of the acidic groups glycyl-cozﬂ, glutamyl-cozﬂ,’ ‘f"ﬂ,{i
‘ f{ji‘ cysteinyl SH and glutamyl—NH3 In Fxgure 51,'the resonance SRR

due to cysteinyl Cs xs shown shifted and has lost 1ntensity.‘_,}ﬂfﬁf”




g | Reference ”
.1-4 Diogane




'.E? Figuré 51, 130 NMR spectra of glutathione (0 ZML solutions\

&

conha ning Ca2+ (0. 1M) at PpH (A) 2 02. (B)" 5 55,

11.41 and (H) 12 oo. W SR

. P . - : . t

(e) sisz.‘(n) 7.99,° (E) 9. 49 (F)! 10.81,, (6) f*'



f.F_igure 51 (continued) -
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resonances is observed in both the carbonyl region and the -

methylene region. Figures 52 and 53 show these two regions
_of the spectrum expanded for a sample at pH 9. 5 This indi-'
cates that exchange between the complexes formed" is also :

a slow on the 13C NMR. time scale at pH 9.5 as was the case for '
1y NMR. Complexation is also indicated by the chemical

\]

shifts of the resonances in the mixtures of Cd2+ and glu-

. tathione compared to the chemical shifts of. resonances in

glutathione solutions. The effects of the complexation on
3 .
the chemical shift of cysteinyl Cg and glutamyl CB resonances
,are depicted in Figure 54.~ The chemical shifts of the two

\E
resonances’ are plotted versus the pH for solutions con-

taining glutathione ((A) = cyst Cg, (B) = glu Cg) and
.vgiutathione and Cd2+ ((C) = cyst CB' (D) .= glu Cg). Below
PH 4, there are no data points for the-Cd2+-containing solu-.,
‘tion because of preCipitation of Cd2+-GSH complexes at lower
»_pH; However.< even at pH 4, the cysteinyl Ca resonance '
in the mixture is shifted to higher frequency 'This shiftr
'increases as the pH is increased up to pH ~ 8.7 Between pH 6
’and 8 the shift is very small compared to the one undergone
'_betweenvpﬂ 4 and 6. Above pH 8. this resonance undergoes a
gsmaller shift to 1ower frequency.. The earlier shift to u
‘,higher frequency is certainly due to binding at the |
1aulfhydry1 group.v The reverse shift could be caused by a’

,‘f;reversal of the earlier reaction.=i.e., decomposition of thef@?f

‘complex(es) formed at low pH.~a change in the‘natnre of the

Y
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: '&ftion.' Between pH 4 and ~7, the glutamyl CB fesonance in the

binding to the aulfhydryl group and other coordinating eites
(e g.. amino group) ”'iﬂ“.”w“f'vg:f Tv*,‘iﬁ‘,“fﬁ333_i L
The 3ehAVior of the glutamyl CB resonance supports the

Sl o B N

F~involvement of the glutamyl donor group(s) in the complexa-,i“ym;

'.\’ A

ﬂ”mixture of Cd2+ and GSH exPeriences only a small shift as;

' ’ " & iy A
hcan be seen in Figure 54.. However, above pH < 7 a 1argerj~

i'fshift is observed.l Because the‘latter Shlft occurs in the,‘

‘3fregion where the amino group is being titrated it was“fm

'.gattributed to the complexation of the amino group.; The |
: j'omaller shifts below pH 7 are possibly due to weak bonding to

Z{the carboxylate group of the glutamyl residue. “ﬂ-ﬁ‘“"
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'Cﬂj‘resonances have regained intensity indicating a faater

\
R

6 is compared to those obtained when Cdzf was added to glu-x.nf::i”

tathione at concentrations of O 02M and O lM-. The con-}'¢”m

centration of glutathione Was kept at ~0 2M.d Addition of

a

|

‘f only 0 02M Cdzf cauaes complete loss‘of the cystein;“'m ‘;“T}"Vni“

;“"resonance and an important decrease of the intensit

’ cysteinyl Cu resonance., At Cd2+-concentration of 0 lM both

.4v.,'

exchange rate.; Figure 57 depicts the dependence of the che- i

“f‘mical shlfts of cysteinyl Cg (A) and glutamyl CB (B) reso-‘

[

‘fﬂ'ratio of Cd2+/GSH of approximately OHS.‘ The chemical ahift

‘resonance is shifted downfield Wlth increasing con-yi

'centrations of glutathione and reaches)a plateau around a

nances on the Cd2+/glutathione ratio. The cysteinyl CB

J i

S
( t, |

i

W',of glutamyl CB is: practically 1nvariant up to: this point j}ﬁt}ijﬁiff

then is‘slightly shifted upfield.“ Similar behavior was
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Between ragios of 0 1 and 0 3. the cyateinyl Cﬁ reaonance 18‘“‘5re";

'not observed kherefore no data pofnt51exist in that range of

)
L

™ "- -‘"
bl [
o

ratxo.l The cystelnyl CB resonance is shlfted downfield with . f, PN

1ncreasing concentratlon of cadmium, as was obse:ved at pﬁ 6

¥ except that the shlﬁts are Smaller ehan those of pH 6.¢ The‘f“ jjﬂej
glutamyl CB resonance seems to'ﬁhve shlfted to a ﬁl;lmuh-.',';H[,:eeﬂ
chemlcal shift and 13 then 8h1ft8d to hlgherlchemlcal shlftdff:e'i#ﬁ
Val;es at hlgher ratios where data cquld e Becured: fgﬁ \e rie?-%%ﬁﬁ
,“u‘ In summary fromllﬂ and 13C NMR studles‘g;o maln‘reac—?:“'wx‘v
*tions't take. Place between Cdz*: ;na glutathlone., A‘ reagtion \
‘1nvolv1ng predomlnantiy the sulfhydryl group‘ogcurs at dow"’ .,;;%:‘?
PH ( 2 7) | The aecond feectlon 1nvolve§ the Bulfh?drleasziiful:fye‘
well as the amxno‘éngﬁ\and is detQEted at pH 2 8.- Abeve pH
8 at least two klnds of" Complexes are fe}med in solugion i‘xvf ;%§5ﬁ?
‘Whlch “are dynarnlcally B etable ‘on the NMR time sca]‘e.[i‘ BRI
R SRR ' Lo el : ‘ ﬂwﬁgt

uliﬁﬁﬁfaff - Qualltatlve Studies

i 113Cd NMR Studles
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"Figure 60. 113Cd NMR spectra of a 1 to 2 ‘aolution of cdZ¥
' e and. GSH at 'pPH (A) 12 8, (B) 12.38, (C) 11 98, R
. (D) 11.50, (E) 10. 55, (F) 10.01, (G) 9.52,
(l-l) 9 00. [Cdz"'] - 0 25M, [GSHJ = 0 SM. .
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o e Table 5. 113Cd NMR spectrai features during a pH titration ,QV, ‘
o S of ‘a1l to 2 mlxture of ‘ca2+ and GSH. i T \
. . . \ v .‘" . AT . . . | ) 4 ol '."r_ " "‘l
Y » ,‘ : ' . . | ' R - . ; .
’ b \ \ ‘{”$’ |
A ) .
. S PH T 'T; S ?ySpectra{nevents AR " :

o 5“12&38,'/‘_l,5 Two groups of. resonances centered arOund L t
SR "f,566 ppm and 330 ppm. BRI I : "o

L qil&QBf;,.f "‘Three groups of, resonances centeredﬂaround dfﬁ_
ST . . 670. ppm.~565 ppm Pnd 324‘ppm. i{“'L ~ "

N o PR e B ‘
o -11.53 - ‘Tﬁree grou%s of resonandes centered around o
. e 870 ppm.,565 ppm’and 324 ppm O
T 2 rhed 1n£en51ty of the 565 ppm group of. signale #'f

e+ .. hasf decreased’ while that for the two other p“% IR
R 'UgrOUpg hQSAincreased._ ]g , S s
C o TL.05 v ";“One resonancé is. observed at 674 ppm anﬂ }‘v‘ﬁffgjﬁ
SR o ftwo at 325 and - 320 ppm, the one at 325'ppm e
fﬁ‘.h . *'f \' belng the leest 1ntense.;#~:, U 3‘ “u;,'J",;'wﬁf

‘p‘ ¢ i s

IO SGQ%Q& UTWO re80nances at 673 8 ppm and 320 4 ppm. 'f”vgﬁhﬂfkg;“
Two'YeSonances at 673 8. ppm and 320 4 ppm ‘<(H‘Cf

o ‘ .With.increase of intensity compared to“ C _;Wg;“‘EQ};
' xS Kk . “‘v : p".}"‘ ; .A‘ ‘ previqus pH .' T ‘ . “‘ , ‘ o :',l “ l. . \. \:‘, PN ,"“,.' '_'I::,.‘ ‘ "v“v ,.“ _v‘
R D ~73 T S S T T B
fo 90T T same as nn 10. ORI N R RS I S
. ¥ . ,'. - . '., ‘-‘ ‘ ‘ '.ll . A\J—:q‘ . Y . b ‘1“; e R ‘, . .
,w;“55 a 9700 ._ﬁy-, Decrease of/the 1nten81ty of the two resonances. "ﬁ?'i
. [T ':1 ak B . Iy . ( . ' A !

iff;,q.so.’j.._‘ [The resonan e signal at” 673 ppm ieudecreasing lﬁﬂf}iﬁ‘f
T faster inm 1ntenaity than the one at 320 ppm L

: -.'f;éiooéi }”iflfonly the 320° PPm . resonance still appears, “
T s o asctabie wgnan
! .1g ;'t’7f§; in B Nondetectable aignal. ~£‘1 T d
%‘ :¢~?kﬁ J.‘;f ‘mﬂi;}v "';g“ —— f;iA L
£Cth = ~o 35M. [Gsultfro R ': M
g G ; ok
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shifts are, unchanged..‘";g‘ ‘ u:“‘vﬂ.f . ;i . S
 The appearance of the 113Cd NMR spectra parallels that-w‘i

of the 13C and Iy NMR spectra tn that ‘the two resonances are ~§\

- 8
-, . ’f

observed inathe pH region where multiplication of resonances
occurs: in~the 1H and 136 NMR spectra ? Hence, the.resonancesy
in the 1H anh.lsc NMR spectra were - due to GSH with cadmium
complexed in different environmentssg The chemical shift of o

the cadmium resonance at high frequency falls ‘in the reg}on

of. chemrcal shifts.generally attributed to Cd2+ bonded to
7

\
. multiple sulfur qono§SL ‘The chemical’ shift of the reSonance

at low fr uency oes ot co ncide with the regions assi ned ,f
eq g .

to nitrogen binding. or a combination dé’nitrogen and oxygen

~or sul fur bindﬁng.; From a compilation of the chemical

»

"shifts of - ‘resonances occuring in spectra of cadmium substi-

; ,cadmium in sites containing a combination of oXygen and ”H”

»

o tuted metalloproteins [37], it was concluded that resonances

“from cadmium bound to sites consisting exclusively of ogygen‘f
! &
ligands are found in the region 0 to -lZS,ppm, those from o

.
.

nitrogen 1igands appear between 0-300 ppm, whereas those
. > .

resonancesgfrom sites containing 2 or more thiolate sulfur C

ligands are found in the downfield region between 450 and

750 ppm._ The resonance at 320 ppm falls in the non-assigned

‘\Aregion between 300 and.450. however not far outsidswthe

-

region of chemical shifts of cadmium sites containing a co&-

g : _,'. st e [

bination of oxygen and nitrogen.«-‘-'VKﬂ‘,”_ ";f j‘yiejyvff

T I

il r.. =
e \

Ff°m PH 8 to 4, there are no detectable signals in the ;fiﬁlngf"“

‘},A

o

L e

L
\\L.
S




complexation to the sulfhydryl group occhrs. The absence of ‘f

-

ﬂscale the abovementioned 1ntermediate and fast exchange are

,of exchange is much larger than the chemical shift dif-

. '
1

«fg113Cd @MR spectrum 13C NMR data attest»however. that

113Cd resonances must ‘be due to. excessive broadening of the

A’:
}

113Cd NMR resonance(s) resulting from chemical exchange.\

" An eXchange averaged resonance is observed when

1 the rate
Lo ‘ :

Y.

fference and separate resonances are observed when the

- [

‘exchange rate is much smaller than the chemical Bhlft ‘aif-

-~

‘,ference.l The broad signal of cysteinyl Cg at ‘pPH 5 5 (Figure

51) in the 13C NMR spectrum indicates that the rate of

\

Wexchange 1s 1ntermediate on. the 13C NMR t1me scale.. This

resonance became sharper at higher pH which means thei'

exchange ‘rate’ had increased. Relative to the 113Cd NMR time

,M‘

*moved to fairly lew and intermediaté rates due to the large'

Ichemical shift range of - ll3Cd ’“Thus equivaleht resonances

' I

to those. 1n the 13C NMR spectra are’ not observed in the 113Cd

have been proposed to occur at pH < 7 be]:f

% ,\' «

“NMR spectra due to the difference in time scales.'h"; LI

\ D

" 163

The single resonances observed 1n the 13C NMR epectra at 1

l

B

\?“a number of complexes formed with predominance of b!rding to

\\ _z.‘~

: 1 -
lower pH are*“therefore, exchange averaged resonances due to =

= the sulfhydryl group.b Species of the typg Cd(ss), ca(sc)z ;;x;,i
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" Cdz*/GSH (Figure 57 and 58), the two curves reach a plateau hf VL{Qx

Lo ot o ot o

at a ratio of ~0 5.‘5\:‘ 'p _ - 1‘ .o A |5“d: E

il j"f'. Quantitative Studies

!

‘_'v' | - Besides the‘qualitative information from the chemi-"l

a " . ‘-, '3

¢ em “hif"' the °°“°°"tr°ti°“ of BPecies giving rise to‘ TR
£ : L N

" resonances in the 113Cd NMR spectra are determined from

intensity measurements. These experiments were done _ .
! ¢ ! .’_;. X '.~ -

to determine how much of the total cadmium inﬁsolution was

represented by the observed resonances and”\bentually to.

A v

determine the stoichiémetry of the c0mplexes by correlation_?

. - ‘r,‘ X ) € .
with 13C NMR data. = \‘i/" - ‘x,‘\W '3‘%2"vf, SRS SE

Details‘about the method used to generate the calio)a-~ BRI
vl A ¥ ' "“‘“‘T'

tioh curve were given in Chapter II.. Briefly, a capillary jtf

.‘k.‘

= containing the refevgnce compound (Cd(N0342) w1th a fixed !
N cgncentration was placed in NMR tubes containing solptions n'ﬂjg

f? . of known concentration of a standard compound (CdClz) and { ;";f?

Y

A, o "

spectra were recorded for a range of CdClz concentrations.
P R -

i—-

' i The ratio of the intensitiesﬁof the resonances due to CdClg

over that of the resonande due to the refered&e having a’

"\

f5 . S
) a fixed concentration (15/1 ) Were plotted against the con-fg:«.' .

I

centration=of CdCIz and yielded—the straight line in Figure

-.4 S ‘ C o i ‘,

ll of Chapterﬁll

iFor quantitative measurement the same capillary éon- l'“‘
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)

-

(R Isample/IR wae calculated | This ratio was uaed with the

calibration curve to deduce the concentration of the apecies
R ' ) '
giving the eample reaonance(s) , The procedure ia'

illhstrated in Figure 61, which ehowe the 113Cd NMR .

’ . ¥

spectrum of a 1 to 2 mixture of ca2+ and GSH at pH 9. 5.

N

'.i} p;rnependence of . the Concentration of Cd2+ Speciee
Al

A-quantitative etudy was conducted 1n the pH region

.«.\

' where two signals are observed in the 113Cd NMR epectra
(pH 9 5 to 8 5) The two resonanqesrare well resolved (AG =

"354 ppm) and 1ntegration measurements can be performed on
each separately ;\thout interferences } |

RS 'Initially, the apparent T1 values of the two resonancee
1‘ were determined in an inversion recoveryfexperiment

described 1n Chapter II, eection 2&, They were found to be
0 29 sec and 0 44 sec for the 320 ppm and 674 ppm reéonances
ﬂ;,respectively The repetition time (2 39 eec) used in the

NMR experiments to establiah the calibration curve wae baeed o

on these Tlﬂvalues.v The repetitionﬁtime was set to be at

least five times the longest T1. i e., Sx 44 aec - 2 2 sec.
o v
: in order to avoid saturation of the signals. An example of

"X‘

w .o

the reaults obtained forCthe ratioe of inteneitiea‘

two signala at pH 9 5.‘9 0 and 8 5 and the concl tration of
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:dig,‘the linear regression parameters of the calibration curve
‘S‘and the measured ratios.' Columns 5 and 8 contain the con-
]centrations measured for the two signals expressed in terms «r
',Vi"of .he\pescegtage~of/tota1 cadmium in solution._‘ ':iﬁ' : " ;i:

Only a fraction of the total cadmium is represented in.

wo' signals.: The highest percentage of the total cad—mv

*\mium measured is 26 S, obtained from the sample of pH 9 5.

;o

The concenttation of species causing the 320 ppm resonancehh

is always higher than that of the speCies causing ‘the 674 » ".~‘-I
" Lo ) ~“:‘ “
ppm reqonance. As the pH decreases, the concentrations of ’j,,“,‘u

.‘.
s

‘ cadmium measured decreases even though no new resonance : o ;'if

. . Ta ‘ -
appears.u The species formed at high pH are either being

e * | R

';g%decomposed or transformed. When the pH 1s decreased bebween»ﬁ VR

Coa T :

ilh;pH 9 5 and 8. 5, protons may compete with Cdz+ for the
'binding to the sulfhydryl and amino groups, thus decreasing'r
’\hthe concentration of complexed Cd2+ - ISR
x;d'&l If the concentrations obtained from the resonances at

el e
)

ff320 ppm and 674 ppm are ratioed,‘the average of the values

f}?obtained at the three pH values i‘,1.63to 02. This indicates p“ﬁ“ﬂi

o \

"ujthat the species responsible for the two resonances are part wfﬂﬁ

};wof an.equilibrium which is pH dependent.u The involvement of
'ﬁ;gthe glutamyl amino group in the complexation as the pH isfpfﬁ
'rhe fact that both

?]araised aboveie was discusssd earlier




L (~674 ppm) is’ observed Further increaaee in the GSH/Cd P R

‘are summariZed i

r'iie” Dependence of the Concentration of Cd2+ Speqiea on

the Concentration df GSH at<pH 9 5 ”Wﬂ;ﬂf~gV{fWT;¢;'Tg¢h
‘,LA mole ratio study was conducted“at pH 9 5 starting o
with a, ratio GSH/Cd2+ i 2 and increasing the concentration* i”ﬂf .ff

,‘of glutathione.; As the ratio of glutathione tp cadmium is d:i‘tf'x?

increased between 2! and 3 the two reeonances lose a con~rﬁ$;Vf

siderable amount of their inteneity until. at a ratio of C e

3 there appears no resonance in the spectrum. However, at .

- higher ratios () 4), the resonance atuhigh frequency | ‘,fdfi,f*ﬁ*ﬂ

; ".'; v 1 . W .

ratio causesraﬁghifg_of“tnig‘reson‘nce_to higheryfreguency‘i*~f .
“:and a small increadé in its inte'sity.. Quantitative reaults‘@'ﬂ;
. .,Ml" " - ,.'"‘.’, "v‘
Table 7 Res'lts obtained show that the g »

'f:increase in thefconcentration of glutathione relative to ﬁ, ﬁ:?lu“‘“

d2+ ehifts tlé equilibrium pWard the formation of thei"»ﬁe;ygvf]
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'fﬂ;}fr N The effect of dilution on the distribution of species

o : . . ' . '
"

p‘,exchangevregime by 1owerﬂng the temperature. If this could hW

' ‘ .". \ .
be achieved new resonances due to the unaccounted for.cad~ . ,\ P

mium may 'be observed.,‘Results shown in Table 8 demonstrate “;

\

that lowEring the temperature “to 273 K does not alter the

spectrum at the low ratio GSH/qd2+ of. 2 or the high ratio pf

~ 5 at PH 9.5. At the ratio of. 2, the .8ame ° two resonances are ,?7-
Iw ! " A X
observed being only slightly shifted (674\ppm to ~680 ppm,(
[y " A . .‘"‘

320 ppm to ~324 ppm) However, there 1s an increase in the.

concentration of measured Cd2+ species at 298 K, most notice-f"f,w»ﬁ

i
"

| able at the ratio 1l to 5 Cd2+ to GSH At 273'K, 30 3% Of } o Sy

.\’-'

Cd2+ spec1es is measured whereas 41 8% is measured at 298 K.‘f*‘ it
‘ This result indicates thag redistribution of species occurs .> fﬁwuﬁ

M
]

\ . A
~when the temperature is. lowered even though new resonances“ Qv

do not appear 1n the spectrum.u.i i‘ H"u ”1, ﬂm‘w .‘u* coa e

“*i Raising the temperature caused the coilapse of the two Lo

resonances observed at a ratio of 2 This is depicted in

‘a ',.

Figure 62, which shows spectra recorded betWeen O C and fﬁif*l”"

N ’# ’U

77 C.J As the temperature was increased, the two rssonances

collapse to a single very broad resonance, which becomes

\ . v o . . . ,‘, N vu“. s

sharper at higheg,tbmperatures.. e w*"

ili.r Effect of‘DilutiOn on_ the Distribution of §pecies

was studied to determine the difference between the oom- aﬁﬁ@;i

‘,u". u

posztion of the cpmplexes which cauae the resonancel at 3206.Q1
...‘ 2y w d' »

;";jReaults are shown in Table 9., The ;Atid;j’w
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Figure 62. 113c4 NMR spectra of 1 to 2 mixture of Ccd2+ '
(0.1M) and GsH (0.2M) at pH = 9.5 from 0°C »
77.c.‘ . ’
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A
~0. 19M respectlvely The concentrations of species under

‘ the resonance at low Eield ([Cd}574) and at‘high field

([Cd]320) were determined and. their ratios calculated for
the dlfferent solutxon concentratlons., The ratio
[Cd]320/[Cd]674 is almost constant and an average value of

1.6740. .06 was calculated. Thls result eliminates the possi-

- b111ty of an unsymmetrlcal equllibrxum (e g "Cd2L3 + 2CJIL +

L) ' “. . . } "‘ .‘ . .‘ ) ' ’ C—

v

i&!\ St01ch10metr¥ of Complexes
In order to determxne.the stoichlometry of‘the L
complexes the concentrations of cadm1um specres determined
from 113Cd NMR were correlated to concentratxons of gluta-.
“Nthlone spec1es obtaxned from relatlve 1ntens1t1es of the "
'resonances 1n the 13C NMR spectrum. The resonances of
f1nterest are labelled in Figure 63., On the 113cq NMR |
spectrum (A 1n Flgure 63), the two resonancsghobserved at
hlgh pH are labelled 674 and 320., The- concentrations of
spec1es represented b; these resonances are referred to as’
"w;[Cd]320 and [Cd]G]A in Table 10.° Anaexpansion of the
| methylene regxon\of the 13C NMR spectrum is shown in B.'lFor

: }the present purpose. the resonances due to cysteinyl Cy are’

vused because they are free of interference and w ll

*:esolved as compared to cysteinyl ‘Cg or<glutamyl r ‘nances.‘~"

w0l
1

The resonance labelled d was assigned to free glutathione on
.

”@,the basis of its chemical shift of 58 5 ppm- For ‘f'olgt;on'

. ; B At
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h of glutathigne alone at the same pH. the chemical Ehlft

1

‘measured for this resonance,is 58 69 ppm. Reaonahces 2 and?

3 Were asaigned to cysteinyl Ccl in complexed glutathione .

\

baeed on the etronger effect of complexation on the chemlcal“

AR

‘ehifts ofxthe resonancee due to chteinyl carbons.‘ The _T l;t.‘

e

intensities of these reaonances-were measured and fractional

i K BN \ el B I \

concentrations were calculated. stng the known total con—"n

V

centration of GSH in solution, the concentrations of each

i Vo
. t

species were deduced and are glven 1n Table 10 as. [GSH]l. ‘-.‘dhuf

L
, R ) R ., )
4 N - Ve o [ C

[GSH]Z and [GSHJ3 ;,. ‘d," _fu-“ ‘quﬁ,u

\vh L . }
It was first assumed that resonance 2 is due to gluta—«
thione in the cadmxum species of resonance'674 ppm 1n the

g v \";lQ \
113Cd NMR apectrum and resOnance 3 is’ due to glutathlone SR

.
v

in the 320 ppm cadmlum epecies.' Ratlos GSHcomplexed/ R
3731 Cdcomplexed of 2. 56 and 2 54 are obtalned for the . 320 ppm and

674 ppm reaonancee respectfiely (Table 10) meaning that both D
‘?f'apecies haVe the same sto1ch;ometry.; This result is there-ww.
?5p fore. in agreement with‘the observatlon that dllution does ﬁiff"gf
‘tﬁvnot alter the ratio [Cd]3éb/de]574.n The closest com-:ﬂiLGdJ\

poaition corresponding to the rat;o ;2 .5 of ligand to metal

ia Cdz(SG)5,5 If assignments of the 13C reaonances are |

’xt;reversed, 1 e.. 2 goes with 320 ppm and 3 goes with 674 ppm 5

Jurp resonance, 4 21 and 1 5 are obtained as ratios Gsﬂcomplexed/ 7ﬂf

b-.‘ ﬁ ,"




:‘fi(EDTAeCysz),,have proposed sites made of A

. B '
1 ot

Cd3(SG)12 and Cd2(SG)3.< The 1atter result indicatus a higher

‘ ratio of ligand to metal for the cadmium species giving the

1

674 ppm resonance. This was suggested earlier because only
\ .o ! v (
the latter resonance is observed for solutions haVing-high

ratios of glutathione to cadmium.g Also, a 113Cd NMR?

ah

spectrum of a mixture containing approximately equimolar

-

‘amounts of Cd2+ and GSH at pH = ‘10. 5 (Figure 64) suggests a

¢ . . '“ /

lower ratio GSH/Cd in the complex(es) giving the resonance at

320 ppm In the spectrum, one very intense resonance is
) (‘_\ ]

observed at 330 ppm and a’ very weak resonance at 564 ppm

But in ‘a- solutijh containing GSH and Cd2+ at a 2:1 ratio, an»

A

f' intense resonance is also observed at 674 ppm besides that

‘_'\

at 320 ppm | ) -".’ - : ‘)” |
Polymeric speCies of composition Cdg(SG)3 have been

suggested before [83] where the sulfhydryl and glycyl

"carboxylate groups of a single GSH ‘are bonded simultaneously

to different metal ions.; Though~resonances occurring in the

chemical shitt_region above 600 ppm are generally due«to

-

Cd2+i bonded to four sulfur dohors (CdS4), some investigators C

have shown that ca2+ in CdS3O, Cd8202 and Cdo4 sites may

‘*give resonances in this region [90] Recently Bulman et al.'d"“”

' LA

"5[44]. On the basis of resonances observed from a solution of

J:Cd2+ and dicysteinoethylenediaminetetraacetic acid

combination of

[
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The structures ehown below are proposed based ‘on the ‘
¥ stoich1ometric ratlos
» 'ratio GSHcomplexed/Cd

fand B, for the spec1es glving the resonances at 320 ppm and

\674 ppm respéctively,

A

calculated.? Corresponding to the

complexed of 2. 5 are the structures A

" (R

in fhe 113Cd NMR apectrum.. Structures’""

' [
C and D were bullt from the ratxos l § and 4 2 for the

\?;

spec1es repregpnted(:EDphe 3zd ppm and 674 ppm resonances

kespectlvely

i o

. S

-

. 1 . ' ‘, :
%.”
St

mCeyes, /T\

K ~o | ms— cm—s-—ca—s-a --caz(cs)5
NG - st . .
_-:y‘ﬂ> o 1 U \
. wo etapm
[ ‘ "”‘. . . Co ‘,-*“- E
§ - l“‘" A B \ i :
= D v




.
A
o

Comparative Study with PSH N-PSH and Cysteine

For comparison, 113Cd NMR measurements were made on |
‘h solutions containing Cd2+ and three other thiols. 113Cd NMR..n
spectra were recorded at different pH values for solutions ;.:T;i”
mcontaining Cd2+ ~and penicillamine, and Cd2+ and N-acetyl— dhh =
penioillamine in r:tiqs of 1 2.‘ Contrar} to GSH at high pH.
- ‘only one resonance was observed in the 113Cd NMR spectna at
‘508 9 ppm and 436 ppm for PSH and N—PSH respectively. These'

#

’”hh‘r,resonances wére much broader (WLQ - 300 Hz) than those of thegh“'

“glutathione system (Wy@ 30 Hz) (wbﬁ 1s the uidth at half“
height) | The COrresponding 13C NMR spectra contained ayi

Y:‘ number of resonances equal to the number of carbons in‘each

| thioi- additional“resonances due to kinetically stable spec1es

.‘»were not observed as was the case for glutathione.»-The j'
species formed w1th these thiols are therefore less stable }..
kinetically as compared to those of glutathione and their jr
exchange is rapid on the NMR time scale.j Similar to the

Cdz*-glutathione system, no resonance was detectable 1n thelhh,

113Cd NMR spectra of Cd2+—psu and ca2+-N-»psn solutions below S

a pH ~ 6 presumably dﬁ?‘to broadening

Cot . RS . ' R

The pH was fixed at 9 5 and the concentrations of the
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o N . . [N . S N L L o . N \ . o [N f e ‘
S S . ) . . R . . N R ‘

S A
o : i>.‘ SRR

! . B N , . N . i , B N ,
/o ‘o X '

‘P/~”",564 4 ppm as the ratio of ligand to Cd2+ wasg increased from

‘ f,{;di“iz to, 5. This Bame effect was observed for glutathione

\
'.complexes ‘:'x‘;ﬁ' S e R

Quantitation of the resonances wes done‘for solutions.“
}wcontaining a 'l to: 5 ratio of metal and ligand at pH 9 5,
fg:'_t’fcompare with the‘glutathio?e system Chemlcal shifts and.fl
;fpercentages of cadmium measured ‘are given in Table ll for

, ‘PSH N PSH,,cysteine and glutathiohe. The percentages

.

gcalculated decrease in. the order N—PSH > PSH > cysteine >

GSH while the order of Cd2+ deshielding is reverse, i.e.

‘“-

ﬁﬁGSH >‘cyste1ne > PSH > N- PSH.‘ Though about 50% of Cd2+ is

’<.

measured for PSH GSH and cysteine,lloo% was measured in the

‘

case of N-PSH.. g‘jr:r;fo-‘y"‘fpﬂ
The deshielding order strongly supports the par~

‘tic1pation of the amino group in the complexes formed with

PSH, cysteine and GSH glving rise to the resonances observed :ﬂj‘-vq

-

‘1n the region generally assigned to only multisulfur sites.t~
’PSH. cysteine and GSH have a free amino group which can

‘Tcoorqinate whereas this group is blocked in N-PSH. The ‘ihhh .

I
T .

‘illower measured conCentration of cadmium for the three thiols

"ﬁﬁafPSH, cysteine snd GSH might imply exdhange is taking place

:fthlfiqbetween species of different nature, therefore strOngly dif,r

'5ﬁ¢ferent resonance freguencies which causewthe loss of somew
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’ ~ Table 11. '113Cd chemical shifts and measured 8. cadmium- ‘ X ,I'H
e from mixtures contaxning Cdzf and .thiols ' in.. :‘T,‘ 5

“the’ ratio 1 to 5.‘ PH = 9 5.4"‘ AT
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“'lar nature hav1ng, therefore.,small dlfferenceg_inutheir S

1}
L

Hresonance frequencies 8o that exchange among,them results in IR

RN ; C K
the observatlon of an exchange averaged reaonance.. This isl

’ : .,\ .

“,1ﬂ ﬂgreement Wlth cadmlum sites made of only sulfur which 13 ;“QQ

: dlfferences in the geometrlc dlsposltzon of the ligand

\ ﬁ){

gﬁixflzty of A strong influence of the gebmetry of the complexAOn"

'\t1c1pat10n of the carboxylate group is dlscusaed later.,

"the a carbon 1n a serxes of related thiolate llgands have QKQQ

,'been stud1ed [86] It was found that shxfts of the order of f,"-i,
would be" expected therefore to cauae a shlft of the order of 7;[ ij
udue to cadmlum in the Cdz*—cystelne and Cd2+-penicillamineff
n‘geometrlc modlflcatlon,,as was suggested earlier, may e f\‘x7
AT . ‘ f—‘\;h‘ ) .", \’nl ‘,, |
‘,jaccount for th1s difference.‘ A recent.113Cd NMR study of el

'small dynamically stable Cd2+ complexes noted the possibi-;hﬁif"‘

?-h_; v'the 1].3ca chem1cal ehift [46]

the free coordxnatlng group on N—PSH.. Possible par—

\ S

'

Though both cyste1ne and PSH can form flve—member che—

A v

late rlngs u31ng thelr sulfhydryl and amlno groups, stéric

)
RN L ot

‘gcrowdlng 1n PSH, whlch 1s B—dlmethylcyStexne“ may cause 7 ” ;

ot

Vy‘

around cadmlum.l Outer sphere effects of the eubstitutlon at fa ‘9

;'15 to 20 ppm were caused per alkyl group _ ng alkyl groups .ﬂ o

et

30 40 ppm However the difference between the resonances

b .

complexes is 62 ppm (Table 11) Hence,_~22 ppm remalns;?

N

p‘unaccounted for by the substltuent effects.v Slight *f'f‘A"Qig‘fﬁﬂﬁ




v ) ‘ I v .. . i ," } ) ;.
bonding of the donor’groups'in glutathione to different

d2+ atoms may result in, the formation of speCies w1th
higher rigidity. Thencarboxylate groups of the' glutamyl and
glycine residues as well as the peptide linkage between the

cysteinylwand glycyl residues have been suggested to be Cd2+
|
binding sites from 13C ‘NMR" measurements by. Fuhr and

‘,‘kabensteln [94] The rigidity of the metalloprotein binding
sites has also been considered 'to be a factor causing the

h\ »

fgrqgﬁer shielding in oxygen sites of metalloprotein as com—

T

Chem1da1 shifts of\csdmium thiolates 1ncrease

o . \

‘iyx n tme order CdS g casz < cdSj3 < Cds4. ca2+ in a tetra-

\

dJ&l coordination geometry appears to be deshielded rela—

W*ﬁfe to Cd2+ in an octahedral coordination geometry by
' *' L
e§§@)x1mate1y 50 100 ppm\[37] ThOugh-softer ligands suchvasA

s—

@nors ere known to prefer’ tetrahedral coordination to.

t
—

Cdzta ctehedral coordinetion has been proposed in the case

“\.‘

of a. combination of sulfur thh other donor groups [44]

0

(e g., s and N, S end O, S. N and 0).: The present data does
. not ellow. however’," e discussion of these factors to explain-

the differences in the~dﬁserved chemical shifts in the 113Cd

e '._/ L o . A
o 3 f R Rt}

- V0 .

i : . ) . i
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(«NQR had assigned the resonance at 320 ppm- to a 1 to 2
complex Cd(SG)2 w1th binding through two cysteinate sulfur
‘atoms [20]. This asslgnment was based on previous poten-
tiometric [95] and 14 -and 13c NMR measurements {83]. The
‘resonance at 674 ppm was not reported though condltlons
slmxlar to those of the present study (1 e., pH 9.5,
GSH/Cdzf =‘2) were used. Another study of glutathione
complexes‘of cadmium byyll3éd}NMR was‘conducted at a high
temperature of 68°C and .pH 1ower than 9 by Birgerson et al

.‘[86] ‘As GSH was added to a solutlon of Cd2+ a broad reso-
nance was observed and its chemical shift 1ncreased wlth

i Y

1ncreaslng concentratlons of GSH. Table 12 reproduces some
o '

results of the study. $&n ipterestlng aspect of these
¥ “M N

results wlth relation tdﬁ%hose of the present study 1s that

¢

a resonance is observed even though broad, in the low pH

- region 8. 6 to 1. 15. Under the temperature condltions used’
in the present study (25°C) resonances were not observed
below. pH 8 when Cd2+ and GSH were in the ratio 1:2. No
observations were made on low pHAsamples at higher tem-
peratures. However, at pH 9.5 an increase in temperature
caused the collapse of the two resonances at 320 and 674
ppm. | | o

| The resu ts of ergerson et al.'s" study agree more with

o~

_the present study if the temperature effect is considered.'

Lre
]



sawiciac.  TTTLA NMK o STUdY Of CA<T-GSH system by
- Birgersson et al. [86] at 68°C. ‘

4

L ~ ‘ : | ¥
[Cé]t' '['(‘:a']‘;._‘ | “PD‘" L \ PPM*

' 0.3 2 1.15 1-18.6
0.3 2 ‘1:95 ) 6?.7,
0.3 2 ' 3.40 ;2io.e:
0.6 2 2.00 2;iﬂa
0.6 "2 4.90 4549
0.6 2 Y s.90 , ‘4éq.qf
0.6 ‘2 | 7.30 4516.1

v 0.6 .2 | ‘é.eo 1 526.8

0.3 O an 2.3 333.6
0.3 . . " a1 . 4.05- '466.9
0.3 - a0 . ‘ 5.10 543.2
0.3 an . 6.45 . 590.7
0.3 o - a1 +7.90 1 610.3

¢Chémiga; shifts are relative‘to‘D;1§'Cd(C104)2‘g o

4
\l \/
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resonance of chemical shift 526 8 ppm. is recorded.‘ Under'

these conditions of pH and molar ratio and the temperature

,of 25 c, two resonances were observed simultaneously at 320
(

‘Ppm and 674 ppm. - The higher temperature of 68 C must have
icaused the collapse of the two resonances As mentioned

I
‘already, this effect Was confirmed 1A the present btudy at:

A} J

;pr 9.5 (Figure 62) When the temperiture of samples were'’
\‘1ncreased above‘37 c, the two resonances first disappeared
. . . “ . N ?

l due to broadening, then a single ‘broad resonance reappeared

~around 477 pPpm in the spectrum recorded at 57 C which

'

became narrower at higher temperatures ﬂ o G

v

|
'
1

C. Conclusion " ‘ L\w) 'v"f- T o
‘ l;\g?: The analysxs of 113Cd NMR parameters.with the aim df

\

unravelling the structures of Cd2+ complexes and the hature
i . | )

of cadmium binding sites and the dynamlcs of exchange of
cadmium between 1ts cOmplexes in solution, ‘has been con- h

cerned mostly with chemical shift. coupling and relaxation’

[y

'informatlon [18 20, 24, 28. 37 41, 43 47 51. 52, 54, 55,‘

"\85 91] The discussion of the results obtained in the pre-ﬂ:

. \
sent research on the Cd2+-glutathione system are based

'

iﬂlLrgely ‘on this pioneering work.' However. the quantitative

',-aspect in ‘the analysis of 113C4 NMR data pertaining to con-ff

»

-

centrations of species has been largely ignored in the past.r

e



4“

- o |"- R
Nevertheless. results reported in this chapter and conclu—gb7

*n

‘ sions drawn therefrom demonstrate the need for considering; ‘

such an approach. Otherwise unsuspected dynamics were

,revealed by the quantitation of'observed resonances It is’
ca often assumed that 113Cd NMR resonance(s) observed for a’

given system represent the totality of cadmium spec1es in.

"solution whereas lt was shown here that in Cd2+—GSH solu-h

. Voote

tions only a fraction of the. Cd2+ is observed

The approach to quantltationrused ‘in the present work'
not only determines the distribution of spec1es but has a180‘
the potential to provxde information about the st01chiometry

Jof complexes formed.‘ If th1s potential 1s rea112ed 1t w111
represent an’ important step towards the determination of
solution structures of cadmium c0mplexes by 113Cd NMR.

In analyzing the 113Cd chemical sh1ft data for the
Cd2+-thiol complexes, 1t became obv1ous that the available
information, from which deductions may be made about the
effects of coordinating grobps, still needs to ‘be expanded

‘ mostly for cases of mixed‘coordination.‘ Models usad in this

study were cysteine, penicillamine, glutathione and N-

,‘acetylpenicillamine. The first three ligands possess

'11 sulfhydryl, amino and carboxylate groUps. Glutathione has

. N additionally the ndtrogen and oxygen of the peptide linkage,'ﬁ

T

N-acetylpenicillamine has a sulfhydryl and carboxylate
group.f It was found that the difference in the 113Cd chemi-;
cal shift of psnicillamine complex(es) and N-acetyl-ﬂ'if;fﬁﬂ*fa

S e
o et



~¢“;‘effective in causing shieldings or deshieldinge. Also the

. RS ‘o,
o

. / h \“"‘. SRR "
penic1llamine complex(es) could not be: totally explained by

the i“abllltY of the amino group to coordinate in N- j..‘j_q
acetylpenicillamine Rather. minor geometric factors were| KN O

L] v

differences 1n|the chemical ehift of cysteine complexea and ffmjf‘f

" [

S ‘RpeniCillamine complexes could not be totally accounted for

'by the substitu‘i n of H2 on CB of cysteine by (CH3)2 -on . Ceﬁgi
in PSH.} Minor modifications 1n the arrangement of the

'tllgand(s) around cadmium were c1ted ‘to explain the

"discrepanCies.. ﬂiff‘flp, 'U,A"g'; ,;j~‘i' SRR RIS

Glutathione complexes of cadmium were reexamined‘withv‘

L :113Cd NMR chemical shift data and quantitation of the reso—";
.gdnances., Prev1ous studies of the complexation of glutathione
'by Cd2f~1n solution have mostly proposed the formation of l : |
ijto 1. and l to 2 complexes [19, 83,‘86] The formation of a t};Hf"‘
‘ lfpolymeric speciés Cdz(HL)3 has also been proposed [83] The'lJ
"’extent of deshnelding observed in the 113Cd NMR spectrum ofefi{f

‘glutathione complexes cannot be accounted for eolely by the~VHlVlf”5

‘} 3Hinvolvement of sulfur and nitrogen containing groups in thef{l
‘complexation by c0mparison to the other thiols atudied.‘-ltgpﬁf’
*;15 suggested that possible structures of GSH complexes in

$7solution .are polymeric similar to those propospd for metallo-_fftﬂ

/jhthioneins [37] Three and four metal clueters bridged by J’fﬁ'”‘

”"Sulfur have been reported to*occur in human, calf and rabbit
v ’).". ‘3’,'

“fleiver metallothionein [37] Glutathione might be forming

:;;simixgggéggs;gi;¢ampaggda&qﬁér¢j¢¢?f;aébg§fs.ara;bpyﬁqygnaT”'




1>1ﬂbridged by the sulfhydryl group such as those proposed in :

f'section iv. of the present chapter.”‘h;gga;whgé b:.

On several occasions in the disCussion of the Cdz*—GSH.'

wa?gpﬁtsystem,‘reference has been made to previous studies of thevftw;‘
e complexation of GSH by Cd2+ by 1H-or 13C or l13Cd NMR Them‘u"ﬁh
fi‘ pcf;aim of this study was to adopt a more systematic and ”m.:j;i' -
“gc0mplete approach using 1H,,13C and 113Cd NMR The first

,‘:" o ‘-‘f i \:

”robvious consequence was the observation of two resonances ‘
Co ﬂ\

-’ﬁdu,where only one has always been observed in the 113Cd NMRf

v‘spectrum [19, 20, 86] Secondly, the detailed analySis of a ,g:*\

‘glarger body of experimental data from the three probes (1H,

o 33-13C and 113Cd NMR) has shown that ‘some - earlier conclu31ons “wni?hggy"

fﬁon the nature of complexes formed were totally or partiaLly

b

‘ffalse [19ﬁ 20, 86] For example,,the resonance at 320 ppm {f:

thas been attributed to a l to g,complex of Cd GSH with

1‘Q,Gbinding to the sulfhydryl group [18“ 19];; It was assumed

hnthat this complex was formed in‘a“lzz‘mixture of Cd2+ and flﬂ.l'.“

"wﬂglutathione after only one resona ce' as observed 1n the f'f

has proven that only e

*3_113Cd NMR spectra.. The present stut_

- ) e . -
2 i -

t;ﬂisfh‘lsg °f Cd2+ 18 represented by the resonance at 320 ppm, the”;ﬁ

:premaining cadmium is distributed between species giving risefiﬁf‘

to a resonance at 674 ppm and others Whose resonances are

;*”gnexchange broadened.t Finally, the quantitation of 113Cd




", \.\“

1nteresting insights on the @ffects of less draatic

[}
geometrlc factors in the 113Cd chemical shift.
| * . l £ :‘I’ ‘ N
.»x ' e
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A.ffIntroductqu G SRR A

’

BRI The assignment of resonances in the 113Cd NMR spectra of“'

o

”biological systems is largely based\on comparison with model'f'u
,‘xuﬁsystems as was exemplified earlier in the case of Cd(II)

metallothionein. Studies have been conducted placing Cd2+ K

B

‘]in a variety of ligand environments, to obtain represenq“ o

o tative chemical shifts for potential biological environments jwf

.

j]”[24, 44, 45, 49, 52, 91] B8 stated in the introductory

l":chapter. an important asset of 113Cd NMR lies in the charac—‘,ﬂ:*

lteristic chemical shifts produced by the donor group of

binding ligands.f It follows, therefore, that from knowledge l'h-

*ﬂf"of the chemical shift one can determine the chemical

‘U ! ' ‘l

nn\

;a;environment'ofncadmium.; The need for benchmark chemical "”'}a

4lffshifts of model compounds for the assignments of resonances

'Hﬁlin more complex biological systems was recOgnized with ff*‘V7'7”;

i

mﬂfthe fir't_observations on 113Cd NMR and has been stressed

!

ﬂﬁ again recently by Armitage [37Jband Ellis [43] The present

a




';,xmonochloroacetic acxd.'formic acid, pivalic acid,,glycyl*
:uglyc1ne. histidine and N—acetylhistidine, were determined
These chemical ahif;s were determined frOm the pH and
'“iconcentration dependence of the exchange averaged singlei‘ 
\ 5113Cd resonance and known ac1d1ty and formation constants."fmx‘“i

* ' B. . Method .
SENY —_—

For all the complexes investigated \? sing
‘averaged resonance 18 observed in the 113Cd NMR "ec,raiof'
Cfsolutions containing Cdzf and the above/ﬁited ligands,

Tindicating rapid exchange of Cd2+ among the various :
N

‘co?plexes formed on the NMR time scale.‘ The chemical shift
"of such a. resonance 18 the weighted average of the indivi-‘
“‘dual chemical shifts of the various cadmium complexee as .
fexpressed by equation 102 'f‘iﬁmxu_:'mxlﬁf f.iﬁ:fh-nglhfﬁ'f(}'
g 50bs GfPf + 61?1 + 62?2 ‘ ‘(102)
’m"where Gf atands for thewchemical shift o ree cadmium, 61
ifthe chemical Bhlft of a given type 1 complex, and 62 the J4'H

[

i“gchemical shift of a given type 2 complex.eAPf Pl, and P2

‘fth;stand for the fractional concentrations of free cadmium s




Lk ) ) S . o R

! ehifte of the epecific complexes were obtained by fittﬁhg o

',” l to 2 complexes of Cd2+ and ligand or the formationu

L v
v RS B

cob, versue pH data with known equilibrium modele. The

)

modele ueed involved either the formation of both 1 to l and‘

f‘onlx‘b"
the 1 to l complex of Cd2+ and ligand.‘ The etability’x‘ |

conetants of theee complexes may be expressed as foll

) [
o : ~ ' .
" C i ey

"Q‘ | CdL] ~f~;~f| 5 Jll,_il~‘v‘ﬁ')(‘l'
$1‘ WECd +][LJ, R T P S A A

for the formation of the 1 to‘l combleX‘ano ;3 xiiso”“ “*
“[car, 1 R EEET R :
2.5 [ca2+J£L32 - A108);.
for the formation of the l to 2‘com§lex;!‘ibfj'n.“‘ﬁ\' |
‘ The fractions Pf, P1 and P2 can be expressed in terms‘
3 of the stability cdnetants of the“%omplexes formed and the“ ;

equilibrium concentration of the ligand.v In: the case of

3 EERR '
formation of a l to l complex only the fractions Pf and Pl o

are given by ‘f5»?~'gyﬂlff':*ﬁf.377‘ ﬁfi,‘Q‘!cepﬁff“

:'*ﬂ?f~f;7]}?ﬂji' [ca2+] 5« e
SRR 2 e T e T (108 )

,,,_ [CdL] .
AFL [ca +] s [CdL]
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L+ [eavy/fea*y - - e e T

L e

w"V""%F;l*‘tcaLj/téd2+jw" LT RS RN R
R ‘*‘H*;}f'LCdL][Cde]‘; R ,Q5;‘~V‘1°?Z

. g . ' ) . . vy : \
the term [CdL]/[Cd2+] 1s given by Kl[L] from rearrangement

C of equatxon 103. Substitutlon of [CdL]/[cd2+] by K1[L] in 'ffﬁ;‘d;

oo
[

equations 107 and 108 glves. Vf_f;

: l ;‘,ﬂ :

Pf‘=;-——-r~;‘1 FROT o . ey
:KI[LJEV" ‘

‘H'Pl s KL - S (110)

o :
. : ] T S

, ' The equatlon used to flt the data (equatlon 111) was 3
- - ’obtalned by substltutlng Pf and Pl in equation 102 by . :
‘*,ﬁequatlons 109 and 110.;n° ' A " | fa f
| g B ‘ - ‘ : \ ; ; ;‘. - " . e m" ' o .'."7“" ’ . " y r“. S ,l',‘ ;\

BRI TR cf +. 61K1[L] v y:fjj,;.Vﬁy-,jq*‘f~_fﬂ;ff‘;}rhﬁv;Lw
¥-“ vfd””“T"'Vd6°b$,=" T# K1[LJ ’E# LT ’-;7'»;£‘1¥§§_"“'” P
ok e P f\.,_g;ﬁp~, ;g;w,ﬂpv‘maﬂ~;rf IR i

Al

'wThe equlllbr1um concentration of free ligand [L] is obtained

NP SN . \
N f A

"

’iejffrom mass balance equations, pH. and acidlty and stability

‘\~n’s

;acidic,groupdthe followingH ’b:egaydnjis”bbﬁa‘ned{




s

B ILJZ(KalKl + [HJK1) LR e
j’,w__f”»}g'f‘ [LJ(Kal + DHJ + KaIKICdt - KalKlLt)LtK ‘=‘0”‘(112)L‘

. : S w'.‘o‘ "1‘. o \‘. ' [ ' . .
where Kal is the ac1d1ty constant of the ligand Kl the for—
-h}"fdfg7\mation conetant for‘the 1 to 1 complex, Et the total con-
-'thwx“ﬂ centration of the ligand and Cdt the total concentration of
i \Y}icadmiqﬁ! The concentration of L. 18 calculated W1th1n the_" J'.l -

»

-fq‘flif'f Followxng the prev1ous reasonlng the model 1nvolving the"

formation of both 1 to l and l to 2 complexes 18 giyen by. R

L e sf + a K; [L] + 6282[L]2 7l””m.j~ B T
BRI Gdbs = - 1K) 5 113y
' ‘,l_f-KLELJ t_SzLLlﬂg R

. ) e | . o [ . N
o ! . o , : . o P o

.y . , . e
oy | ) P

o “;“ The method used to calculate the unknown chemical shifts“

: ) ‘
- 61 and 62 is also Blmllar to that described 1n Chapter III

o

,fffor the determination of acidity constants. Chemical shift

_p
i KN

pH data obtained at different ratios of cadmium to (
‘fﬁligand were fitted to’ the models described by equationé lll ‘f
‘;and 113 using the nonlinear leaet aquare program KINET., L

»:lp\fdﬁ,f' Generally. three titrations were performed for each ‘vf]fnfx gﬁ

‘”!ligand with ligand to metal ratios of one, two and four.h,c

fThe firat estimate of the chemical ahift of the l to 1

‘complex was obtained from%data;forwthe titration of a 1 to

:aasuming only the«formation of a’ 1 to l complex‘

*leepin fthe dhemical shift so calculated constant. titration;at~
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R . ‘ st
ldata for y to 2 or 1 to 4 mlxtures were used to determiqe It
o thhe first estimate of the: dhemical shift of the 1 to 2 .
‘complex.t The 1atter\yas then employed to refine the former-~ " .
‘and 80 on untll -the sum of the residuals was hrought to al;m h
v‘ . " ,\ ‘ ‘ . ”‘ ‘ ‘ I ‘ ) N . A
mlnlmum value. SR LR v . . U A . .
C : ‘ . el TS
" ' ’ ' o . R ' ' 3 S ‘ ﬂ\\ :' i ; ‘
. C. Results. . . .o B S SR
T e o N co A
- IR ""'*‘n TR R I U

SR ‘”‘1, Carboxyilc Ac1d Complexes 4 g‘“f‘Qjﬁb '3?J"J._ fﬁf“@wfﬁy

A cadmlum nltrate solutxon wasltitrated wlth NeOH,and xffﬁfﬂg:““

! the 113Cd chemlcel shlft measured for solutions between ; :{ ;{
pH ~2 and ~5 As ehownhb; curve A in Flgure 65, the chéqukﬁ,‘gf,f
‘rcal shlft of "free cadmlum s, cenetantvbetween pé 5 ende “ ’lv,‘
.At hlgher pH, precipitatlon of Cd(OH)z occurred,consequentif ieffw&t
spectra of sampies at hlgher pH values could not be i prvhp[j deft
‘measured.‘ In the pres'dfe of the carboxylic acids lieted in ﬁdi'dg
Flgure 66, the 113Cd resonan e.is shifted to higher f&eld as id : ‘2
! the pH of the solutlon is ralsed;: Thls sh1ft'resu1t from~f7d1/§“ff
, 5 o . R
: f_blnding of cadmlum to the carboiylate group of the ch- “ﬁ,f;”“yf””
| f¢jboxy11c ac1ds as it is being deprotonated. The shift to a ;

l:fhlgher fleld was the expected behavior'from known effegts of

;'“rf'donor groups on”the 113Cd chemical shift [37 43] ,Figure ﬂt*%”
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ACETIC ACID

X ‘

‘.CHQCCOOH

“CHLORQACETIC'ACID

- Figure 66.

>IN

HCOOH

FORMIC ACID

(H3C)3CCOOH

~ PIVALIC ACID

Names and structures of carboxyllc acids used to

~ determine 113c4 chemical shxfts of ‘cadmium

carboxylate complexes

4



ments were larger. As the cOncentration of the ligand
increases, increased shieldings are observed indicating more:

extensive complexation at higher concentrations. Curve B &

‘

reaches a plateau of -—18 ppm,‘curve C a plateau’ of ~—24 ppm

and curve b a plateau of ~—30 5 ppm. The small shift to

'

lower field for the curves of mixtures ‘as. compared to that:

~

of free cadmium at low pH is due to differences in ‘the ionic
strengths Thls was verified experimentally : Addition of-
increasing amounts of sodium acetate to a solution of Cd2+

- at pH 2, where no binding occurs, caused a Bhlft in 113Cd
chemical shift of Cd2* in solution. The poxnts on the
figure are experimental whereas the solid curves are calcu—i

.lated curves from the chemical shifts 1n Table 13 and

\

literature pKa '8 and formation constants.
A

Figures 67 to 69. depict experimental results and calcu—

lated curves for chloroacetic acid, formic ac1d and pivalic

A

acid. *The PKa values usEd with KINET were all from the

‘literature [96] and are listed in Table 13 Wlth the chemical

[N

shifts of . the complexes.- Formation constants used were also
;from the lif/\ature for the COmplexes of acetic acid and

uformic acid [97] No literature values were~ava11able for-

i

, the formqtion constants of Cd-pivalic acid complexes. there-

AN

fore the formation constants were treated as unknowns when ;ﬂ”

:‘fitting data.i The values obtained were lpg K1 = 1. 68 0;02‘:

B T "f TR : . o
. L.
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' Figure 67\ The 'PH dependence of the 113Cd ct;?cal shift

xtures. of;-‘

\for (A) 1:1,. (B), 1:2 and (C) 1:4
) ,'Cdz"" and chloroace&ic acid.‘,f ‘
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YL fer (A) ‘i:1, (B) 1:2 and (C) 114 mlxtures of. Cd2+

“%Qand formlc acid.



Flgure 69.. The pH dependence of the 113Cd chemical shift
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aug. 1og ug = 2.76 t 0. 10. In the caee of . chloroacetic acid
available literature values [98,‘99] yielded erroneous

results for the chemical ehifts of complexes: therefore,
. i } g i

the formation \constants_ ' thie system were also treated as.

\\i'unknowns.f The values obtained were 1oq Kl l 15 t 0; 04

(evaluated with 1z 1 titration data, curve\A in Figure 67),

!

log 82 29 0 04 (evaluated With 1 2 titration data,l

‘curve B in Figure 67) and log 82 ‘= l 86 i 0 03 (evaluated -}5'~

\

with 1 4 titration data,‘curve C in Figure 67)
The chemical ehifts obtained for cadmium complexeslpxw
rormed w1th acetic aCid and pivalic aCid may be con— |
'\Sidered equal w1thln experimental error (Table‘l3) ; gecause;ad
htthe pivalate ion is slightly more basic thanfgae acetate
;i;ion; the‘assoc1ation of Cd2+ W1th pivalate is expected to be

o
iR e ,

n_somewhat stroﬁger than with acetate.. The closer the bond

“between Cd2+ and the binding oxygen donor group. the more

A

fquenCies [24Ju Pivalic aCid however, has three bulky zﬂrﬂ]va

methyl QIOUPB on ite a carbon while the same carbon in ace- g?l”“




‘<v R R . - . I.‘ N - o A ‘
"acetate and pivalate ligand shields Cd2+ to the same extent»\«”

if;the difference between thex113Cd chemical shift of the 1 to B

‘if ‘1 complex and the 1 to 2 complex is about 15 ppm for both .C

1acetic acid and pivalic acid \ﬁijén“

The chemicgl shifts of Cd2+ in its complexes w1th for—lsw
”h‘mate and chloroacetate are shifted to: higher frequenc1es,'i?‘
‘;t consistent with the lower basic1ty\of the above c1ted} ‘
“fligands as compared to acetate and pivalate.r@The 113Cd

3‘chemical shifts of their 1 to 1 complexes 1s about —14 4 PPmtV‘

',

“U‘while —24 7 ppm was obtained for the homologue complexes of

"‘acetic acid and pivalic ac1dq However, despite the dlf—

[N

“:‘rerence of 0 8 units between tmepKa s of formic ac1d and

" ;chloroacetic ac1d, the 113Cd che 1ca1 shifts of their'

"),

“complexes are also very similar. ~.«This: can be explained by

L the aimilarity of the formation constants of the formato and:ﬁ.”‘

v

3achloroacetato complexes of Cd2+ even though the formate 1on'

-

i Jiis more basic than the chloroacetate ion.‘ For example the g

logarithm of the formation constant of the 1 to 1 formato

‘Vﬁﬁcomplex is l 04 Q??] and that of the 1 to 1 chloroacetato.“' B

.“;ficomplex is 0 95 [98). l 15 [this present study]

Ve xﬁfﬂthe ones for their l to l complex”““

Pertaining to the 1ast two ligands discussed, the 113Cd,;",'

””Tﬁchemical shifts of their 1 to 2 complexes are very close to S

. \‘ Ee

‘fThe stepwise formation |




‘ “[hcase for carboxyllc aqus. ThlB behavior is' indicative of

_klboxylate group of acetylglyc1ne.5 Data could be fitted only

o ‘ o L : N

(. oty oo FE R .
A '
A

‘ ,second chloroacetate ion and formate ion respectively. Such B

;weak 1nteractions account for the lack of further shieldxng

hof Cd2+ when the second llgand enters the coordination - e
h2 | Acetylglycxne Complexes ‘ w'#\
: ’ o4 R
The results of 113Cd NMR chemlcal shxft tltratlons of,'ﬁﬁﬂﬁﬁ
imlxtures of Cd(NO3)2 and acetylglyclne (XIV) are deplcted 1n bw;f
I"tFlgure 70.\ Exper1mental results .are’ represented by the l:ﬁ, f
| | . . C ‘ : Koo

" - »‘ KRN o : . S - . I . - . L P ;
' . i LI : v ¢ N ' v ! B ' ' o W ‘. ' ‘-v"‘ B o . “‘ o
S Co ) R ) . . 0 . ) C . Loy G
C L ' . e B Yot ' [ P
. S o R ' } ) ) Lo L iy S .
. ’ P . R [ . . ! R N

L N ‘--ACE TYLGLYCINE -
ST f@mﬂ “(XIV)J
.f%polnts on. curves A and B for the t1trat10n of 1 1 and l 2 Efn'iwaisxﬁ

:mlxtures of Cd2+=acetylglyc1ne respectively The resonance jf?;*s

Qfmoves to hlgher fleld as the pH 15 1ncreased, as was the

[N ,' i - l |

/

"blndzng to an oxygen donor group, in this case the csr-,?f]{ﬁ

SRS . t [ VI iyt

¥ ."wif;h;l-;:tué : xﬁcé'q.i ffki‘qu‘awin’g the . fa_rmatiéq;‘ -;¢f'} ;«g ;1;7;\,‘.‘.’6‘ 1 ;g‘cmg‘,v_;g,g.j DR
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*tion‘data, the calculated chemical shkft was —20 2.t 0. 1 ppm‘: :

.

‘ The value of the cn§mica1 Bhlft of the Cd(acetylglycine) ‘{
‘ complex falls between thoee calculated for the Cd(acetate) 3
| qomplex ( 24 4 ppm) and Cd(formate) complex ( 14. 6 ppm) evenl[f'

‘ though acetylglycxne has a slightly lower pKa (3 44) than -

formlc a01d (3 55) ‘ Addltional coordination to the oxygen
‘ | U

of the peptlde link can account for this shlft.‘ Hence,tf7'

‘ results 1n this study argue 1n favor of the formation of a“

oy N v -

data [25], hav1ng the follow1ng structure-svul:‘,f

' . '.
\‘, . [OPREN . IR . v :_ v v

l

. ,
S N . . I Wt - . , P .o . . .
- i e, v [ e ' [ . o . X R . K

’,‘ N o ™, . . f , . " . o . . B "’ |

":ﬁ[,fk 3 Glycyiglyc1ne Complexes ﬁfﬂ‘f”V;_~f‘:T'ffpif"ﬁl“‘

-

D
Cfe

B0 chelate rlng, whlch was also proposed on the bas1e of 1H NMRA-

aThe complexatlon oﬁ cadmium by glycylglycine CXVI) haij;;~V.

e
'
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"[23] Two reactions were identified from the change in the
f.wchemical shift of the methylene protons‘ The chemical ehift
'of the a-methyle e protons indicated that cadmium binds to

I\

"the C—terminal end of the peptide 1g>the pH range 1-4 while,gx

vf]the amino group remains fully protOnated At pH s greater .

,' '

than 4, changes in the chemical shift of the methylene pro—\
‘fﬂtons\adjacent to the amino group pointed to complexation at‘,
':,gthe amino end also The reactions described and the

lappropriate equilibrium constants can be summarized as._i

'.-““ l‘ ‘,‘1..‘ .,“' .‘ “ ', :"“., ’ Il |."‘1“ o o A“ 2+ , ' ],'. l‘-"d “- .I:“,“. -“l‘w“
R o LT S foamzty L4y

£ ' [Cd2%][HL] -
o g e s can s N ALty =
| ,} | Cd + L‘]*,‘Cdlfl‘ '.'Kfl‘fT“Té-a_'jm T (‘115):_}:‘,
P SR A ,,:-i.‘gy R A R o

N
l

=fwhene Kf is for binding to the carboxﬁhate oxygen and Kf

for binding to the nitrOgen, Cd‘ represents all cadmium

~

'that is not bound to the nitrogen group.‘ The values used

kufor the equilibrium constants Kf-and Kf are 1 04 and
_ s S

"2 76 respectively [23] ‘fuf H'i‘ ::],;w'

\

In Figure 71 are shown the 113Cd chemical shift titra—.'*

‘1Cﬂ5tion data for 1 to 1 1 to 2 and 1 to 4 mixturee of cad-‘uw

H}gmium and glycylglycine. Above pH 4 the three curves are ﬁfw’”ﬁ"”

'esshifted downfield denoting coordination to the amino grdup.”ﬁgwfi

if§}o“i%%8elow pH 4 a smaller upfield shift indicafes coordination to;fdu.

i

‘th ;catbOiylat.’group.T Given the agreement,between ou@T’°
the ‘moael |




5
°<

k-2




separqﬁply. A chemical sh;ft of ~18.4 ppm was obtained for

w
\\ . 1\‘\ il

the carboxylate complex from the KINET fit of the 1vto 2
titratxon data shown in Flgure 72 at pH < 4. Th%? 1 1 data~p

at pH > 4 were fitted w1th KINET (Fxgure 73) to determlne

\ \

the chemical shift of the amlno complex. 82*3 ppm ‘ The

h .
latter bhemical shift falls in the reglon of mlxed coor—

v,\ 'f B .
dination to- nltrOgen and oxygen donor groups, ‘such as xnxﬁn
i

Cd(EDTA) (85 ppm) (851 'rms posslblllty was alluded to by

' .Rabenstein and L1b1ch on the basls of lH NMR results [23]
i o ‘ : B ¢ .

P

4,“Histidine anduN-acetylhietidiﬁe

‘ A '
The reactions of cadmxum thh hlstidlne (XVII) and N—
acetylhistldine (XVIII) were flrst investigated by lH—NMR 1ne
aqueous solution in order to ascerta1n the nature ,of the‘”’

COMplexes formed &nd measure thelr formatlon ccnetants.

) .
' ' Mo '

HISTIDINE . N-AGETYLMISTIDINE
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Figure 73.
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vExperimental and calculated curvea of 113Cd
. - . chemical ahift versus pH for the determinatiod
'u“of the 113¢q chemical. sh1ft of the amino complex o

of Cd-glycylglycine.'» o
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.‘EnE<prOt0nS Ho. HaQ‘sz oy H4, are ‘the same between pH ~I to "
~ pH \4 when the llgand is tltrated alone and in the presence

‘of Cd2+, 1nd1cating that

\

,he carboxylate group does not ;L.‘w
and L

N coordlnate It is‘shown 1“ Flgure 74 for hlstldlne H2

LI

'H4\and in Flgure 75 for N-a etylhlstidlhe H4 From pH 4~"

[
the resonances are shlfted u'fleld in the m xture as .com-~

N

pared to the llgand Preclpltat1on occurs before 1onizat10n

of the amino group 1n hrstxdlne

t
Experlmental results for both hlstldxne and N—acetyl—

\

\. N N .J<

$

hlstldlne were best fltted w1th \a reactlon model involving
the formatlon of a l to 1 comple 'Wlth the 1m1da201e sidelml
chaln. :In the case of h1stld1ne the equo group is protoehﬂﬁo
nated.k Flgures 76 and 77 deplct fhe éﬁ# obta1ned from KINET o
for the evaluatlon of pKa 5 and formatlon constants, whlch '
are reported in Table 14. Although the Cd-hlstldlne complex
5’character1zed 1n thls study is formed through bindlng to the

',1m1dazole slde chaln, 1ts formatlon constant (log Kf = 1 40)

- is smaller ‘than that of the ca- imidazole complex (log Kf =$f
2 80) [42] presumably due to protonilion of the amino group ,,ﬁ’H
1n the Cd-ﬁzstidlne complex.' The formatlon constant‘ ‘ |
‘ reported in the literature ﬁor the l to 1 complex of Cd2+ o

 and histidlne is also much higher (log K = 5 65) [42] The'é;t;“‘
latter value was obtained:from potentiometric titrations | |

data assuming totally deprotonated histidin5 to be the
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Figure 7 i The‘pH dependence of the chemical*shift of (A),,
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[ nv‘.l..

}.*;;for the titration of a 1 to l mixture of“histidine and Cd2+

ot

a "H.w1th the literature value of 2 70 from potentiometric ‘*

j,formed.. Figure 78 ehows the flt obtained u51ngla Qalue of R

‘i calculate the 113Cd--NMR chemical Bhlft of the compnex

fftion of a l to 1 mixture of Cd2+ and N—acetylhistidine.' The

‘ nfqreacting species.ﬂ The log Kf of the Cd-N-acetylhiatidine‘c.

ok :\,,.

; e‘c0mp1ex determlneq in the present etudy, 2 48,‘compares well

,“
:,\ | T
S0

;i,ffmeasurements [42]‘, The acidity and formation constants so

p.

: .‘determined were then use‘d with. the 113Cd—NMR data to RN

S I

.'

\histidlne complex.‘ The experimental data 18 from the titra-b

\
)

'Ttitration curves of the I to 2 (B) and 1 to 4 (C) mixturee

‘ limiting chemicak\shift on curve C is much higher ( 120 ppm)

than the chemical ehift obtained for the 1 to 1 co‘

Yo

1nd1cat1ng the formation of higher complex (e g 1 to 2~and

1 to 3 Cd2+-N-acetylhist1d1ne c0mp1exes) Due to exceseive

.‘,

line broadening, no chemical shift data could be recorded

'
1

thus an estimate of the chemical Bhlft of the 1 to 1 complex

could not be obtained.; However, experimental results for thexF*Q*w

‘”345 6 l 1 ppm for the chemieal shift of the N— cetyl-tlﬂv.‘ﬁfm'

“fﬂiof Cd2+ and N—acetylhistidine are given 1n Figure 79. The\'jf'“'w

4.".

f
o

higher ratios are shown in Figure‘BO. eThe limiting 113Cd fﬂﬁjf”"‘
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histidine may therefore be involved in the binding which is 71

not possible with Nracetylhistidine. ﬁ\_
.D. 'Discussion

L. ) . .
R v L .. -
‘ . ' .

The 113Cd chemical shifts of model complexes which were '
Agglculated ffbm exchange averaged chemical shifts are: con-,
. AR N

51stent with the known effects of - the variousocoordinating L

ligands [37 43] The complexes of cadmium w1th carboxylicf

wot
|

f“acids all have chemical shifts between —14 ppm and —40 ‘ppm.

1

f; The shielding of complexes 1ncreases in the order QdL <

“

Csz.f The range withln which these resonances occur is.

]
[N ) \ Y

"@ small due to relatively small formation constants of thesel‘_‘
e complexes. The”SInﬁing of Cd2+ to glycylglycine through

the carboxylate group at low pH (< 4) and amlno group at

high pH (> 4) was confirmed.\ This binding was studied
earlier by 1H NMR [23] ' The 113Cd chemical shift of the o

‘carboxylate complex is. -18 4 ppm and that of the amino%fT

'

complex 82 ppm.ﬁ The chemical shift of the amino complex

-

falls in the region oﬁ,mixed complexation to nitrogen and
1f}oxygen donors [52] Most probably the latter complex fnrﬁhlﬂhf
‘involves the carbonyl group of the pep%ide iinkage as well.
as the amino group.j The shielding observed on the chemical

shift of the resonance for the Cdz* in the N-acetylhistidine

ijj complex (46 ppm) is also a reault of the participation of jlf7«
s oxygen in the binding. This oxygen may be from the carbonyl

A




revealed that the carboxylate group does npt complex CcaZ2+
below PH 4, it may bind however when another group is bouAq.

- However, the accuracy of the method used . in the present

: study is limited by the accuracy with which the formation

) (

constants used in the calculation are, knOWn. An even more
serious situation is the possibility that some non- :
identified species occur in solution and are not accounted‘
for in the treatment of data Given the sensit1v1ty of the:
113Cd NMR chemical shift to ‘small changes in the coordina— |

tion. large errogs may result from 1gnoring a species

' present even at a low concentration. Benchmark chemical

shifta. independently determined on solid complexes

of known composition and structure, have been used to

| evaluate solution data [55]. Unfortunately, such data can

e

not be secured for most systems due to isolatidn problems

and/or the difference between solution and solid state

’

‘complexes.’ Also, solvent effects are not reflected by solidi“'

state 113cq NMR data, thus limiting the usefulness of. such

data, e ";?

[%

The use of supercooled solutions has been proposed to‘l

obtain ll3Cd NMR chemical shifts without use of assumptions

rsgarding species in solution undergoing exchange [54] _By
dividing a macroscopic sample into mivron size drops through f
emulsification; it is possible to cool an aqueous solution

well bslow the O'C freezing point [92. 93] In so doing,

. . t - -
o R T Lo . . o : ' A

B . . - ' . X | ) ‘ .
[

. - B . (s ) CeERhe



- --_c_lvu crarss  usiny tne emulslrxcatlon method

[0

a

Ackerman and AcYerman were able to cool aqueous aolutlons of :u

d2+/glyc1ne down to —55 C and observed slow exchange [54]
A total of four resonances were observed between 300 and
#K-IOO ppm which 1n1t1ally were thought to be from the

‘ conplexes Cd(gly)+.‘Cd(91Y)2. Ca(gly) 3~ ana Cd(le)42-v
Howeyer two of these resonances were also observed 1n super—

cooled aqueous solutions contalnlng varylng amounts of

! [

Cd(II) and NO3 but in the aabsence of glycxne‘ these were‘

Y

presumably due to: the ‘aquated’ or 1on—pair forms of Cd(II)
Such amblgultles about the ass1gnment of the resonances

dlmlnlsh the v1ab111ty of this method Consequently. the

: approach used in thls chapter to determlne the cadmlum

chemlCal shlfts of solutlon epecxes remalns the method of’

\
v

ch01ce 1n cases of rapld exchange among spec1es leadlng to

the observatlon of a single we;ghted average resonance.

£

Caut1on must be exercxsed 1n the selectlon of the acidity
and formation constants used for the computatlon of 113Cd
INMR data, preferably they should be determined under

B}

1dent;cal condltlons of temperature and ionlc‘strength.
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QUANTITATIVE STUDY OF CADMIUM . COMPLEXATION IN HEMOLYSEQ

RED BLOOD CELLS

. ‘\,‘ y_ | ' .l‘ b v oL '
A. Introduction:

t . ! o [

\

o

'The main targets 1n cadmium pOisoning are the 1iver and i
kidney (l] Blood however, partic1pates actively 'in the '
toxicology of cadmium through its role as the traneport .
fmedium. ‘Reoardless of the Bource of cadmium (1njection,'T‘H
tjinhalation or ingestion),.it 18 transported by blood to d
| other tiesues in the body where it is ultimately accumulated\
i[lOO] ‘As a consequence, studies on the toxicology of cad-,
mium have been in part concerned w1th the distribution of
‘cadmium in the different compartments of blood and’ the |
:_7interactione of cadmium with blood components {100~ 103]

Cadmium in blood is mainly 1ocalized in the erythrocytes
;and ite removal from them is much slower as cdmpared to its _}
removal from the plasma [102. 103] This slower removal of
lcadmium from the erythrocytes is an indication that cadmium'
'might be bound tightly by molecules in the erythrocytes._“

"The interactions of Cd2+ in red blood celle have been

” investigated by electrophoresis and gel filtration [102 103J

: “It was euggested that cadmium is bound to hemoglobin [101], to

;‘fmetallothionein [1023, to a high molecular weight fraction.lf

. _. -r.‘

“.
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not hemoglobin and ' to a low molecularvweight fraction of
similar molecular weight to hepatic metallothionein but dif—
ferent in other characteristics [100] .

Direct evidence was obtained for the binding of Cdzf to?
intracellular glutathione<and hemoglobin (Hb) from 1H NMR
spin echo experiments [33] The resonances due to

the cysteinyl protons of GSH were most sensitive to Cd2+

7suggesting that the sulfhydryl group of GSH is a binding

Vsite. It was: also suggested that a ternary complex B

\

involv1ng Cd2+, GSH and hemoglobin may be one of the species‘

'iformed in erythrocvtes.‘

N,

The aim of the present research was to obtain a semi-

uquantitative measure of the stability of the complexes

o

formed in red blood cells. A competitive reection was"

eprOited which involved the use of cadmium in its

ethylenediaminetetraacetic acid (EDTA) complex form°'w
iCd(EDTA)z‘ \ A method was developed to deduce concentrations'

. of' species from intensity measurements in spin echo 1H ‘NMR

spectra of hemolysed red blood cells (HRBC) to which

"m Cd(EDTA)2 was added. Results of these studies are pre-“7

‘isented in this chapter.; In addition, results are presented

>

Ipfor model systems studied in DzO solutions by single pulse

1y ; NMR. ‘,; - 'tt o 3\“>- Vllﬂi‘, cg t‘ﬁ “m. \gh] ,f{v;liin

- e oo s



"By Method S c

l‘.

R ~“] A portion of the spectrum of hemolysed erythrocytes

N obtained by the spin—echo pulse sequence, 90’-12-180 -12-f
acquisition, with a 12 = 0. 06 sec is shown in Figure 81. "

1

Resonances of interest(to the present”study are. those of

glutathione and glycine (96). and’ are identified in the

Figureq The chemical shifts are reported relative to DSSW'

based on the resonance of glycine which has a chemical Shlft‘
‘of 3. 54 ppm. | | | | ﬁ“‘ |

When Cd(EDTA)z‘ is added to hemolysed red blood cells,

EDTA is displaced from its cadmium complex according to the

.]‘follOWlng competitive equilibrium..
Ay Lo

- cd(EDTAX2-,+‘L‘* CdL 4 EDTA Lo - "(iie)

where L stands for ligands 1n red blood cells._ The dls—\b
placement of EDTA 1s evidenced by the appearance of
resonances due to Mg(EDTA)z"(Figure 82) in the" spectrum of
HRBO'to which Cd(EDTA)z‘ is added.. The reson:nce at 2 69 ‘:hh
ppm indicated by an arrow is due to'ethylenic protons in. N
Mg(EDTA)z‘l' Resonances are not observed for the protons of
Cd(EDTA)Z- in red blodd cells [33] The Mg(EDTA)z"is |
| formed from the released EDTA and the magnesium which is {fd'
present in red blood cells at concentrations around |
;h 2. 5x10'3M [105] Bence, the complete reaction When

Cd(EDTA)z‘ is added to HRBC is: f‘z«\¢}'~ia)ﬁ;ﬂh¢ﬂ§4ﬂ}~“ :
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‘ TR . . o . , L .
* » f O 8 . . | R L e VoL,

L Cd(EDTA)Z‘ + L+ Mgfree : CdL + Mg(EDmA)Z-; *TTTT (117)
' . . L i (" . . s P

for which the following equilibrium constant is: defined:

[CdL][Mg(EDTA)Z-Jl

V‘Kn v’
I?d(EDTA)Z-JEMQJfree[L]"

;;;;,‘}s ;5f‘j(mle)‘

TN av E ! [N . . B i . ' A
LTSN N .\ \

Though the presence of magnesium drives the reaction,“

described by Equation 117 to the right it alone can not

v

'"‘ displace EDTA from Cd(EDTA)2 because the latter has -a much‘ii
.A;f higher formation constant (log KCd(EDTA)z‘t? 16 5) than,"h
;7;. Mg(EDTA)z"(log KMg(EDTA)Z—‘F 8. 7) To illustrate,‘the d
s spectrum of an equimolar mixture of Cd2+ Mg2+ and EDTA at
pH 7 is shown on’ Figure 83.’ The spectrum is that of ; i
Cd(EDTA)2 ,Iwith no eVidence of" resonances for Mg(EDTA)z*Zt;'

The outer two lines of the three line pattern at 2 69 ppm

A“

. are due to the ethylenic protons of Cd(EDTA)2’ coupled to
"'ws 113Cd and 111Cd The central line is due to the’ ethylenic‘nf

protons of the EDTA complexed by all other isotopes of cad—‘ i

Ny

mium The NMR characteristics of cadmium were discussed in N

i;t .;Chapter I and Chapter IV._ Approximately 25% of naturally };ﬂ

occurring cadmium is 113Cd and 111Cd, both of which have\a?f“

C

spin LQ wherefore the coupling observed. Acetate protons are

also coupled to 113Cd and 111Cd and occur at ~3 l*ppm.- The
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-"1-ﬂ¢0upled and form an AB system giving rise to four linequ“

‘ \ L3
K ' LY
L ll.\‘ , e N
. ., ,
. .
e S e
. . Ly " ‘-‘ e ' . “ NERETEN ', o TR . "
Yo " i

"fﬁﬂmultiplet pattern. Satellite lines ‘due to coupling to 111Cd i;fm

‘ ~»e and 113Cd flank each of the four lines. The difference bet-

.fw‘ezrepresented by L 18 hlgh and therefore the Changeskin their

p‘f'equllibrium constant can be rewritten as~“

dﬁfTo determine this equilibrium constant, the concentrations of

?ﬁ:ween the constants for coupling to 113Cd and 111Cd is very

‘"csmall.‘ Therefore the signals from 113Cd and 111Cd coupling

v

"are not resolved and are observed as a. doublet only

’
r

: The spectrum of Mg(EDTA)z‘Vis shown 1n Figure 84.Q THe ‘,

.pethylenic and acetate protons in Mg(EDTA)Z‘ have a chemical ig" ‘

1 . .
i R

"_shift of 2 689 ppm and ~3 2 ppm respectively

Aqyuming that the concentration of reacting spec1es "‘:gflhf”pﬁ

A

[

1' concentrations are negligible when some reacts with Cd2+ the

o A . X "

[CdL][Mg(EDTA)2-]f AWC,‘c“@gEf“'TK{ilg) REE
[Cd(EDTA)2 ][Mg]fnee S

o
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1,

‘ﬁ appears at 2 688 ppm and that due to the ethylene protons of

.
o

RS o PR R
L L P KA .
as follows-‘m.‘~ o SR T L
A SRS S DA 1
y “ ‘ : L : f‘u’. T Lo o ) ) Co
[Cd(EDTA)Z'J Cdt - [Mg(EDTA)Z—] S 20y
‘ [CdL] = Cdt - [Cd(ED’I‘A)2 ] [Mg(éDTA)z J S (121'1) .
,vll o o ' Lo ’ ‘ .’ .
“.nglfree #‘ngffi[Mg(ED?A)Z*j,f“ ¢ Ifi(izz)l,}'ﬁ“

fC}, Determination of Total Magnesxum in Hemolyaed Red Blood

oy LR
. :

o ,Ce 1s. (HRBC) W f :" >:::5"',‘\ o ;Tx";s;_,‘ *,‘x“'j;[vfﬂ

‘1",
. . \ .
T "y N .
I ' LI
4

Hemolysed erythrocytes, prepared as described in Chapter:
II,'were titrated with EDTA.' Five ul 1ncrements df a 0 040Mi‘

EDTA solution 1n Dzo at pH»= 7 4 were added to 0 5 ml of : .f'f : ?;[

g "
\

hemolysed cells.‘ When all the magnesihm 18 complexed reso—.‘i@y‘)l

nances from free EDTA start to appear in the spectrum.;:; L Fyf:
Shown in Figure 85 are spectra of hemolySed erythrocytes to &i&
which 0,‘15, 25 and 35 ul of the EDTA eolution were added. 2;?
The resonance due to the ethylenmc protone of Mg(EDTA)Z' ” s

free EDTA at 3 61 ppm.‘ The end point of the titration,
i e.,.where a‘l magnesium is complexed,‘was located by
follow1ng the increase in the intensity of the resonance due

Avplot of the ratio

toxthe ethylenic protone in free EDTAQV
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However, the EDTA added after all the magneSLum has been

T

: ?c0mplexed remains free in the HRBC and the inten91t1es of

/. o {
its resonances increase linearly w1tnjancreasing ‘volumes of

? s ETTA. Hence the second portion of the titration plot is a
\\-"\",' e . ] ' o
| s‘rai" line with a p081tive slope. The 1ntersection of

the‘t\ linear port1.ns of‘the titration curve is the end

LI 1,

v

K - point} ‘The concentration of magnesium in the aliquot of: ‘g
.-~ HRBC® was calculated from the 'volume of EDTA added to the end
A} - ‘ '
poxnt ang the concentration of the EDTA solution. The reso—

‘- ) o

nance due to glycyl protons (gl) of glutathlone was used as -
the reference signal for these titrations.l This resonance

. and the otHer GSH resonances are not affected by the; pre— '
\ : . ) ‘ N » . } '
' sence of EDTA.. : ! .
5 ‘ .

The blood used for all the experiments was from one\

-

-,

\gonor so as’ to .have comparable concentrations of magne31um.‘

' o

‘The cortcentration of ma&91um in HRBC determined over a

o ]
, An average value of 2. 6x10‘3M was obtained for the con-

o centration of magnesium in the red blood cells. Thls value
VR e o

”????ﬁ @m comparable to -the literature value (2. leO'gM) given for

‘beriod of 40 days fo§ the one donor are given in Table 15. .(2

SPURE an average concentration of magnesium in the human erythro—'

L a .
- [N

cytes [lOSJ s T

\ . .o : ' ¢

po B An~inherent source of error in this method is the pre-

- A . o
- , . 9
. \ IR N N ‘,; N W o . 4 i 4
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' Dates 06/19/85 ~ "07/02/85  07/26/85 . 07/30/85

5 L

‘Sample 1 2.32x10"3  2.59x10"3 2.66x10-3 " 2.56x10-3 -

sample 2 .. . . C T 2.83x10-3 2.66x10-3
‘ ‘ . L tt AN ‘ A
. Sample 3 ‘ 2.75x10-3

¢

 Average  2.32x10-3  2.59x10-3  2.75x10-3 . | 2.61x10-3

.'~l . . . ¢




-

~~ s+ vavautavas auLiuue UTNEr metal 1ons besides Mg<4*. The
most abundant divalent metal after Mg2+: is Ca2+ present in
'red blood cells at an average concentration of 0. 06x10‘3M

[108] which is about forty times lower than the concentration

\

rof magnesium , ; o o w
\ | ‘ . . : . b . o

'D. Calibration Curve for Mg{(EDTA)2- in HRBC

‘ t
Intensity measurements on the- resonance due to, the ethy—

lenic protons of the Mg(EDTA)Z‘ complex and on a reference-3
signal were used to calibrate Mg(EDTA)Z‘ in HRBC. 'The
approach used consisted of first titrating a sample (0.5 ml)

”~ v,

of HRBC with EDTA, as’ described in the previous section, to"

| determine the’ concentration of magneSium in the HRBC. An .
excess of EDTA (about three times the end pOint con-
centration) was then added, followed by increments of Mg2+ f

; ions from a 0.5M solution of MgClz in- Dzo. As magneSium was
added the intensity of the resonance due to Mg(EDTA)z" |
increased while that of the free EDTA resonance decreased as
shown in Figure 87.. The magnesium added reacts w1thrEDTA to_f‘
form Mg(EDTA)Z‘ .thus causing the increase and: decrease in |
the intensity of resonances due to Mg(EDTA)Z' and EDTA
respectively‘ The intensity of the 2 69 ppm resonance of f

Mg(EDTA)z“and that of a reference s}gnal were measured and

¢ ~ : N : ‘s ' v
- - o Jve o

v



‘ PP‘T" :
'_Fig‘ ure 87. Representative spectra used for the calibration x
of Mg(ED’I‘A)2‘ in: HRBC.~, [Mg]t = (A) 4. 65. 10-3M, .

~(B) 6.09: 10-3n ane’ (C) 6.78" 10"3M. '

. e, . Raal SR



I

is=the sum of the concentration of magnesium in the HRBC as
determined by EDTA titration and that of added MgClz

‘The reference signal used was the resonance at 3. 54 ppm

4

“which is due to the CHz protons of free glycine. The'

‘Mreference resonance used had to- be from a molecule which 1s-|w )

: indifferent to the presence of Cd(EDTA)Z’ because the

e

vcalibration curve is used to determine Mg(EDTA)2 ‘in samples

of HRBC to which Cd(EDTA)Z‘ is added.‘ The calibration curve -
‘v“ P‘(f‘ !

“obtained is shown in Figure 88.‘ ., The. p01nts on the figure '
Iare experimental results and the solid 11ne is the linear x

'regression curve calculated from experimental data.'

oo L

‘"E.j‘Determination:ofsthe.Equilibrim‘Constant_Kcl inrHRBC'~

v
Vo o

Samples of hemolysed erythrocytes (b 5 ml) were. . prepared,f
as. described in Chapter II., At least two aliquots:of |
3HRBC s were titrated with EDTA to determine the con- 'fﬁ,

fcentration of magnesidm in the HRBC that were being used.h,»‘

-uqunother aliquot of HRBC was then titrated with a Cd(EDTA)Z' ﬁ?“

;solution prepared as described in Chapter II. Titrations ff'\7f{$
‘ )were performed on HRBC's with its natural magnesium con-i\dﬁ,";f‘
i)centration and in the presence of added magnesium. Addition

\

| ”of Mg2+ ahifts the equilibrium described by Equation 115 to ;["

Aﬂthe right.si.e..vtoward the formation of Mg(EDTA)zj and con:*
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"

T decreased., Simultaneously,_resonances due to Mg(EDTA)z‘”'

- 77'<-——‘ —v—‘--'—--vl- A wu‘
. N

oy tative spectra from a typical experiment. As expected,‘~
' sddition of Cd(EDTA)z“ affects the glutathione resonances.
At a concentration of ~1 8x10‘3M, the intensities of reso-1‘7”f“

'nances gS and g2 have decreased due to the binding of glu— |

i

tathione with Cd2+ At an sdded Cd(EDTA)2 concentration of‘g
2 6x10 3M, resonances gS and g2 are not detected and the RN

intensities of the glutamyl resonances 93 and g4 have also_u

i

'j‘ appear in the spectrum and their intensities increase w1th

increasing concentrations of Cd(EDTA)z‘Q' The arrow in"'

t

Figure 89 indicates the resonance due to the ethylenic pro-f E

tons of Mg(EDTA)Q‘; the free glyc1ne resOnance is labelled

L reference on the figure.' The intensities of the Mg(EDTA)Z‘ f

and the glycine resonances were measured and ratioed.‘ The

v

concentration of Mg(EDTA)Z‘_ was . determined from the ratiosj;-

(Mg(EDTA)2-)/I(reference) by using the calibration curve

prepared in Section D. The concentrations of the other spe-f;f”

o o
‘ el
N i L

cies: Mgfree, CdL and Cd(EDTA)z‘vwere determined as“, R

described in Section B snd then the equilibrium constant Kcl;§higf

i”uwas calculated.

‘LL\ﬂuLU oz ucyx.\..\.u represen-w LRI
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are given in. Tables 16 and 17 and the second set in Tables
"15 and 18.\ Tables 16 and 17 are results obtained ‘n the
“?absence of added magnesium and Tables 17 and 19 in’ the pre-ﬁi
7v‘sence of added magnesium. The values obtained for the

. equilibrium constant Kcl as defined 1n equation 119 vary ‘V

l“between 43 6x10“2 and 6. 9x10 w2, Considering each ti&rat;on

,WBeparately, the equilibr1um constants seem to be 1ndepéhdent S

\

[

f:”i ‘;hiof thxnconcentration of Cd(EDTA)z‘.added.‘ Thus the assump-"

-ltion that [L] is" essentially constant 1s verified ‘ The

.’ i 1 i

values calculated from data obtained from the titrations
-ﬂ;g:performed in the presence of added magne81um are slightly .

lower‘(a 1x10~2 and 9 7xlO ) than those from titrations on fo
Nf ?‘FHRBC containing only naturally occuring magnesxum (ll 6x10"2 .-'h
‘1and ll 9xl0‘2) ' However,\this trend may not be real con— R

hgsidering the variation observed 1n values for Kcl w1thin a r‘w,«t

' \.

‘“h;titration. For example 1n Table 16, Kcl values vary betWeen [*;h

. 13 ox10-2 and 5, 3x10—2 m Table 17 they vary betwee" e
: "‘5ff13 6x10"2 and 8 3x10‘2' and 1n Table 18 they vary between

‘":12 9x10'2 and 7 3x10“2;f‘The two sets of results agree.well

f’i;within experimental error.a The change of Kcl between .7if”ﬂ‘ﬂ}ffﬁ
R 4 " T e

Tfﬁjfexperiments 1s 17% which is wellkih,the range of devxations
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l

(EDTA for the'Mg?* according to thveolleing’reaqtion:,ﬁ".H‘A”

, . MgL' '+ EDTA, —CS2'5 ' g (EDTA)2™ + L' -+ b (ya3) "
e oy CooasTT D o T

O vq‘.rl

' where L represents the red ceil ligands which bind*magne—

'
“ )

'Siumﬁ To ver;fy the exlstence of thlB reactlon. data from hh}ﬁ
S e e T
' an experlment done to determlne the concentratlon of magne—[‘
, , A \‘ ,‘ s [ | q v f

,51um'were reexam;ned.ﬂ Equatlon 123 descrlbes the , e
[ P . A
,equlllbrlum before/the end poxnt 1f magne81um is 1n the ﬁormh”

o

“‘MgL'L In the presence of a large excess of EDTA thla reac—,fr”

e

"'t1on wxll be totally shxfted to the rlght glwen the hlgh |
TN it B .
iy format1on constant of Mg(ED’I‘A)2"(108 7) Therefore data o
L obtalned before the end p01nt were used to determlne the ‘ ‘ﬁ fﬂ
"foLiowing equ111hr1um constant assumlnq [L'] is cdnstaht.-ﬁ#.
ool
i e ‘j;"":‘.'.'?;g("1.;”.41-)
) oo f»‘dﬁ,:'*: o u*»xsii-gﬁnj‘ﬁ
o - . o, Coe 1‘ v.'s w ry. ii\‘ v'!l‘v‘:ﬁ;
_ The concentratlon of'Mg(EDTA)z".was determlned from 1nten-‘h{fﬁwﬂ
SN o C ) - Y
’g-51ty measdrements on-the resonance due to the ethjlenic pro—j »
:g”gtonaabf Mg(EDTA)Z' as descriged earlter.ﬂtThe conce‘trations ';
‘”tﬁhofqagf and EDTAfree were obbalned by difference Using total :
VA Y
' ' 4
: “concentratlons of magnesium and EDTA.; Results obtained are ’yﬁ

ﬂglven in Table 20 which indlcatetindeed,,that all the EDTA’
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reaction

4

" Ca(EDTA)2- + L _§S§—> cdL + EDTAfree (125) "

<

as follq&é:
h . ' \
- [CALI[EDTAlfree

© - [cA(EDTA) 2-) Ke2 . (1 )‘

[N vy

The values. calculatgd for Kc3 from the values for Kcl in

Tables 16 to 19 and the average value of 5. 5x103 for Ko

.

. ranged from 1. 2x10“5 to 2. 2xlO‘5M. These values indicate‘
y .

that equxllbrlum 125 is strongly shxfted to the left; th1s is
not surptzslng con51dering the stablllty of the Cd(EDTA)z‘ :
: complex\ S | ’ N
b f v \ )

F. Comparative Study of the Reactxon of Cd(EDTA)z‘ ylth

!

Selected ngands in D20

The dlsplacement of EDTA frOm its cadmlum complex by a
"competitlve reaction slmxlar to" that 1n hemolysed erythro—

"cytes was studied in- Dzo solutaons for selected ligands by -

szngle pulse 1H°NMR. The thiols GSH, N-acetylpenic1118m1ne,‘

S
-

xcystexne and S-methylglutathione were-selected to mimic the;V}

’

257

reaction in red blood cells. The objective Was to determlnekd4"v"'

’.equllxbrium constants for model systems which woﬁIa provxde o

a guide to validate the xesults obtalned for the hemolysed

red blood cells.- Due to the inte:ference of the Mg(EDTA)z"
.‘;[‘» ,

. . : o :
. evel /
. . at
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' : i ‘ W0
. | E et L
resonancee with resonances of some of the iigands, calcimn . (,ﬁ‘rt}
was used instead to bind the EDTA released from Cd(EDTA)z‘ " e
‘ ) ' L
Calc1um is also suitable becauae theiformatioh conatant of . .o

i

”

its EDTA complex (log Kf Cd(EDTA)z’ a 10.7) is amaller than
that of the Cd(EDTA)2 compleg (log Kf Cd(EDTA)z‘ = 16. 5)

" but similar to that of the Mg(EDTA)2 comp ex (109 R ’f_

® ,.

f Mg(EDTA)Z‘ = 8. 7) Therefore the following reaction T ’f ‘
scheme is applicable ‘ﬁv;:-‘ Lo : - /,; ' ' o o
, ’ ; oo ‘ .
Cd(EDTA)z’ 4L+ Ca2‘r + .cdLs Ca(EDTA)2/ oo aen L
~ %# @, ”",. 1[; IR e Tle
| L, Cete. T

L . ﬁ% SR R &_
' By analoq to the competitive reaction iq HRBC the

g

iequilib?ium constant fOr thlB reaction can be defined as in';

N s -~ oy

:equation 128, 1f the concentration of L is much higher than

-\

that of the other species and Lhus remains essentially

‘%‘constant. .y ‘ . / : . I

[CdL]t[Ca(EDTA)z'] ‘:v i;.-tf;
fe = [Cd(EDTA)2°][Ca2+]

.

'(CdLJt stands for the total concentration of the various CdL

e ‘ A(

..spec1es, CdL. Csz, CdL3, etc’r

. b
5 R

The displacement of EDTA %rom cadmium is caused by the‘“1

}"i;reaction of CdZ+ with the thiols. Because Ca(EDTA)z’ has o 13
e : - S 4‘
- a smaller étability cons&pnt (log Kf \10 7) sa compared to 1~,L.g'
—_— Ly
"-1>Cd(EDTA) (log(kf = 16 5)..Caé+‘does not on its own displace L -
' SRR R o .*,f",, ix‘Ltﬁ'=f“j_~‘:f[7qk%f-~i




e Kcl [ca(gpm)2-l x ugPhy

.“as defined in equation 128 and 129, as follows

4

hligands studied to- ﬂndicate that this is the/case.igé£;fva

For direct comparisons with the results obtained with

'”the hemolysed red blood cells an equilibrium constant

[CdL]t x, [Hg(gumjz-] 8 Vgﬁg el

AR

T e e ¥ ’.'“J; $§f* ( A R 45 .
EDTA as ;as the casa also with Mg2+ The ywo sample spectra é “ﬁ
in Figure 90 are from a pH titration of an equimolar mitture *wl_'

| of. Ca2+ Cd2+ and EDTA., They show that only Cd(EDTA)z‘; ‘:.:‘.QVi‘
‘ formed along all the pH range.‘ There are no detectabl; ‘ _‘* .
‘resonances from Ca(ED‘I‘A)2 Ywhose spectrum is shown in | %
Figure 91. for cbmparison \.If the concentration of eitherlé
CG(EDTA)zf‘or Cd(EDTR)Z‘ ‘can be determined\ the other qﬁﬁfkt
equilibrium concentrations may be'heduced by differencé'frOm‘g‘ o
knowledge of total conceétrations of reacting speciesf' ‘%\tii .
| i‘\ A possible side reaction is the binding of Ca2+ to the
“thiol ligand.i‘If it occurs. it must be accounted for 1&- {x‘f
worder to have accurate values of Kfc- All reactions were gﬂ djﬁﬁ
‘;conducted under conditions‘zhere Caz* does not reacg w1th Aﬁ,ﬁl
;.the ligand molecules in order to Blmpllfy computation of ‘J:kii
*_experimental results.; EVidence is presented for each of the ;Q“ff

'w%equivalent to Kcl was deduced from values of Kfc and K ‘ufw:};,f?hf




1H 'NMR vspectra Qf equ’imolar sb]:x')t“’iona oﬂ Cdz"‘
Caz"' and ED’I‘A at pH (A) 7.'

B j )




Ca(EDTA)2- (equinolar s

at pH 6.9).

a




o ‘.1 . “ . ,K‘.~

1. Reaction of Cd(EDTA)z"with Glutathione L J_Wf(

a

e The behavior of the chemical ahlfts of theeresonences of
'~glutathione protons in the presence of Ca2+ was firsé :
Tf'/‘investigated to determine if cadmium binds glutathione.'l" o
wa/w Glutathione (0 02M) was titrated with NaOD in the presence f
[i;of Ca(NO3)2 (0 OlM) and samplee were withdrawn in the pH
t;ﬁf:'range 2 9 to 12 1 for the NMR experiments.: The chemical d‘li: ‘,iii

shifts of a1l GSH resonances in the presence of Caz* are_f

I

:isuperimposable on those of GSH alone, as shown in Figure 92

R

‘iindlcating that Ca2+ is not complexed by GSH in the pH range

[

".§2 9 to 12. Hence, the equilibrium established when Ca2+

'iﬂ and Cd(EDTA)z' are addedato a solution is as’ described by

LA

L]

”'7ﬁfequation 127.” ;1;5'”1 ]TWQ'fff‘ifrf f rifﬁf:

The dieplacement of EDTA from Cd(EDTA)z' in solutions

Mriﬂ{-containing Ca2+ and GSH 13 demonstrated by spectr liﬂ Figure

.:‘f.93. The bottom spectrum on,the figure (A) was obtained for '55d7‘

| 'igan equimolar solution of Cd2+ Ca2+ and EDTA at pH 6.vi :

‘“”5ﬂfcontains resonances only for Cd(EDTA)z'f“ The triplet due t°

~":&'!“,'.»-"?l.the etthenic'protons appeaﬂsﬂat 2 69 ppm (1 on spectrum A)
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v -/‘y;'

used to subtract the contribution of the 13C-1H satellimeSAd‘"*y}

<t
o B

Lf'Tﬂ fﬁ to the intensity of resonance 1 of Cd(EDTA)z"V":tlfw;l_
o ,cqrsecitﬁea-f*.ix r*':*b‘-jcoss@“ Igs -

’ ”u'{“f The value 0 00554, half of the l 108%, is Used because only

i dT}if" one of the pair of satellites falls under resonance 1 of %;??\ibefxo

KN ‘

Cd(EDTA)Z‘;'»Correlating the corrected intensxty to the V”

Jymiﬁwfﬁ fn intensity oﬁ g4 and the concentratlon of glutathlone, the‘;~‘:'”

j concentration of Cd(EDTA)z‘ 13 deduced as shown 1n the A“\f

: S requation._geA\Q}dff.fﬂ‘ | i L | ”“:ﬂ

. ; | ”rx x [GSH] » o o
1. co;rected» ' ‘FF, ,

[Cd(EDTA)2 3




ff.kremalns in solutlon at pH 7., In thls pH region.‘Cd2+ is K“Uffﬂrd

"'fdemonstrated 1n Flgure 96 show1ng the pH dependence of the ;%.icfﬁg

.The dependence of the concentration of Cd(EDTA)z"on thedv*'

pH ogha mmxture of 1 1 1:10 Cd2+ EDTA- Caz*; GSH iu phown ”nﬁ‘
"1n Flgure 95 At pH 5 glutathione has already diaplaced

'"**about 25% of EDTA. The percentage of Cd(EDTA)é“ in aolution7gfv

P

”fdecreases as the pH 1ncreases. ‘Only ~10% of Cd(EDTA)z‘{:j’ffjﬁf{ff‘

“malnly blndlng to the sulfhydryl group.' Thls is;wd"‘? )f:?gd;”fffi

\

. 8
Voo,

'QH,13C chemlcal shlfts of the cys@elnyl Cg and glutamyl CB oﬂ

T“fglutathlone 1n a aolutlon of GSH (curve A and C) and a mix—ﬁfniﬁ

:, .
; O

‘fffture of Cd(EDTA)z‘f Cazf and GGH (curve B and D) Curves C fﬁf-%V

.,‘

fA‘




% CD—EDTA

7.Figure 95.

3 Cd(LDTA) versus pH during titration of a

1:1&1:10 mixture of ca2+, Ca2+ EDTA and GSH.

. s . L s
e , , N\ . ‘ i - L,
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 Figure 96.

.pH dependence of the 13C chem1ca1 shifts of ’

(A) cysteinyl CB and (C) glutamyl Cg durlng
tltration of GSH and (B) cysteinyl CB and (D)

‘;'giutamyl Cg during- titration of a 10:1:1 o
' m1xture of GSH, Cd(EDTalz‘-and Ca2+ _--~."

< 0
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.",'~“_>.‘, .

‘ .hemolysed'red cells:.

centration of Cd(SG) spec1es according to the follow1ng

nions. The latter decrease shifts the equilibrium to the"

xg_right towards the prodﬁction of more H* ions.

. [Cd(sclJQECa(EDTA)z'J
®d " [ca(epTa) Z-3(caZ*](GsH] -

(137)

If it_iﬁ_nssumed that the concentration of the GSH 1is

Vvlarge and does not vary much as the reaction proceeds, the

‘following expression is obtained:

thiSG)]t[Ca(EDTAlz‘]

[Cd(EDTA)2-][Cca2*] > (138)

Kfe =

f

An equilibrlum constant sxmilar to that calculated w1th the

& .
!

*tca(SG)JttMg(EDTAYZ-j
.£Cd(apTA)27][M92+J |

' (139) *-

cl =

. ‘ —
can be obtained. from Kfc and K as. described by equatlon 129\?

Results obtaineq for Kfc and Kcl as a function of pH, at

(

'[GSH]t = 0 OSM and [ca]t = [Ca]t = [EDTA)t = o OOSM ‘are
‘given 1n Table 21. Kfc and Kcl 1ncrease as ‘the pH is

‘increaaed. This is" due to the’ pH dependence of . the con-

reaction. ~

,¢d2+'+,esa”:>ca(sc)e+ e ,(140)-
S e o o -

A pH increase means a decrease in the concentration 'of H'*’

271

The highest pH at which Kfc -and Kcl were evaluated for i_ e

sitthe present system was 6 6. Above this pH the intensity of

‘oo e . . . .
" , <. a
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-blood cella 10 4x10‘2; This result is 1nterest1ng becauee

“ehown in'Figure 97, curves A and B are superimpoaed from B

the reeonanceﬂdue\to the ethylenic protons of Cd(EDTA)z‘

‘becomes too low to afford accurate meaaurements.' For com—
:pariaon with the results of the etudy on hemolyaed red bLood~

;‘cells, log Kcl 8 were calculated and ﬂlotted againet the pH.

. o .

;Extrapolation to pH 7 yielded a Kcl value of 26x10 -2 which

is comparable to the average vaiue of Kcl in hemolysed*red

in red blood cells, glutathione binds Cd2+ [33]

2. Reaction of Cd(EDTA)2‘ with N-acetylpenicillamine -

AT . 1

(N—PSH)

\

The pH dependence of the chemical Bhlft of the resonance

due: to the- H0 proton is depicted in Figure 97 for N-PSH in

'the absence (curve A) and presence (curve B) of Caz+"JAsf":

R

pPH' 4 to ﬂH ~8 indicating that Ca2+ goes not complex N—PSH lnbfpl

Mthie pH range.‘ Above pH 8, the two curves are slightly

‘\ui(1,1,1,1o) at pH 6 ie ahown in Figure 98 Reeonancee due to"

‘hv,between Ca2+ and N-PSH above pH 8. Hence. only experimental

'data below pH 8 were used to evaluate equilibrium constants\

Tshifted one from another euggesting that complexation occurs"l

L

-Pfthe ethylene protons of Cd(EDTA)z‘fand Ca(EDTA)zf'are freeipf'

,"ﬂ:lof interfereﬁces. Figure 99 ahows portions of the spectra
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Figure 98.

V

_1H NMR spectrum of a 1. to By to 10 mlxture of
cd(EDTA) 2=, Ca2+ and N-PSH at: pH 6. ] [Cd]t
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"ccnwhich contain the resonances from protons of Cd(EDTA)z' and'*, o
‘jff“Ca(EDTA)z as a- function of pH., As the pH is increased the

. i N o o

' ;intensity of the resonances due to\Cd(EDTA)2 decrease and oo

‘uthat of"the Ca(ED’I‘A)2 resonances increase as. a result of o
\-r

d~Cd(EDTA)2’ reaction with N—PSH.] The concentratlons of the"

T A »
SR u,spec1es were determined from the 1ntenslt1es of the resonances

"‘due to ethylenlc protons in’ Cd(EDTA)Z"and Ca(EDTA)Z“ ;

: First the fractlonal concentrations of Cd(EDTA)Z“ nd'fiv"7‘”‘
R Ca(ED’I‘A)2 were obta1ned frOm the relathe 1nten51t1es of . .
. \,- Cow .

»Z\‘ their resonances w1th the followlng relatlons.‘g

tava . J . ' . . ; - .
Aty h .y T .-, . . -.' : B

~ AR : ' B . S . P
O st . : R

-

. ‘:It =

N
N
)

Cd(ED'rA)2-°* ICa(EDTA)z‘ “ (14” ‘

de(ED'rA)Z-" - rg\ T e e 1A2) e

P

?éa(EDTAXzfxf‘;vf It «ﬂ‘ﬂ:f-Tv-‘[jg"f S 7?‘?.(l4?{‘””

K “,("‘ ”"

"7" ,'
ot

j"rﬁwhere It stands-for total 1ntegrated 1ntenslty. ICd(EDTA)z_.JTﬂff"”fﬁ

e

;the integrated intenslty of the resonance due to the ethyle—fif{fffﬁV
‘ﬁ‘"f;nic protons of Cd(EDTA)z‘L Ca(EDTA)z" the integrated 1nten-fjf7“ ‘ '

,'sity of the resonance due to the ethylenlc protons of mff’”qﬁ”“x




A

values of the two equlllbrlum constants=increase as the pH

1ncreases; As more llgand 1s txtrated, th,

h"'ﬂh obtalned for Kcl Whlch compares well with the value

- [caLde = [Caly - [Ca(epra)2-). . . Vo (1ee) L

”uuﬁéézflfe.[Calf"—f[ca(EDTélz‘]. et ey
o L o T e Lo v
. C R |

The concentratloe;bf Cd(EDTA)z“decreases as’ the pH’increases,u,'J 

- as shown in: Flgure 100, whlch shows the pH dependence of the

4

' concentration of Cd(EDTA)2 ( x essed as percent of total cad-'

: S
m1um in’ solutlon) Th1s decrease 13 shlfted to sllghtly

hlgher pH values as’ compared to the gluggzhlone system | The N
equ111br1um constants Kfc and Kcl were calculated from data

between pH 5 37 and 7 45 the results are g1ven 1n Table 2

As was the casegfor the reactlon wlth glutathlone, the'{‘f'

\ '

,concentration of

i
l

Cd(N-PS) 1ncreases.\ At pH.7 45,3a value of 5 74x10‘@“

lO 4x10“2 calculated for the reactlon of Cd(EDTA)z‘ w1thithe«g;""
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fiwas ;nvestxgated at a flxedﬁpﬂ 6 5-% Cystelne was added‘to y‘ﬁxfj;
. PR | : ' { IR

| anlequimolar mlxture of Cd2+‘ Ca2+ and EDTA ax pH 6. 5

n'Representatlve spectra from thls experlment are Bhéwn i“ “i;‘“i;,.m
".Fi&f  F1gure l02-y Slmllarly tq,GSH and N PSH addlti°“ °f Uiéilﬁ_ﬁ‘ fj,'
| “h‘cystelne causes the dlsplacement of EDTA from CdoEDTA)Z' nsﬂ f&tx'*
iflndlcated by the appearance‘of rosonances for Ca(EDTA)z'M‘IIH ;

flThe resonances of the ethylenlc protons of Cd(EDTAJz““nqﬁi ‘
| ) C T

f}‘Ca(EDTA)z‘ are free of 1nterference as “in, thé case of N-Pqﬁ.»‘jliﬂﬁ

’ . v
: . o

. "Therefore the concentratlons of Bpecles Cd(EDTA)Z‘ v’t?nufiﬁ- :n,j\f

ff“H}hCa(EDTA)Z‘ CdL and Cazfiwere deternlned follow1ng the p;oofff'f*;fl

wkn'cedure uszo prev1ously with the N-PSH system‘3 Thevéecrease.;;7iLn'}
;'fof the qoncentratlon of Cd(EDTA)2 (expre;seﬁ ‘as %I;f totalﬁi%‘?

‘ 'lfcédmium) is deplctéd in Flgure‘103‘as a. fgnctlon of tﬁe °°"“f}ﬁiffﬁ

’&centratlon of cystelne. Results_obtalned for Kfc and Kcl S

‘for thls system~are glven 1n Table 23.u Both Kfc and Kcl Htwgﬂfff
fﬁﬁj‘ff‘lncrease w1th 1ncreasing”concentratzons of ¢ysteine, presu-57f

[
"l
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Figure“ 102. \Effect of addltlon of cysteine on the 1y NMR
R éspectrum of an equimolar mlxture of Cd(EDTA)Z'* L
6"é£«ff,a+and ‘Ca2t; at'pa 650 [Cd(EDTA)z‘] =[ca2¥) = - *° ' °

~j° oosm. [¢yateinej = (A) 0. (B) 5.97 10-3M,

R ,KC)/i 19 10-2M and (D) 1. 59 10-2M. '
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‘s1ve as 1nd1cated by the relaéive 1ntensity of Cd(EDTA)z“'

‘. and Ca(EDTA)2 resonances. Even at a pH as’ high as 12, 0

" of spec1es as, deta1led in sectlon F.2 for the case of N PSH..»«

____._r—‘ "

'G. .Discussion and Conclusionsf

. .286

4. Reaction of Cd(EDTA)z‘ with S-methylglutathione

The S—methylated derivative of glutathione displaces
EDTA from its Cd(EDTA)2 complex only at fairly\high pH as - unfl<

J

shown in Figure 104. Also, tnas dlsplacement is. not exten—'.'

the 1ntensxty of the resonance due to the. ethylenlc protons

of Cd(EDTA)z"ls clearly much hlgher than the 1ntensity of

'the resonance of ethylenlc protons 1n Ca(EDTA)z“vt-Abovelnv

pH 9.2 both resonances are free of 1nterference:anditheir

‘1nten51t1es were used to deduce equillbrlum concentratlonsEV,

Flgure 105 deplcts”the decrease of thzﬁpe}centage of.

Cd(EDTA)2 in solutlon as a functlon’ f pH.. At pH 12 only

‘18% of Cd(quﬂzz, is dlssoc1ated.' The values of the

.equlllbrlum constants Kfc and Kcl obtalned for thls system,_bﬂﬂ

glven ‘in Table ’4 are about 100 tlmes lower than th08e

obtalned w1th the GSH N-PSH and cysteine systems. ,f'

ot * N ' . . N - N
. . . : : .
* , . . . ! : .

~

i The exact nature of the complexes of Cd2+ formed in redfﬁ“““

ﬂfbloodxcells is: not known although ternary complexes of the'[if"n

‘fcited earller on the distr;bution of cadmium among blood

'

3nature (GS)Cd(Hb) have been suggested [3BJ

se L,

'5 Two studies

components [100] and on the interaction of cadmium with redﬁfifrw7
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Figure 104..,( 1H NMR lpectra of 1:1:2' mixture of: Cd(ED'rA)z-* S
Caz* and CH3s5G. at (A) a. 04, (B) 6,48, (©).8. .43,




EDIA)2- versus
t1:2 mixture of Cd(E
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blood cell molecules are of interest to the present ;
-‘3" """.‘

discuesion and are reviewed here..
f' 'I‘.-a' T

: . Klassen et al. [100] investigated the redietribution of lljt
lf&:qi d2+ to the blood of rats after a number of studies had each "éfi»
ﬂ identlfied a different blood component binding cadmium o :*,'Wfsff
. [lOl 103].« The resulta of gel chromatography measurementa on T
‘\ 5 the cystosol‘of’red blood cells obtained from rats sixty

“”hours after 1njectlon of CdClz suggested cadmlum was bound
fﬁ*"m, to the’follow1ng entitles“ 1) a h1gh molecular weight

fraction:

;

11) hemoglob1n° 111) a protein of molecular weight .

. sxmlhar to hepatic metallothionein and (1v) a low molecular \
;fffqu weight fractlon.f
~k Lo

. The binding of Cd2+ to human red blood

cells was studled at the molecular level by spin echo 1H
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‘ ‘:‘that Cd2+ was*binding to at 1east one histidine resldue of J :
,‘*lhemoglobin. Suggestlon of the ternary complex implicatlng if g

‘ dGSH and hemoglobin ((Gg)Cd(Hb)) was inferred from observed .

ﬂ;”‘ 1(qvfincreased sensitivity of GSH resonances to Cd2+ in red cells

J"Tas compared to GSH in aqueous Eglutlons of Gﬁz+ It was _-Qﬁ'uqf“

)

lproposed on the basls of these results that the possible jl'”

j;Cd2+—contain1ng specxes 1n red blood ceLls are slngle llgand
:,complexes wlth'GSH or hemoglobln of the type Cd(SG)n,;.rfoQﬂdw.ﬁV

Cd(m’)nr and the ternary complex (GS)Cd(Hb) “ Based on the
‘.-* ‘ ".'\‘, S

”‘Qlatter assumptlon the equlllbrLUm constant Kcl evaluated 1n

Ldithe Present study may be expressed a9°°~<3&f?ﬁt;fn ; -: !
ECd(sc)t + ca(Hb)t + (G'éz)Cd(Hlt:)Il[b'lg(lfif’-'l‘”*)2 3 (149)

N ot
st LT
N

. \ ' X vKCl e [Cd(EDTA)Z—][Mg]free o
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df*’wlth the average Kcl of 10 4 x 10’2; a value of 6 5x106 P
e L free = S
~”*is obtained for K(ch) The average concentrations of GSH
‘ﬁdand hemoglobln in red cells are 2. 2 mM’ and 5 ? ‘mM respecwrf‘l

.ftlvely [106], from which [L]free-may be asaumed to be at the :?“hmiT
'”“gguimlllimolar 1evel- Wlth the 1atter assumpt&on an estimated o |
‘ﬂhualue‘of ~6 5x109 13 obtalned for K(ch). which agrees w1th Q;ﬂ.ﬁf",g
‘““'{r;the suggestlon of strong blnding by Rabensteln et al [33]- “:tyﬁii
\CffﬁdfiSuch a value also p01nts more to complexatlon through the S
misulfhydryl groups. Cadm1um complexes in aqueous solutlonw;ﬁ‘”
“*se{‘wlth b1nd1n§ to thiolate groups are reported to- have stabl-Ch

11ty constants of thls order and hlgher (29, 81, 82)._m~‘ﬁ!a

A ' ,'

rﬁ;whereas complexes w1th b1nd1ng to amlno or carboxyla

f=ﬂ;excepéhon40f stable chelates‘formed w1th ligands such as ﬁ;g;“ﬂhﬂﬁﬂﬁ'ﬁ

EDTA and nltrllotrlacetlc ac1d. Predomlnant binaing

N ;...' L ‘\ " A
"f{through sulfhydryl groups 1s further supported by the

T}

“3fﬁva1ues obtainedd‘or Kcl from the reactlon of Cd(EDTA)zv_
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The previous 1H NMR study on the bindingfof Cdz* in red ‘f\fﬁlf

”blood cells and the present study could not provide eVidence ERR

i

"‘for the binding of Cd2+ ‘to the sulfhydryl groups of the

“'ﬂfhemoglobin residues.. With the evidence collected so far, the

“"most abundant spec1es formed in the erythrocytes would[be

Jiycomplexes@of the tYPe Cd(SG)n and (Hb)Cd(SG) The predomi—;ﬂ‘
- nance of glutathione complexes over hemoglobin complexes has jffﬁplﬂﬁ

V‘fbeen ascertained‘in the case of the binding of methylmercury

lyy(CH3Hg(II)) in human erythrocytes from 1H NMR chemical Bhlft

lPW;measurements using the saturation transfer method [107] The
1feffective formation constant of the CH3Hg(II) complexes of fffﬁ(fu@

;ﬂgﬂglutathione was estimated to be approximately six times

.‘ '.$ N ‘. ’%.‘;" .“"’ _I ‘4.‘:" .n.lil " :

‘TThe estimated conditional stability constant of

‘?itthat of CH3Hg(II) complexes of hemoglobin.J;

"7:complex(es) formed in red blood cells (log Kf ta 9) is

jH\?higheg‘than the formation constant of the Cd(SG) complex’@f?,f

‘ﬁi;(log Kf = 5 54) formed in aqueous solution.“”Thls constant,f?
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nas 1nferred from 113Cd

. NMk measureméntsl[zﬁ-‘ 89]r\f6rm a’ rigid and very atable}wj}kﬁﬁfii

Hc‘"?‘xréfstem.~ The complexes of Cd GSHlexhiblt an reaonance in thefrr'

. “region where thbse of cadmlum-metaiiééhionein occur.ﬁ Thia k;

3 :r;sgﬁance, howéver, was observed bﬁly at h;gh pH valﬁes (pH‘

b? 2> 8 5) At phy5101§glcal pH;‘no resonance‘rgr détectable in N f
i j the 113cd NMR spectrum of éd GSH systems.j Thglcomp;§¥¢g$%5'w

ycadmlum decreased almost two orders of magnltudeiflooj
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rd‘Tg,‘cysteinyl residues in hemoglcbin do nbt react with cadmium f
when Cd(EDTA)z' is: added to HRBC. G1ven the size of the : ]“»7“
o Cd(EDTA) complex 1: will preferablY react on the s

' "‘.sulfhydryl group of glutathione Whlch is more readlly %fff

,\‘.

5 exposed and much less hindered than the sulfhydryl group of;“}“

hemoglobln., Also the prevlous 1H NMR study and the presentff

‘study on. the lnteractlons of Cd2+ 1n red blood cells haVe"“

indlcated a pronounced effect of Cd2+ on the resonances due ‘

to‘the CYStelnyl Pr°t°“3 °f glutathlone.‘ It is thus ;ﬁf77;p':"
suggested that GSH dlsplacqs EDTA in a flrs; Step and .

)hemoglobin reacts subsequently w1th the Cd GSH complex 1n1—=9c' df&ﬁ_

tially formed. The fact that the measbred dxkplacement of f.df”"

EDTA from Cd(EDTA) 1n aqueous solutiOn o§ GSH ls com—»‘ isy“
parable to its,dlsplacement 1n red cells also supports an QMQ\

‘”*l“eaction of Cd(EDTA) T w1th GSH in the red cells.,_ﬂ?““
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