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" using NMR spocttoooop)’ The. mﬂall t;hu; itﬂdiﬂ

wede 2,3 dimercaptosuccinic acid, dithioerythritol and

~ for the methylmercury(II)-mereaptaethanal complex then

T~ Paf%‘l' . ﬁ(!;

The complexation behaviﬂur of mgthylmercury(II)

-

wiﬂh several sulfhydryl ligands hés been characterized

were mercaptoacetic acid, mgregptaethanal. penie;llamina,

N-acetylpenicillamine,. cysteine, homocysteine, glutsthiene,

mercaptosuccinic acid and ergothioneine; dithiols studied

. 2,3 dimencapfbpropane-l-sulfanéte- Formation eﬁﬂstants'éf

the various complexes are mea:ured by allawing each ligand

.to compete with mercaptoacet;c ae;a fer methylmercu:y(Ii)-
, and nonxtqr;ng_&he¢degt¢o of subocess of this' competition.

Substitution of thé known'value of the formation constant

~ .

yields those for the other cﬁmglgxss. A variety of acid ‘

-dissociation constant data is also Dbtalned., Th;: en-

Zi

" . function ofng, and also_calcula;;sn,gf.the.farl-ticn
' constants ot;individuil complex forms with diffgrgnt-

'..dthees of protdnation. rcfmatiéﬁ constants are found to

be well correlatea \u’.th the geiaity of t.he sulfhydryl

-vérbup,*althongh some eifbcti-dui o other !TE‘E‘"EH the

- C SRS co T - K}



p# 7.4 are found to be only paftly correlated ‘with the '

.of the reactants; where A is ierciﬁtﬁaeétate énd—s;

slow kinetick for highly charggd speeieg greidf;EESQES as

* 1
{ .
Lo,
.4 ok
. - - -
v ¢
. “ .

ligands are gppa:;ﬁt-;‘&nad%;iéngi ﬁarmgtian egnjtantgﬁiﬁ,‘

’ : /
) s ‘ . ) v
relative order of merit of the same ligands  used as'' '’
antidotes for methylmeréury(r1) pofboning, . suggegtj.ng

that ather factors n:y be important. Faﬁﬁatian cunltantl

L2

action suggestslthat it .is Hgak‘;nd ionic %n nature.
The kinetics of digpiaqemgj! cflﬁne iigéndthl.by -

another (B) at<ﬁe¥hylgercur§(11) a;e;invegtigatéé by ? |

analys of the hraaéeﬁiﬁg of NMR lineshapes. Hheréfx\

iligands A and B are bcth mgfcaptaacetlc atid, prace:’éa

are re;ative;g‘glugg;gh,-due to the highly gharged ature

pen;cillamlne, :yste;ne or glutathiane the rate aa ;tants

show the trend expeeted for diffuiienegﬁntrallea pkocesses
having- rate cunstant limit af nbaut lQB -7 M le . The

a pﬂlllblé raa:an for the gaﬂd performance of nntidcte

mglecule: :uch as 2,3 dimercapto!ueciniq ‘acid’s
;o :
N Part 2

Us;rnghiah:f—.mm‘ inlt:mn;gtiemmgmnvﬂw PRI



teehnigue: iu:h as the Epin—scha FourZer Trnnsfari iaﬁhad.-

Yo, -
L]

or the Transfer of Saturaﬁigﬁ by Cg;a;-nelnxgtian nithsd
-easu:aments af the type ;haun 1n Part 1 are.dezsngtratga
in‘:alﬁt;ans ccnta;n;ng naeremalecule:. - The béhaV1§uf ?f?
B wthe spectra of glutgthlane 1n henﬁlyzed human gfyth:aqytes,)
' *ﬁ; s !!tﬁyln!rzﬂrgtIIT is adﬂgﬂ, is characterived in ﬂﬁtail'~'* .
and ;hl:nm ﬁa he consistent vith ‘;hat ﬁbtalned in mguenus
‘sq;uﬁlén_ Dbse:vat;én of these spectra as a function of .
‘ -added methylmercury(II)-leads to an estimate for the.
-t hemcgléﬁin—nethylmércurj(I;) complex formation cgﬂgtaﬁt:
‘.,a'ggfinéd estimatéi?sfgivgh:rafté: development of a
7‘ - titration meﬁ?aﬂ for hemoglobin bﬁl:hgdryl c@nt3ﬂ§§hnin§
.o o Nnﬁ as an Eﬁﬂéﬁiﬂt inaic;térTa,BinEing to hemoglobin {is
~\gbout te; times ueakar than to glutathione. ’Thé‘%el&tivﬁ.
’ effect;venesg of various :ulfhydryl eampgunds at remnvxng t?
, afded mgthylmercufytll) £ram hemnlyzed eryth:acyte
‘Eompnnents was éxamined. . The érder of affectlvenegs
- correlated well with the farmatian constant studies of
Part 1, but not with in viv§ studies of drug effectivgne::?
suggesting that methylme:eury(II)éefythgpcyte binding; but
‘not overall toxicity, is eétilib:ium-rei;teﬂi; Eighlie“
charéea sulfhydryl compounds such as 2;3»diiitéspt§:ueeiﬁié-'
-acid againrdilpléyéd sluggish kinetics, -ugge1tiﬁg'this |
as a factor in £heir high ‘efficacy as antiﬂatgs. The f¥ﬁf;L“_

vii _ , S, L.



aavantage: of NMR for chatgcte:;gatiqn of systens sueh as

theae are diseu::gd in particular, ‘the nun-invaé;gf ﬁhturg

'equilibria involved. - T
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‘af the technique minim1sen disturbance of the highly labile
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,!ethylﬁerzury(II).ACEjﬂg(II}. is a chemical -peeies of

e

intereat Ear two main :elignf. It is Izrge and eas;ly

1 paigriiablg- it i: cgniidareda;he classic example of a iaft -

acid in t:rms of Pearson's classification (l). naking the
details of its ca!drﬁiﬁatian chemiﬁtrj the gubjazt’af‘eann

. siderable inyestigation 62).’ 5ecéhd;y; it is the most

toxic fnrm of me:eury. hav1ng been demﬂﬁstrated to be the
source of pelsaging in. epiéemizs in Hinlmata and Nigata in
quan (3), and glsgwhgre (4).

_ These two aspects of GEng(ii)ﬁnré intimately bound
.%Gﬁﬁthér.: Janes and Vaughn. and, zﬁﬁre regeﬂtlg, Nigbégr and
'Rlchardscn hgve lhnwn that varigt;cnz in toxicity between ‘

metals, and between different forms of the same metal, are

éa:fe;atgb;é:ﬁith séftnegs as defiﬁgd in tismsxef the tﬁeary~

.'af.Hg:argnd Soft Aeid;iané Basges (5;5)_ The latter.§:épésgd
that thé blanket term 'helvy metals” -hauld be;riplgcgé by
:'a more chemically iignif;cant clasnificatien. ‘Thgy alsé
point out that the well-documented ability af Hg(II) to
underga me;hylgﬁian by QethylEGbélaﬁin to a stable dg—-

rivative (7-10), in contrast té‘the behaviaﬁr of class A



—_—

denethylatibn nechanis-n ﬁ;ist. these are not facile (8 11.

12). .Early teports of facile alkyl exchange in the bro-

*

nide and iodide. conplexes, based on the broadening of

199 1

Hg '-_p:m_-spin coupl_od qtellites in- their "H N.M.R.

" spectra (13), was later. shown to be due to quadrupolar

.

interections (18).
The complexation chdliafzy of CH,Hg(II) with sulfhydryl

(RSH) compounds is a subject pf relevance to both these .

areas. As discussed bélow, mu¢h’eyidencé exists to show

thatathg diatribution.bf-CH3Bg{I;) in biological systems
is heavily dominaied by those interactions. The_Qulfur
atom being a soft speéI;s, thé interaction is also
theoretically interesting. Th;zs, a study of the binding |

of cn;uq(n) by the sulfhydryl group should provide in-

sight into both the éhemistry and'toxiéqlogy of CH3HgﬁII).

Part 1 of this Eﬁfsig reports the results of a’detailed
quantitative inveéfiQation, using nuclear magnetic

resonance, of the binding behaviour of CB Bg(II) to the

1su1£hydry1 group(s) of :mall moleoules.

AL General'Complexatidn Chém;ntry of cn3ng(11)

Thil has, been extensively invastiqated, and recently

reviewed (2). - ‘
The -qution chemiltry of CH, Hg(II), OF in other terms



. ifs complexation behaviour mlthon‘zo, ‘is now we1f1.

defined. It can queicri_bécffy ‘the three-stage model

[
%

Ko | o 5

énjxqonz* + OB <——"CHJHGOH + H,0 - (1)
o o Ky - |
I P e d - e L an ae s e—— e <+ R U
| | , cgangoaz +,¢n‘3§gOBf— (cH,Hg) 00" + H,O0  '( 2)

x, .

e + '
HgOH f,(cn3ng)zon~——— (ca3ng)3o + uzo u.(_3)_

. .' C?I3

values of K=1.';2‘,3‘ x '109 and_kz"- 2.34 x 102 were de-

R tem/itltd by Schwarzeribach and Schellenberg, Vneglecting-t'h‘e-

' X3 ‘prqcess (15) . « Some éoutx.;bve;sy ‘arose regard%gg the |

existence and "stqbility of the trimeric bpecies in sol-

ution (16-20). However, it was_'-prdv'en by Rabenstein et; al.,

using Raman -pectro.coiay, th#t it did exist, alboi(: a‘t': | o
low cohcgntration (21) An ap.pr'o;atimate value for-x3 of

0.7 *+ 0.3 was obta_nined: t;hub, at. 0.1 M m&nylmeauy(ﬁ) .

the maximum trimer concentration is never above 1 mM.

<

’ chhﬁ‘arze’hbach‘ and Sc'hellenperg (15) also measured
formation constants for £he Cn3ﬂg(I_I') _halide. complexes.
-Vpor'tenvtiome‘trically', oi:taining' ﬁlues of log K, = 1.50,
5.25, 6.62 and 8.60 for the fluoride, chloride, bromide.
and iodide cdmplei relpectively.. The figures are ‘in good»_
. qualitative munoht. with earlier cppxoxiuu determinar .. .. .
t;gy by ﬁauqh et al. (22) and by‘Siup'lo‘n ('53) . 'rh_t&-'is -

L]



appclitz in trend to the.p:atan affinitin: of thlil iani,
y indicating “that soft bghaviour is indeed dominant. '
Eggmatlan constants for the CEBEg(II) cangle;es of
several ggrhéxfliﬂ acids have been detérminéd (23—26)_§?§g
ﬁalue:_gf log Ef. defined in the expression B

Lo — - 'l‘ — L L : ’ o =
‘ chz + CH,Hg aﬁfi CEBHQQECB | v ?’@

_Qe:e in the:rénge’l—éi Libich and ﬁabénitein found a straﬁg
cgirelatian betweeri pK and 1Qg,Kf for such 1igand§ (24);
the :glatiaﬂ:hip was pK = 1.73 log Kf - 1.05. This cor-
Y}élatien is eipe:;ed, since oxygen atoms exhibit no “soft"
behaviour. Similar trends were found for CE?EQ(II)-Qmine
complexes (27);. log K, values wgt.»in the range 553;

’ Numerous étudie; havg elucidgted‘bindiﬂg Qf:CHBHQ(II)
tﬁ.ﬁBEIEQtiQES and nucleosides, pa;ticulgrly following thé
reﬁb:t by Hﬁlvihiil that é%BEg(II) is mﬁtggeni: (zaingndx{
_gbﬁe:vat;cns of the denaturation of DNA bg éﬁ#ﬁg(:i),
'éassiblyninvalving hydﬁagenQE@nd disrugtién byVGH;Eg(fi)_
binding (Esix “An early study Ey Simp:an (30) shcﬁeﬂ that
binding to the naturally accurring nucleosides was through
N(1) (pu;inai) or N(3) (pyfimid;ngi). A nariai of later
:tudie- hy Hancy. Tobias and coworkers on nucluﬁnidci,_

auelnatiﬂi; and pative DA u;iag diifi:-ntill Ei!lﬁ

= M iha =



- MY 4 HIm by MHIm' was gniy 6.93. Thus, in *he pH range

- imiﬂazale :ystem using N.M.R. The cﬁnplex forms

: cytidine :nd ina-ini (36)'

spectroscopy and other techniques (17,31,32) gave the same

:eanelulian, as did several recent crystal ;truéture de-

te:minatienl (33-36); binding is preferential ta tha
most baiie site.

Rabenstein et al. characterigsed the CH, Bg(II)- ,;7~

PR e S

- MHIP o oMIm M, Im’

were detected ig, lutian/)nd'thgir-farmatiaﬁEan;tanti
determined (37) . Interestingly, log K for the proceas
MY + MIm e HzIm*,uas,s_iég whereas log K for the ?rae;ﬂ:

where both MIm and Hﬂinfgexi:t; a displacement reaction ,~;

to give ii!‘f and HIE (free imida;éle) is observed. In*

nitrogen aet;ﬁatal7 the second tawaré; attack. This

afféct'hai also hian noted in studies with adenosine,

| Tha binding éf EH Hg(il) by the thieethcr graup af



tethianine was inve:tiglted by Ean;ideratian of thg

N. H R. spectra asg E:Iunctian ‘of pH (3E)i/ log Kf fnr the

complex was only 1 94. this binding is signlficaﬁt anly
below pH 3, where the carboxylate group af methionine is
 becam1ng prctanateﬂ Qt higher pH values, the CH Hg(II)
Bhlftl agalﬁ, to the amino g:aup. The x—ray determined

structure of solid methignatais methy;mercury(li) béaf3=

out these cénclﬁsiaﬁ§4}39)f
While ngr:ury in its @ivalent state can iﬂapt -ithsf

two coordinate (lipear) or four coordinate jtetrahedral)

fgeametry in its écmﬁiexes (40), the mercury in methyl-

mercury(II) camplg:ei ie in generil linglr £wo Eﬂczdinate,

thi:;ﬁas been attrlbuted to glectroﬁ ﬂé&at;au by the methyl

‘group 12533ﬁing the positive chargg at the mercury atoms

(41). Eeverthelessg higher coordination numbers are

_observed, and are of some interest in viéw=§f‘thé pot-.

entiailj m§TtideﬁtaEe ehargctéf:af»maﬁy.biaiﬁgiéal ligands.

Schwarzenbach and Schellenbgrg (15) a:cribed the increale

af salub;lity of C,BHgI in KT ;nlutian testhe formation of’

cﬁzagiz , thaining a;fermgtian c@nstgnti@f about 2. More

recent work with alkylmercury (I1) halides has tended to .

be confusing. Goggin eé al. ﬁave iecé;t1§ reviéwedzthéwl

fiala (42), and ratignalised thg differiﬁg :e:ulti 1n 'i : -

terms af the widely ﬂ;fferlng :alvents used (42 43).
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‘Some such ions (gg,:EEBEgCIZ_) would form in poorly

danatinggnl%‘éut not in vater or methanol, whereas

some (notably EE’Hg(CN) ) ‘aid nnt appea: to form at all

Vlil). Simpson had previeully ihavn that Kf detgrninatians

far=CH3HgCH are inva:iant under lgrqé excesses of cyanide

='i§nFG23)§~th§,§ffD€§1»itfﬂétﬂiiiﬂf'ﬁiglgéﬂ ihasi]:&
-exactly linear skeleton (44). Relf et gl;VCJS)’:tudiéd
the higher complex CE3H§(5QH)§*=*thgy concluded that both

"of the "extra® SCN groups were :égrdiﬁétedrthrcuéh weak

interactions. PEth?ﬂ and Reutov ascribed these

tao donation of ligand electron pairs into the vacant 6p

orbitals of gercury (46) .

. Many of the crystal atru:tures dia;u:;ed el;gwher:

~ show. small dg\*;tianl from linearity in the C-Hg-X

skeleton, "associated with a weak (long-range) but

plausible intra- anﬂf§§ intermolecular interaction with

énéthe:'grgupg A typicél’gxample'ig'the structure of
L-cysteinatomethylmercury (II) determined ;} Taylor %Eggl.
(47), where the C-Hg-S angle is 178° and a weak. .sécondary

intefhctian to a carhcxylate oxygen atom is #@Entifle&

Hawever, as Rabengtein has pointed out (2), i¥=;j prabahle‘

thgt a :tr@ngly dpnating solvent such as water could

disrupt these secondary interactions. For unambiguaug%

)

- evidence of chelation, detatled stability constant amta is -~ " -



most helpful. Por in:ﬁanée.?ihé giyEine ea-gle: (ﬁ;
bonded) has ‘log K, = 7. 88; that of 8-alanine, with one
more interv:niag carbon atom between amino lﬁd carboxylate
groups, h;q;;ag_xf - 7;56.; On the basis af the pK's
©of the amino groups, however, the opposite trend is ex-
=pectéé;7thu:. it seems likely éhat chelation -is occurring
in the.glycine case (27). - |
:Chaléti@n has been most unequivocally demonstrated
féftthé zsi‘bipyfiaine complex. Anderegg (45) abtqiﬁed a
| value for the CH. Bg(II) complex fafnatign canatint of

7;2’;,19 ,rvhg:gal the v;lngrfér pyridine—ing.B x 19‘.

A sg:iegfﬁf §§g§r: by Canty and coworkers (49-52) has

" examined this q;e:tign inrdgtaii;TiThe'erxstal ;ﬁrg;tu:a:_f'
of the ea:plex:ihaﬁaé a plnnir casgsﬁski ffa:gwéfk,:with
nn;§mmet:icglgeamgtry(l&gsrigure 1). Spectral eviéence

’ indie:tid that such giﬁ!itty p;r;i-t-d in methanolic sol-

ution. It was concluded that hyhfidiiatinn at the ngreu:y :

atom was e;sgntially sp, and thnt the secondary inter-
actien with N' was via avgrllp of the~§it:agan lone pair
vith a vac;nt 6p arbital, in ngreamant ‘with Petrosyan and
Reutov (46). Recently, a erygtal structure sas.publi;heé |
3(52) of the cﬁgﬁg(Iil’eaﬁplgxiaf !,4‘;4‘strigthylz.2‘=i _
7 6',2"~terpyridyl, in which the werchry atom is four co-

Qrdiﬁite (:geEigufé 1). The ligand is apparently bidentate

i
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'in methanol f52). "In these structures, the Egéc;ﬁaﬂd‘
1§n§th>ig almost invariant, whereas the Hg-N primary inter-
‘action tends to be lohger fv2.25 A) (53,54). This indicates
| that it is the strength of the primary Hg-N interm:tian
vh;ch is caﬁp:omlsed to accamn@dgte the ext:g caordiﬂatlng
N ;tan: ‘The lecandarfy Hg~-N band(s) are very 1Qng indeed.
Kinetic studies on ligand ggchgnge in thesersys;eﬁg ghﬁﬂg%
 that they give no significant retardation relative to
" unidentate syste::7(55)- | 7 7 |
 Another iécenéary in;;:gcéign which occurs is that

betwégn the ngthylﬁgééury(ii) moiety and a suitably placed
a:aiatig’ring on the,liqahd.,.ihe effect was first post-
ulated by Rabenstein et al. 427) on the basis' of the -
gnhanceﬂ stability. af the phenylalanine camplex, and the
‘unusual proton chemical shift of the methyl group (ansigngd
ta;:;ng current effects). The idea was confirmed fox
pheﬁylglagine and L-tyrofine using 13§ HHR;_by Bfﬁiﬁ at‘gli
(56); a similar effect was noted by Bach and’Weibel

for the béhzylmrcgptén complex (57). Crystal -t:uzi;u.'fq
determinations for thg-Lﬁtyra!ing and 2-amino-4-phenyl-
‘butanqic acid, canplgx:; lhawed that the’ interaction was -

sdge-an, betuagﬂ the nareu;y ‘atom and two ring carbani (Sé)r

_ L;m@evgng,asq:e cnrried aut a iyitqmatic :tudy by B HHR

of a virietg>§£'-ugh eaaplgx:g (59)3! Canfa:natia’,l analy;iﬁ




L4

of the data for the L-tyrosine complex gives a ltrn:tura
similar to that gbserved in the egy:tal.

The klneticl af CBBBQ(II) ligand e:change are apparent-
ly rglated to this weak tendency to expand its cadrdinatian
numheri A series of papers by Geier ‘and Eaﬁarker:*has

Ashavn uaing temperature—jump :elaxatign methads. that the

,reastlnn
e o - X gy ‘- - T ",a, .
CHyHgX + Y o CH,HgY + jvf S oo 8

proceeds by gn';isgeiativegnech;niim for X = OB , pyridine.
ligahﬂg,'er thiones and Y = a éarigty of ligands (60-62).

}Thls is ba:ed on the abservatian that where KCH ng
'rRCEéHgY? ki f kl' and’ k, 1ncraai¢; with chs Meas-
urlmegés by 1H NMR made by Simpsgn on halide systems

5qp§§r£ this conclusion (63). Re:éntly; it was demonstrated
th;t'hyérgxide ion i% anomalous; reactions involving it were

generally sliower than predicted. It may be that OH

actually reacts as 37049 and hence thg=‘éghyd:gtign ehergy"”

of the ion canﬁribute; to a ﬁighe:jgctivatiaa energy (62).
Some results are shown in Figure 2. The solid lines show
4

the rate copstants exg&eﬁéé;f@r an aisaci;tive*mgchén;ln}

thé;e dashed are recalculated far the OH case vith‘in

HgY* ' /

A
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'Ai:ﬁ shown is the datum for the exéhaﬁge of. glutathione-

CH. Hg(iI) bound farﬁ:, discussed in more dat;il halau (54).
<
A further exchange route exists. Slmpiaﬂ noted that
rates of uxghinqe. as -:a:u:né by peak cagléi::nc: t-chi A

n;que:, for Iystems of the type

kf : ?j:"

CHBHgX + EE ng — CH HgY + CH

3

3 ng T | - 6){

.

were too fast to be accounted for by anﬁfpiénic mechanism,

given the small equil‘brium free ligand. cqn;gﬁtratiangi ';' ‘

“’irect i:ehangn , for which Murrell

CH4Hg - : _ HgCH,

Bach and Weibel have dggﬁn;t;:t;dgthavprabnhi: gx;itgﬁég’
_6f'thi;'iﬁ mercaptide exchange processes, using ;péétré-_'
scopic and thermodynamic evidence (57,66). This work is

described -in greater detail below.

B. . The Chemiit:y of cg3ﬁg(IiF-Tﬁial CQEplaidi-

B L T S R L

The high aff;nity ﬁf CﬂgﬂggII) Ear :ulfhydfyl gfﬁupl
‘has been recegniied for .some time. Hughes (67) -proposed its

o



use as a protein sulfhydryl-determining reagent in iSSp,
and estjmated log Kf for the :amplex with mercaptalbumin
at about 22.. i',

In 1961, 81m;soh éeasured "association eanstants"fcr
the cystelne and glutathione complexes using iiquid ex=
~tractiqn into.toluene (23). He Aaid not account for anysf‘
variations due to state of p:ﬁtghatian at tﬁe gminé graﬁg;
quoting only values for “gg“ campieﬁatiqn of log i; = |

~ 15.7 and 15.9 respectively; nevertheless, these large
"nunbers support the conclusion that sulfﬁyﬂryl'éraup s

wbinding would dominate the behaviour Qf:CHBHg(II) where

thiols were present. SEhwazzénbgeh and Schellenberg (15) -

ieauﬁred log kf for the mercgptﬂethanﬂl ?aﬁplex as 16.12.
B Thesé»remain ﬁhé only reliable values for K. in the lit-

erature. - Hojo et al. measured farmatian»canstants for

CH Hg(II) conplexes wzth a varlety éf gulfhyéryl ligands,

includlng penicillamine, cysteine, glutathiane, 2, 3 di-

-ercaptopropanol and N-acetylcysteine (68). Their results

-iﬁdicgteq-a generAI increase in log Kf with pxgafithe
sulfhydryl group, as demﬁnsffated tér other ligand types.
——wﬁnfortunately, in terms of all other data xvailable (mee
above and beIow) their values are 1udicrnu:ly law (7 < - 7
log Kg < 9); insufficient nxpgrinnntnl-dgtail: 1;: :vai%ﬁj

able fovco}réct here what is déébtlé::'g iy;ﬁeﬁitic ?IfEfJ

L




in calculation.

Bach and'ﬁeibél'have eatimated formation constants

from the nagﬁitude of the mercury-protou coupling canstant

'(see beldw) (57). Whlle such a correlationrls observed o

for various other llgand typeqn'itihqg nog:bgep_dgmﬂnstratgéii;;L;q

for.sulfhydryl ligands. The values obtained were in the
range 15 < log K, < 16.5; the uncertainty in thage, based
-

on the correlation coefficient of their calibration line,

:is'conservatively + 0.5.

Varxous NMR studies cupport the qualztatxve conclusion : .

Vthat CH Hg(II) binding to sulfhydryl groups 13 prefe:ent;ali
»F_Rabenstein conducted an 1nvestxgat10n 1nto the microscopic
| acid'diasociation constants of free andzcaaﬁg(ll)-cample;eé
~ glutathione (69). He concluded that sulfhydryl binding was"
the preferredlmode, and su;gestéd"the posgibility of bind-
ing of a second 08339(11) to tﬁe'conplexed sulfhydryl group.
(SChﬁarzenbach and SChellenberg ﬁad prebiausly measdred
log K; for the higher sulfide complexes (CH. ;Hg) ,§ and
(CH Hg)3s at 16.3 and 7 respectively, indicating the
-possibility o§ residua; basicity at a cpordipated sulfur
'atom'}IS).) A qualitative study of the qucetyicysteinéz

- complex by Simpson, Hopkins and Haque yielded similar

. conclusions (70), A year later, Rabenstein and Fairhuxst. ., ...

(64),reported the results of a more comprehensive study

I"_,'%

)
.
~

BERAUIES 5 3o SRUW SEERREEE e TRE RN IS g P sadetS s R =~ R e e

SR



N

‘inV§1ving zgsteing;’peﬁieiila:ing and glutatﬁzane. Over

the pH range 1 to 13 the first CE Hg(II) moiety was qulf-
hydryl bnund The cn@:dinat;an side of the second was pH
éependent in the glutgthiansfcamplexi Belaw pH 4, it was
the already ccmplexed sulfhydryl group; fram pH 4 to 8 it

shifted to the amlnc graup. and above pH 10 1t dlsaaclated

 due to hydroxide complex fcrmgtlani At very low pH,
.results for the 1:1 GSH complex suggested protonation at

~ the CH.Hg(II) complexed sulfur atom, underlining the

similarity already p@inteé out by Sehwarzehbacﬁ and

5¢hell!§31rg between CH. Hg(II) and BY binding. - “Buch

 protonation has been observed for other metal-complexed —

:ulfhyd:yls (71)

Preferential :ulfhydryl blndlng is hﬂrne out by a
number of X-ray cry:tgllegrapﬁic‘gtructure determinations
by Carty and coworkers; in the cysteine[(47),'§na~pgﬁ-
icillamine (72) 1:1 complexes binding was to the sulfhydryl
iiéé.'ﬁhile_ih;thE&ZSl CHBEg(Ii)zpenicillgmine complex the
segaﬁd Eﬁsﬂq(;I) was bound to the amino group (73); ) |
Some work has:aédfe:sed the problem of chglatién in

methylmercury(II)-sulfhydryl systems. An early syétem;tic .

‘ éete:minatianrof the NMR parameters of a vgriety'affCBfBg(II)

camplzxes, including a :eries of thiaphenals, wa; perfarmed
by Sytsma and Kline (74) On the basis of the abierved



: qgi o

coupling constant, they concluded thht no significant

‘chelation was occurring; however (see below) this evidence

is not conclusive. nging'chemieal shifts in deutero-
chloroforﬁ, Lampe gné Moore zéhelgded'that chelation
“through the rxng-carban/m;:;ufy atom mode d;scussed abcve.
wass\occurring for the complexes cf benzylmgrcaptgn and

(more strongly) thenyiethylmefcaptan.

——ﬂSCNz—© ' uscﬂzc | ‘ H?cuzcuzm

but not for 3pheny1pr@pylme::aptan (59) Thié is in accorad

..yzth ‘the normdl ring=-closing tendencies of 5, 6 ;nd 7=
membered rxngs (75) . The effect was small, however, by

compatxson with tbat in amino Eﬁmplexl! (see nbave). the

—

. charge in chemical ihift engendefed by the ;ecandary inter-

" actions is smaller than 1n the amino case. In a more
recent paper (76), Moore and coworkers 1nve:£iggtea the
possibiiity of more conventional ehglaticﬁ, us;né'the

sterically hindered dithiols
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The crystal structures of the CH. Hg(iI) cauplgzgg aE

these had the genetal structure

The magnitude of £hé'1?’ﬂ§—lu couplingfcanétant;iin;
~,hon-donating solVeﬁEh) sdpport# this'één;iuﬁién (igexﬁelgﬁ);é
nowever, the comnents of Goggin et al. (42) and of -
Rabenstein (2). regarding the influence af snlvent tyge on
tsuch 1nteract10ns should be borne in mlnﬂ ‘ - ,,;
Kinetic studies of CH3Hg(II) thig; egmﬁleies'a:e
sparse. A list of relevant rate céﬁtténts-tégethgf with
others for comparison is gith'in “Table 1. . |
The vork by Bach and Weibel (57) on the d;rect exchangé

mechanism
. o X,

. x. ﬁ - . / -.‘. . ;‘i‘, » c - -
93339 + CB3 gY 2 08359_\ /,BgCHg 2 Cﬂzﬂgg_+A Egﬂgx
. : Y '

I

has already been mentioned. In their NMR !ﬁuéy. th;yrihawed
that as ligands X hccqme more polaricable and hence bgtter
at bridging betueen mercury atoms (77). the rate of ex-
>ch.ngo between clj!gCl tnd<CB3ngx ‘TOE, :ﬁggﬁrtiﬁg thi'ihETE
"hypothenil. ' (By contrast, had an ionic mechanism

-



Table 1. Rate Constants for thiol exchange processes. -

‘ligand X | ligand Y  log k]  log k%,  log k

T _ —

o © gsH" R R X -

c
| - e - a
’ _ : . : B - . — - . . ' ) f - ' T
CN SE(EES)S d

8" . TscE,0,” -- S 3.1
CH,S” "SCHCH,C(By -~ . - -- ' 7.59

- T — T — — S— - . e

~a) As defined in Egn. (5).

b) As defined in Egn. (6). i;i. SR
A L -

‘e

" €) Reference 64.
d) Reference 57.
e) Reference 63.
£} . In dimethylformamide. 7 :
95 " Exchange of (cHZ)BCHg(I;)-c@zplsxes_iniEQFZCIféCEclz.
h) Deprataﬁated glutathione, GS™; §:étenated glutathian§;>>




- CH

3 bgghiapifitiva; rates y&uldsbe expected tO fall with
- softer X ligands.) Ein further ;uggért; for ngﬂgx"/

BBgSR' systems, iE?QfatE resonances for the 63339211)5

nethyl grcnp: could not. be observed under any conditions,

~ nor ctould ang long-range cpup;ing between ligana éfétﬁﬁ!—
";ngrthﬁiIQEI cB, ng (X1). Determination of the rate com= - -
stants of the cfaniée exahgﬁge.:eactiani-;: a fnﬂc@ian of .

'tempérgtu:e showed thét the entropy of QGingticn was
consistently negative, as would be expected for a hiéhlg*

" ordered bfidggé tr;ngiiigﬁ :tﬁtg. |

The possibility of exchange via simple dissociation

wd
T | CH,HgSR'2? cazng* + BR
L.;_+ X 2 CB,HgX : ( 8)

has been examined; in fact, Simpson et al. claimed that it
was operative for the Naaeetylcy:teine/chla:idg ligand
éxchgnge system (TDj_ However, as Rabenstein and Pairhurst

‘pointed out (64), the gquilihrium dissociation constant

¥or a typical complex )
CH,HgSR 2 cazag* + "SR ’ . (9 .
:H!; Alraady "known ta.be wlo -16 EQI dﬁfs (23). Since the
10 -2 , 6 -1

;allaéintién fgte ccﬁltant muit be 210 mol " dm's or

less (thig rapresenting the diffusion-controlled limit) - (78)



the dil;aeiatian rnte ean;tant must’ neceu:a;ily be 10

3 =1

Z6

mﬁl dm [ or le:s- Thln—invalidates the cgnglulian: of

Sinpian et al. fogxg ;iﬁple di;miat‘iaﬂ. Hﬁevzr. Eabeﬁ;i:‘eiiz‘

¢
ahd Fairhurgt demonstrated thg gxi:éeneg of the 1uw pPH

N pratnn—facil;tatgd d;aiaclatian process

k)

- CH,HgSR + H' s—eCH,Hg' + HSR T (10)

34

'kél

from the pH dependence .of ‘the ‘rate of exchange of methyl-

mercury(II) between different fglut;athiane' ligands, using

13

(o NHR> The above &;gungnt does not apply here, because

CﬁBHQE(H)R has a much 1awef formation cen-tant than

R I L

CH

(ky

, = 600 + 200 mol lam

HgSB, This dlsnae;atlan reaction was falrly slav

3 1) and the agsaeiiti‘h reactinﬁ PR

effectively AQiffusion eantralleé (log k- " 9.7). Ihiq.il A

consistent with an aia@ciative meehanism 1an1ving a

trmsitian state ;m:h as _ : . =~

LY

‘The associative

?

1
" ’ v J - . A e
Gﬂtm:e bf the anionic ligand disi'p;;eg—'

[FRRE.

22



ment nechahis-:’

CH

JH9L + L' 3 cé3ngx.' + 17 o (11)

‘was discunsed'Above; Sinbe (és‘detailed in pPart 2 of thil

' thesls) free thiol molecules under physlologxcal cond;tions

. were then fittqd to the kinetic model

are 1nvar1ab1y in vast excess over CH3Bg(II)-bound ones, -

. this is undoubtedly the most significant exchange process

 in biological systems.

4
The process
, o k, : . -
R 1 ® . - . )
CH,HgSG +GS _—=rCH,HgSG + GS . (12)

where GS- is the sulfhydryl-deprotonated férm(s) of

glutathzone, was investigated by nﬁbensteln and Pairhurst

”(64). They estimated lifetimes for the complexed lpecies

13

from comparisons of experimental ~~C NMR lineshapgs and

L)

those éalculated from modified Bloch equations. Cﬁapter \'4
discusses ‘'the approach in more detail. These lifetimes

N aic) . 1 ' o |
v =~ @y | (13)

wheie'tc'is tholmean,complex lifdtimp and. [C] the complex

of log k, = 8.8. This is of the order of ‘the value (9.1) -

4

. ..,_cér,;,cén_txa.t.iqn._ f'l'bex. obtained a value for- the rate .constant .

sy



predicted By Erni and Geier for an associative-mechan:
'ligand displacement reaction involving two ligands of
identical affinity (62), but somewhat lower. This was

- ascribed tﬂ steric éfféﬁts;
m Lh-, of MR in sgnuu of cijiqﬁil m prh A e

Hethylmeﬂeu:y(II) is unu!uilly suitsble for nnn

studies, in that all constituent atoms are to some e:tgnt_

WM actives in addition to 'H and 13c, 16.9% of By s - e
V,pEQSQQt as lssﬂgp ancthg: spin 1/2 nueleui. -~
13 —_ ) f"f '

A C NMR parameters were ﬂgierniggd_by Brown et al.

(56) for a variety of CHéBQ(II) hilaéen; pieuaahalaggn aﬁa
amino acid eaﬁplefé:; In line u1th thgary, which. relates _
the paramagﬁFtlc cgntributian to the sh;ft to, the ;ec;prﬁc;l
of AE (essentially the ¢g* + ¢ gxcitggggn energy), a decrease
in bond energy led to a shift to lower field. Ancmalously . '
,iaﬁ shifts of the N-coordinated phenylalanine ané tyrasine:f
. complexes were :ierihed to ring-currzﬂt effects, confirming
Rabenstein's c@nelusian, bgied an IH NMR shifts, aﬁ ring-

methylﬁgreary(II) internctiana527}. Solvent effgcts werb’
13 199

minimal. The ang-band R oo Hg coupling can:t&nﬁ: i

r lé 199 _+ or iinply , were faund tﬁ decraaie vith -
incfa:-ing bcnd :tfength (as éﬁ the lsgﬂg—lﬁ tvﬂ—bgnd 7

L R s B e am ek 8% L owm dfbﬂrﬂ!_- -

eauplingl. see belnw) This was attributgd to a decreaie




199

‘ _ 25
] ' )
in electron dghgitr,ig the Hg 6s orbital ;tiihg nucleus, ff'
and possibly also.to a decrease in the s-character of the H

(hybrid) orbital used in bPonding. A marked increase in ljf
: ; | . S T :
was observed in nucleophilic solvents; this was said to be

due either tﬂ-rihjh:iéigit;ngpa: t§;i él;iftﬂrngrﬁizittiét.~~-~f;

molecular linearity due to weak coordination ;f:éélvgnt
molecules. A study by iil:én et al. on a range cf.arylﬁ
aﬂd»aikylmercury(ll)reampaundg reached similar c@nclusi@n;‘
(79). 13& NMR has also been used to examine the state of
eamplexaﬁlan of methylmercury(II) with ligands such as ESH
where the highly coupled nature of the ligand 15 NMR
;pett:un makes qunnt;t&tive iaa-u:eiant diffitult (64).
.. A few workers have ana;t;qnt:d GEzﬂg(II) ui;ng
Hg NMR. Sens et al. (Bﬁ) and Borzo and Maciel (81)

ngaiu:ed 1 Hg chemical :h;ftn 539 ,,:-mgthylnercury(xl}

-halide# in a wide variety ef solvents. The behaviour of

5Hg and the-rat;nnglzlatinn thereaf b:aadly parallel tha:ei

’ef 5& givgn above, ex pt that solvent effects are more

marked:_!ﬁra polar solvents give shifts to lower frequency.

Despite the vast chemical shift range (>2600 ppm) and hence

high sensitivity to bﬂnﬂiﬂgApattgrﬁ;: studies applying

199 Eg HHR—arg sparse; Borzo. and Haeiel wrote:
ii..th-=-nin etrenyth of !t!“ﬁt!f! elucidations
via chemical shift studies has lain in empirical
‘relationships on well-substartiated patterns of

experimental data. Such datﬂ are to a large extent
lacking for many metal nuclides of interest.”

.

[



_faf‘:;ian of highar E@nplgxe;. Uling variations in 5

Sudmeier et al. (82) va- recently employed >?%mg
'MMR to reevaluate the pg:;:ete:s of thetagueeus solution
chemistry of CE3E§(I;) (see above); :greément with ﬁfgvi@us‘
values ﬁaj‘re;gﬁnabig_ A downfield shift of over 400 ppm
was ébiér?gd on complexation by one mole equivalent of
gluﬁéﬁﬁidn&lw Ggggin étlii;t(ii) usealﬁ;{lgggg}'Iﬁnéﬁ té
obtain 19?é§ chemical shifts af'EB3E§(II)'h£1idgs in sol-
utions ﬁjing g‘varigty of solvents. jIn-seme solvents,
addition of tgﬁflbﬁtrliiiggiﬂi!Ghlﬁfiéi g:ié a large
positive shift (100-200 ppm): this is expected for binding

of an. additianal ‘halide ion to the CH Hg(II) !pecig:. since

-istgnt simply with electren aen:ity effeet:due to solvent

coordination, as suggested previously (83). It appears

that it is solvent-halide interactions rather than solvent-

‘mercury interactions which determine the degree of fﬁ:ﬁatiﬁn',
" of higher halide eanpl&xeiniﬁni, since some relatively ﬁlli‘:

‘coordinated solvents (e.g. pyfidina) -did not impede the

Hg
K J) as a function of added ehlariée. these

anﬁhnr- were al:a able ta abtain vnlua: £a: the Iar:ntian

" constant of the highar ea-plnx in éiehlaranathann: thii vas )

. .,,,.,-:,

higher than the carre-pandlng value abt;ineﬂ fran a ;imil
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study in ethanol by Lucchini and Wells (84).

The most widely 1nveitigated NMR parameter of CB3Bg(II)

co-plexeo is the -ercnry-proton coupling constant, -ea-ured

199

as the separation between the Hg satellite peaks in the

' Cn3ﬂg(II) nethyl proton 18 NMR epectrum A selection of

the many values in the literature is given in Tahle 2.
&
In 1963; Hatton, Schneider and Siebrand (13) showed

that the nagnitude of 2

“of X in cnaagx, they obtained values between 104 Hz -
((CBa)zﬂg) and 233 Hz (CH3BgC10 ). Tt‘e 1.8 expected. :

assuming that the magnitude of 25 is dominated by the Permi

contact interaction, which involvea the --electron

- density at the nuclei. As X grows more electronegative,v”

. CH HgXR:

-in 7 to electtonegat vity.

the s-character of the hybrid orbital on Hg bonding to C-

will increase and the effectiye nuclear charge on Hg grow,

giving a contraction ot~tnepﬁl;o:bitel. ;The aboveiaocdltr-f

. , L )
tion was queationed by MacFarlane (85); however, more

recent theoretical calcnlationo by Heinneke -upport itn
Validity (86),

]

In another study,
2

ederov t.al. (87) related'trendl

Thﬁf also noted that an-

;npizical equation for 2

J coulad be set up. For avcongound_

J depended upon the electronegativity



Table 2. Selected values of 2J, ... for CH,Hg(II)
_ : - T, 109, 389 (11)
complexes”. ) ’ ) e

Lig;nd-

S A S w1 ¥

Acetate 2333 gff'7‘;%f'fé3ﬁ,
Ethylamine -~ 211.0 R
Glycine | e :‘2;6_9

Pyridine . 229.6

i L

2,2 '-bipyridine o 238.8
¢ysteine L 178.0 °
Mercaptoacetic acid = 172.0

Glutathione | 170000

&) '?:éizijfifincl 2.
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" plexes (51) and for those of phenols and thiophenols {74).

_ ;}22 ﬂzshigh:r in aqueous solution than in chloroform. A
i.recint systematic study by Goggin et al. (42) showed-a

e AR
v 2
. ] _ | -
29
) :
¥

2Ja is an ‘innat?‘ contrxibution, ZJx a cant:ibugian due to
X (independent of the nature of R) and ;JR aﬁé due to R
(independent of the nature of X). The approach is similar

to that used by Hammel and Taft to predict gciditie:% in

: £:ct..2ai vas ré;étsdévith some success to the Taft .

parameter ¢* for the substituent R. ’

Many trends eg:féigting 25 with pK of the ligand,
lQg Rf of the complex or elect:aneggtivity have since been
rgpgrtgd; for ;_lafge variety of ligands. 2J for carngylic
acid ea:plgxés (tn cﬂCla,-pyr;dine and in aqueous ;elgtienl

‘correlates negatively with the pK-of the acid group (24,

7!,83,39)i,FSiﬂilaIEGerﬂlltiin were observed for amine

(27), pyridine, bipyridine and 1,10 phenanthroline com- '

It has been shown €90§ that such a trend persists approx- ‘o
imately over ieveral arde:s of magnitude; thu:, it is

possible to ﬂbduee cocrdinaticn sltes of CH Hq (II) dlrectly

2 A + £l )

from thg magnitudg of “J.

%7 1s also polvent-dependent. 1In the carboxylic acid
- 2 - -

' studies, Libich and Rabenstein noted that 2J values were

] : ! . '
- oontinvous range Gfézi valuss §§t~E1359E1 betwvean 202.1 Hz - -
(COC1,) and 223.%°Hf (D,0) as the electron-donatiny ability




" of the solvent increased.’ ‘ 7
The effect 6£ expanded coordinatian-nunba:; on 23 »

is interesting. Sytsma and Kline (74):pfedicted a‘d&crﬁgje;
‘in 2J if chelation occurred for thiophena; complexes, én.

) t?e ;rounds of increased electron'densiiy at the ég atom.

_~ (In fact, no éffect was obsérved.s. Relf et‘ai.~§haﬁed that
‘on adding SCN™ to CHjﬂgSCN to form higher complexes, a.
small increase in 2J was obtained (45). It thus appears
that no rehybridisation at Hg occuzg'an'hanaing iﬂaitianaf
SCN~, and that the':eéondary interactions are substantially
ienic in character. The smallvincfegse was égériteaftﬁ )
chanées'in the effective nuclear-chdrge of the ﬁg atom.
Similarly, the 25 data obtained for bipyridyl.CH;Hg(II)
complexes are systematically higher thgn for unldentate
pyrxdine complexes, except for that of 3, 3'fdimethylsz 2'-
bipyridyl, which is too closely steriéally hindered to
permit chelation and whose 2J lies in the range of the
pyridine co-plexes ({}) ' Rcccntly, Alcock et al. have -
deaonltrated a similar increase in 25 for dithiol eampaunds.

' byfanalogy with crystal structures, it is suggested that

the 1ncrease observed in 2J on chelation may. be due to the

slight bending of the prima:y'interaetian (76).

The above has aescribed the thea:gtizal interpretaticn 7 ’

'of NHR pataneteta. An entirely dintinet appraach, used

-~
[



widely in CH.Hg(II) studies, is the amalytical use of NMR

as an empirically based probe to monitor the exact contents
of a :Qlﬁtign.; In 1957, Gruenﬁaiﬂ et al. (91) demonstrated

that a eérbenfﬁaﬁaed proton close to an acidic site was

respans;ve to the state of p:atanatlan at that s;te. _thus
empl:lcal determlnatlcn af Ehemical shifts in these twﬁ -
states, and of a mixture of the two at known pH, can yigld
the é%ssagiatien eshst;ntiaf the acid site. By mﬁnitﬂring :
the chemical shift of a proton remote from one acid site
but close to aﬁather; them;anisat;QnAaf the latter alone
can_be investigéted, ge:mitt;ng the passibility of accurate
ni:iuraﬁgnt of ﬁicrﬁcﬁnstanéi; The . approach xt*exgmplifiaé
by the gtudy of GSH and CH HgSG p.ffcrmea by Rabgnst31n
(69)-‘ Detgrmlnatlan of formation constants of iéniled ;
“;igand; with other species (such as EHSHg(II)) by competition
‘Hith proton for acid sites, has been performed for amines,
Veérbéxylig acids and thioether cam@aun&s by Rgbeﬁiteih and
Goworkers (2). * | .
In Part 1 of this thesis. the bindlng of CH Hg(II)
by a variety of thiol mclacules is studied by H HHR ,
spectroscopy. A Eﬁmpetitiﬁn method in which two different
;hiél: compete for the CH ﬁg(ll),’is developed for the
mgalurgnent aiifarnaticn canstant: fa: these camplexes

With thig method, formation constants have been deti:mined

y st



for a'tange;of piolégically and pha:igteutieallg important .
. thiol#,‘whoié structures and nomenclature are presented in
Table 3. 1In most cases thé acid-base behi%iéur of bcthrthe
free and complexed ligand is also fully characterised, V
.permiﬁting caléulation 6f *microformation constants® for _
all forms, and prédiction 6f apparent affinity for cas‘h*g'tr'i)"
at any pacwa;ue. _ -
In Chapter IV, this method is applied to two dithiol
molecules (2,3 dimercaptosuccinic acid and dithicerythritol)
whose structures are also given in Table 3. Results are
coﬁpared with those for the monothiols of Chapter III and
'discuised,in the light of prevailing theories (see above)
regardipg’the possibility of'chelatian in such systems;
~ Chapter V is devoted to a study afrﬁée exchange kinetics :
of some of the ligands, measured using %hé linebroadening
observed fbr the exchanging mercaptoacetate :e:anéncef
.This is reiatéd to the complex 1ifetim§.ﬂsing modified ﬁlach
equations; théwlifetimes in turn are related to a detailed
kinetic scheme, and estimates of rate constants for ex-
change reactions involving individual écid—b;sé species are
obtained. ’ ,
Thus, a wealth of data is obtdined regarding the de-
tailed solution chemistry of these complexes in these

Chapters. Part 2 of thisithesis, where a further extension

v
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is made to studies involving hemoglobin and wholé erythro-
Sytes, provides an example of how quantitative data of this
type can be of use Lghﬁfying to undesstand more .complex

systems. | ;
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‘CHAPTER 11
T a4 T~ /:}L/
Experimental :

A: Chemicals

u-xeaptonthml. uzcgp:omtxc #cid (Eastman Xodak - - e BB
Co.), cypteine, penicillamine, zr;ircaptbouccipic,acid '// o
(Aldric‘fChemical Co.), glutathioné;xﬁ-acetylpeﬁicill;nina,/: | \
grqotuioneine, 2,3 dithioerythritol, meso 2,3 dimercaptosqcf
cinic acid (Sigma Chemical Co.) and homocysteine (Nutritional i
Biochemicals Cbrﬁ.) were used as teceiQed The préparation‘
and determination of purity of the solutions of these

thxols is described below.

Hothylna:cury(ll) 1odida was putchaced from Terochem
Laboratories Ltd. and Alfa Diviaion,Qventron Corp., and
converted to methylmercury(IIl) hydroxide by reaction vith
silver oiide.~ Details of the preparation andl;fandardiiation ;
of solutions are given below. o ~ "
Iodoacetamide (Aldrich Chemical Co., Sigma Chemical

Co.) was used as purchaséd. . . o P

All other cﬁanicals were reagent grade and were used "
without further puriticati;n. Reagent water used’ for.i
making solutions was douny~dist111ed and deioniled by ' .
- passage through a Barnstead D8962 Ultrapure mixed-bed ion> Ty e

exchange resin.

36



'tﬁ B. Preparation and Standardisation of !nthyl-ai7
Hydroxide Solutions A

1. Eregafgtiqnj

Hethylnercury(ii) hydraxide was pfepared f:am the

iodide as Ecllaws. To :11ver cxide (2.32 g, 0. 020 ﬂBlE

equivaleﬁts Ag) was added methylmercury (11) ;@dldg (7.4 9’:

0.022 mole equivalents Hg) and water (50.ml). The reaction -

: vim
v?CEaﬂgi + iigzc  2AgI +2CH,HgOH (15)

The exact feriulgtian of the hydrax;de salt degenﬂ:
upon ‘pH and egncentr;tian. Eﬁth l:thylmercury(ii) iedide
and silver iadida are ingolgble in water.a ‘Silver Qxida
is sparingly soluble (solubility at 20°C = 1.3 mg per
100 m1 (92)) s0 a slight excess a§%52§hglmergury(ii}

- iodide was used to ensure no si)ver contamination of the
product solution.

'thgg‘stif:ing for ten hours, the solution was vacuum
filte:gdéﬁviégi fir:t through paper and then through a
0.2 um pore size dilpﬂl;ble millipﬁre filter nnit (Halge
Sybron Corp. ); and diluted to 100 mls. . )

Previous :tudiel u:iﬂg nethylmareuég}Ii) h;ve !-unﬂ

signifieant acetgte cantaminntian af nethylmereury(II)

b ‘ B . . - , &




- -

_salutiani'GZAi. An ian-ﬂ:chinge -nthad was developed to
:?:a%é tﬁi:_ S;nce in the pre:ent study -ulihgd:yl greups
,af; alﬁiy: present in :taicgzg:etrie amount or in excess,
this additional step is unnée;iiary. -

Iiilé (an ditgf!iﬁiﬂ by wtandardisation, see below)- — -
r-appeared virtually quantitltlve with respéct to equiv:lgntl )
of silver ion added. 1In view af the toxicity of methyl- -

:méreury(ii); the EaneEntrated stﬂct ialutiang were opened

only in the fumehood, and handled with gloves.
2. Stanéardisatign: _ - T

: . L 2
Stock solutions were standardised using the titration

with chloride ion developed by Pairhurst and Rabenstein
(64). The reaction is
,,_  + e s e o 16
CBBEgﬂﬂz +Cl GBBHgEI + EZQ - (16)
for which the formation constant 'ii, defined

(cH. Bgcll |
K = — , (17)

£ (cH, BgﬂH:z][f_‘l 1

Thg endpeint was ﬂgﬁected pﬁtgntiametrically uf ,g”jt
silver/silver chloride indicating electrode and a satura;ed;

- calomel teferefice slectfods. T minimise the competition

T of hydraxids with titrant for GHBHQ(II) the titration was

- .



petfﬁ:ﬁgé-in geiiig ialutiqn, where the major fraction of
methylmercury (1I) é:ists as the hydrated Eﬂtiﬁﬁ; To in-.
-eréiié thé sharpness of the break at the endpoint, the
titration was. perfémﬂ in a mixea vate:—ethannlfi;yltgi;
'rhe pr@cedure uled ;nvalved plpetting 1 ml of the .
| stm:k salut:u:m mta a DO nl beaker, and adding S mls af B
1lwm n;tritracid, to reduce the pH to & low value. 40 mls
of 95% ethanol were then added and the solution titrated
vith :@d;ﬁsrcﬁlafidg solution added from a Mettler DV10
autétitrgtsr? The sodium chloride was dried for two days },Q
at l;O‘c?ané a sample carefully weighed, dissolved and —_—

diluted to vcluﬁg It was judged that with;n the pre-

~~ tision eof the methylnercury(:t) titratian itself further

spfi@f standardisation of the chloride :glutien was
supe;flugus. S

.+ The endpoint,/ tik:n as the point of maximum slope aff
_ the titration cﬁrvg; was fég?d E:amlg graghizg; plot, _
such as in FPigure 3. 1If ;éy uaei:tiinty e:i:téd. a aif-
férén;ial plot was drawn to resolve the situation. Tﬁé
potential change on going from 1% before to 1% after the
gndp@int was typically 40 mV or greater. Rgplieatgl were
taken until a relative prgcilian of about 0.3% was ob- . o

taingé::nerﬁally, this entailed triplicate runs. o,

R R e T T
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C. Preparation and Standardisation of Thiol Solutions
1. Prepgfatiani . : S - .
' [

'?(vgriaui studies (93,94) indicate that the stability

" of thiol iﬁlﬁtians with respect top oxidation varies with™

't.he amount of QIYQED ‘present, trace levels of metal ions
{(which catalyze Qxiégtlﬂﬂ),rpﬂ and temperature. The .

preparation of thiol solutions was desigﬁeﬂitc minimise

athsgi factors. Tb freshly deionised water (10-50 n;)-i:t

-3

~ added disodium EDTA solution (10 - M, 0.2-1.0 ml)‘iﬁﬂ the

' solution. purged with argon for about ten minutes. The

appropriate flask (10-50 ml) was flushed with argon before
transferring the thiol (:alid or liquid) to the flask.
The solution was diluted to volume and the flask stoppered

after filling the airspace with érg@n_'\?he pH°was checked

before the final dilution; where necessary, this was

adjusted to below 7 with nitric acid.

All the thiols but one were readily soluble at the

0.3 ¥ lg;éi;*thig was a typical stock :@l&tiaﬁ.eancentfitiéﬁ;-
Hﬁgéatjipenigillégini diiplayﬁé poor iaiubility in water;

diss qutian of tﬁr first: pertian of the solid lowers the-

pH to such an ;xtant that the re-ainaer vill be in the

nautral (pra:u:;bly 1&-: -alublg) form. Stepwiie add-

1ti9n of the lalld, with upwa:ds pH adju;tmgnt ta ahnut 6

Y

=



 using sodium hydroxide, solved this problem.

The volu-etric flask was then i-indiately tranlferred
to the retxiqerator (4°C) and never thcreafter llloved to

warm up, portions being withdrawn as.tequirod and the

flask Lm-edlately returned to the. refrigerator.‘ Undetiudlkhjxﬂm;__

these condxtions, thiol solutions were fazrly stable.

Homocysteine, the least stable, showed only ‘slight ox-

idation after two_days:; at the other extreme, mercaptoacetic

acidvlolutionj displayed no significant loss of ihiol-

content over a period of four months.

2. Standardisation. ) ' * ,
. ) . ' N . - ‘ ] . . ) ) .
> tThis was accomplished using a titration mathod baled ,
on that of Bcnesch and Benesch (95). A sulfhydryl gronp '

will react with iodoacetamide according to the reaction

RSH + ICH,CONH, + RSCH

+ - .
. CH, CONH, + H + I (18)

2

~ The proton liberated during tht“réaction can be
titrated with a sfronq base. Bowovéf. in 6rdet qu“ﬁhe .
reaction to be both quantitative and precise, anar{l
criteria must be fultilled: If thé protanl libgratgdLapd

titrated are to equal the sulfhydryl groups present, the

~ initial and final pH must be identical, and low enqugh to . .. .

ensure quantitative sulfhydryl protonation. However, the

Py bty




e (4

§a selected should also be in a region of the acid-base K\f
titration\curve of the sa-ple v&ere buffering does not '
’occur, othérwimse poor ptecision in the eadpointﬂ;&ll

result. Reaction must occur in a reasonable ti-e: this
-necessitates raising the pﬂ to approximately 9 after
addltxon of the 1odoacetanide.

The procedure is given ‘here for wercaptoacetie acid. -
Since the pK of its carboxyl group is 3. 50 and of the
'sulfhydryl 10.08, both quantitativity and qood precision
should be obtainqple at pH 7. ’

A solution of sodium hydroxide (~0.07 W) waligreég:ed

T o~

under carbonace—ftee conditions (96) and standardised
against cafefﬁily weighed“portion:.of potassium hydrogen |
phthalate (AnalaR, dried for 2 hours at 120°C) using
phenolphthalein as indicator.' Stan4ardﬂdeviation among
.replicates was typically 1425pp£. A solution of nitric
"acid.(wo,o4 M) was prepared and standardised again;t the B

sodium hydroxide oolution'uiing phenq}phihalein as indicator.

i, Standdrd deviation along replicates was 1-2 ppt.

£
.

’Tuo ltandard solutions were prepared for colaur-'
matChing endpoint-. The first contained pB 7 buffer (70
mls), phenolphthalein (0. 1%, 6 arops) and bromothymol
_biue (0.1%, 4 dropd), the second pn 7 buffer (129 nll). 6
drops phenolphthalein and 8 drop. bromothymol Qlua; This



_ahd acid from the buret added to lower the pH back to 7

mixture of indicators is yellow at low pH, through green

at pH 7 to blue, then to purple above pH.9.
- "To water (30 ml) in"a 250 ml conical flask was added
phen;lphthgléia=(6 drops) and bruqﬂthgial blue (4 drops).

- !h.ainlgtian was purged with argon thiﬁ 1l ml of sample - e
. pipetted in_ The solution was braugbé to pH 7 (calaur—~ :

match vith first ;tandard) and letsixide under argan. The

the buret to raise the pH and thus speed the alhylatian
reaction. Initially, as the reaction proceeded, the

1iberated protons lowered the pH (solutiomn turned blue);

_more base was added to reestablish the pu:pl% colouration.

hventuglly,'ihen the reaction was e;:antiglly complete,
the purple persisted. The solution was set &side under
argon for 2 minutes. Bromothydibl blue (4 drops) was added,’

(colour-matched with second itiﬂdgrd).:‘éingl‘hufe£

readings were recorded.
The amount of sulfhydryl present can be calculated

from .

B L L e

mmoles sulfhydryl gﬁieﬂt = mmoles base

- mmoles acid (19)
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, , . .
The quanti;ivitg of the reaction was established by
Benesch and Benesch (95) and confirmed by Saetre (97) and
Backs (98). Table 4 shows a typical set of results.
7 iitfatians qe?e repeated unﬁil a precisicn of 5 ppt or
. h:ggés was achieved (usually i to 4 replicates). This
?:acedﬁ:g gave Satisfggﬁgfy results for mercaptoacetic
acid, N-acetylpenicillamine, ﬁercaptasuceinic’géid‘and
ergothioneine. Fé; molecules with a sulfhydryl pK of
beléﬁ 10, a similar procedure employing a starting and
fihal‘pﬁ of 5.0 a#é a methyl red/pheﬁclphthaleiﬁ indicator
-gystem was gﬁglej;d. In: pfinciple this could be nsed fa:’
all the thlals. £ut the calﬂf ehangg: involved are less
clear and the- Pﬁilibilit%'ﬂf en:ba:ylltg buffa;ging

_greater, 80 it Ha: eﬁplayed anly when neeessary.

/ Extens;an ef the midét;trgticn "incubation™ period at’/
high ﬁﬁ had no apparent effect ugén results obtained, -
except for some §relimgnary exp®riments with the vicinal .
dithiol sodium 2;3—éiﬁgrcaptaslséréganeéuifanite (BALSDBRE);
The titre in this case increased by about 2% when 5 |
minutes incubation was used. Since the sulfhydryl pK's
(macro) for EALSGBHé are about 9 and 11, it is probable
that the small ffggtian of thé_iecgné thiolate anion present
&t pH Q’lgeaﬁnti'féf the iiai'fzgettﬁn;”'fhixhii‘in“agfagi*’”"‘
ment with the conclusions éf-Catliéniatlgl;g who studied



46
e
——

i C T !

um., J_ , ‘ K ﬁmmg.;.lﬂgaaguhgawugau ﬂaui (q
X o .z

690°0 = ﬂﬂﬁ#ﬂh#ﬁﬂﬂﬁﬂ.ﬁ G,Iﬂﬂ | (w

‘ _, ;, | , _
ot . - PaTIvTex 3dd o N mﬂaais = UOTIVTASP pIvpuURIg

[ e - N §19°0 = ULSE = UOTIVIIUSOUOD uetpoH = -

-- TIN a 8L9°0 | 189°0 . SL9°0 "N ‘UOT3EIFUSOUOD TOTYL
- 1660 . T66'0 166°0 . 1660 | - m ‘ezys otdues
- 69°6 L TLs sL'6 L9°6 TW ‘*3°q'® PsIceIIO)
_ | , : P : o k _ Tu 191377
(00°0) 69°6¢ s SL°6 L9°6 . esvq 8AT329333

€€°0 LZ°0 - 9970 Z2°0T LL'0 €601 LZ¥°0 €1°0T £6°0 S¥ 0T o moenTa

6Z°€ 8501 96°C 92°0T €' S5-01 €5°T ¥2°0T 90°T §6°0T  ~  T® “*Toa yeura
96°Z TE'OT  O0E°Z 90°0  €S°T 2Z°0  90°T T1°0 - 60°0 0I°0 @ ‘°ToA TRYITUI

» ¥ . . 4

PIOY @seg PpPIOV eseg pPTOY eswd PpIoY  eseg qPFO¥ Govvd | : . | a _ :

s EE

 yuerq v £ 4 : 1 S . :zequmu ﬁaﬁyjuaaa

- . . L &

e

*uo3oad uau-gunjﬁ Y3 Jd uOTIVIITI PUR UOTITPp®

.J , nua wu;am

Fiq :eﬂssﬁé- ¥OO0I$ VVN O UOTIWSTPIVpURIS 107 s3Insex [eoTdAr ) *y eyqeg




a
N g- - —_—
-

the £inet}cs ef.thgrthialﬁiadageetaﬁiée :gaetian in-lﬁléﬁ
‘ defqil (99). It may also be that attazhieng of one bulky :
;cnzcéﬁﬁz graup‘tarthe_nalecule limits the accessibility Qf_
the second. éHa‘inereage in-titre for incubations beyond
10.minutes was observed. A .similar effect was noted for = .
2,3 dimercaptosuccinic acid (pK's = 9-4 and 11;9 res-
pectively), also a vicinal @ithiol; in this case a 5

mlnute incubation was sufficienti, The 1,4-dithiol ; i
dithlgerythritcl prediétgbly dispiayea né such effect and

the normal 2 minute incubation was employed.

In all cases a titration blank was performed in the
absence of any'ihiél. While éhe purity of the iodoacet-
amide used is not critical to the reaction itself, since it
israéded in excess, any acidimetric beh#viau: would lead
to errors. Thfbbléﬂk ﬁitreiwgs small (~0.02 mls bﬁje’a:
le;;) but varied from batch to bgééh, Hithrthe ggé of é
batch, and with thé time ;llawéd in aqueous :alutiéﬁ (it
'slowlj dée&mpcse§3;’ Blank values were :ubtractgd ffnm

actual thiol standgrdiiatian,titres. keeping incubatgpﬁ

times Eimilg: for blankl and Iamplgs. :
. D. Instrumentation

1. pH wmeasurements. = - B T e e

These were ‘made at 25°C ¢ 1°C with an Oriom 701 digital-
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, pH -ster. eguipged vith either a -tanda:& gla;: eleetrgée
, ‘P d a f;hre tip junctian saturated ealamel seference -
elegt:Gﬂé; or a micro-combination electrode. Fisher L

Certified Buffers-of-pH 4.00, 7.00 and 10.00 (nominal

T

valugs) vere used for routine th:ee-p@int meter calibrat;aﬁ. -

Ed

The exaet pH af each of these buffers was established, and

per;udicallyeehecked;'by eemparisan with‘fresﬁly prepared
° N.B.S. pH standafd 3§lut1§ns (100). Potassium hydrogen
ghth;lgte (0.05 w, pH(s) = 4.008 at 25°C), potassium
) dihfﬂ:agen phpsphéte/diagdiuﬂ phosphate (ﬁiOES N in each,. -
pE(é) = 6.865) and sodium carbonate/sodium bicarbonate
(0;525 M in saeh.!ps(s) = 40.012) were empiayéﬂ for this

purpose. The-unceftainﬁy in the values of these solutions

dete:m;natian '$0.01 pH units.

Some difficulties w;rg,gxpgriincgé with measurements
in solutions éantaining the ditﬁial molecules. After a
few minutes' immersion, tha pH reading would start ta ’
drift, typically over 0.3 pH units in 5 minnte-. Such
behaviour has been greviaugly reported (although not
explained) (101). The p:gﬁlgm lies with the reference
electrode; eﬁ switching to a double junction refareneé
~the problem disappeared. vThg_refe:gnpg electrode wa;r”

immersed in 0.3 ¥ potassium nitrate contained in a tube
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with a porous cg:aiig plug at the lﬂﬁer end, uhieh was

i!ﬂgried in the. solution (standard or :ample) of xntere;t.
/ .

2. 13 nuclear m;gneﬁiﬂ resonance mgasurenents.

1H NHR ;pectra Here abtglned at 60 HH: on a Var;an

Assae;atea AEO-D spectrometer equ;ppeﬂ Hlth a v;rlgble

' temperature éantraller. All spectra were run at 25°C,
the temperature scale being calihrated by insertion of a
narrow thermometer into the probe tube space.

;Speét:a were normally recorded QtiIWEEP rates of
0.1 Hz s~1, with a pen response time constant of 0.25 s.
Where lines became bfaad.aﬂd 12? in intEnSity,Kthe gain -
was increased and the pen timercanstan; increased to 0.5,

1.0 or even 2.5 8 to remove excess pen jitter. In these

cases, the scan time was increased gfapertig ;1§'te
avoid biasing of peak position. Reported data are the
median of several scans taken in bgth directions. f
Chemical shifts are reported relative to ‘the i;thgl
résonaneelaf“scdiuml2.2—diméthylsi—ii;apentgng-s—sulfénéte
(DéS); but were measured gelgtive to the central resonance

- of the tetramethylammonium (TMA) triplet, the tert-butyl

resonance of t-butanol (TBA) of the singie resonance of
, l,4=dioxane. The chemical sfiifts of these are 3.17,,

1_243 and 3.74g ppm downfield respectively from DSS. A

49
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-particular reference was selected for an experiment to give

- a small (<50 Hz) shift;iggaratibn betﬂeén analytical

resonance and reference, thus allowing the use asig narrow

sweep width. ;0 . -

Cal1bratlon of spect:ameter frequency ;veep Hldth&
was checked perxodlcally usihg ‘a ;aﬁple of TMA in water.
The frequency offset was adjusted to centralise the THA

triplet on the chart paper, and the signal modulated with

a low audio'frequenéy sigﬂal (ngleéi—Paékarﬂ Model 200 AB

]

audio signal generater) Thgxnpparent ;idebgﬂd iépafatian

& Reath Digital Prequency'!&te:) were then compared.

A similar method was used to establish accurately the.

TMA-dioxane chemical shift separation. A sample con-

taininé both was used. The audiofrequency was adjusted

. until the. sideband from the dioxane resonance was exactly

superimposed on the central TMA resonance; the separation

of the peaks then equalled t

aﬁdi@frggueney applied.

- For- the accurate measur
gﬁl;.peak height) in the kinéti; gtq&iés; it was also
/necessary to establish the "instrumental linewidth®, the
Kaggggygﬁ width for a hanexshangiﬂg;gignglg C§gpgri:ﬁn of

many spectra run on the A60 D..gﬁgé‘;’:gﬂ;ﬁg: m; the

minimum value obtainable to be 0.37 ¢t 0.02 Hz, in agree-

‘,,nt of linewidths (width at



7~

ment vfth‘Fairhut;t's estimate fé:(;hg sgze=iéchin§ (iDZ).

netlc xnstability. If for ‘some reason shimming is‘nanéf
optimal, part of the linebroadening observed could be in-
correctly assigned to chemical exchange processes, amz;ln.:
variations in homogeneity are nanitéredi This was ac-

rt, thus (as ahawn schematlcally in Figure 4)

comp#hed ing the TMA triplet signal. The three peaks
are 0.5 Hz“;a

the degree of’resolutxon between these peaks pf@Vides a

sennxtive and convenxent indication of field hﬁEQQEneiéy.'

the amount by whzch the TMA lingwidth(s) exceeded 0.37 Hz.

. The high field spectrometers used in Part 2 will be

~described in Chapter VII.

3. Appafatup-for potentiomatric»tit:atiansg

Potentiometric pK determinatiana were pe:farmed u:;né

a minlcomputer-controlled titrant addition and data Ecl—

"lection system designed and builg by J. Nolan (1u3) The

author is grateful to Mr. Nolan fg: making this ;ppa:atu;

availahle.

The titration was perfafmed 'in a 100 ml beaker,

~ -niataiaod at 35°C uith-a,thQS:nit;tically controlled ST

waber circulating jacket. Titrant is ‘added through a

" o e e Nl



e

.1 o/ Ty yapraeurr Fo uopiouny ese /!

wyotiIntosex s!lnAn:x:nn gsﬁ 30 aﬁgismggm

ZHG e 2/

% 0§




*

” o . B 53
&
finely extruded glisg tip placed under the surlace of the

sample (diffusion .bf titxant from the tip was found to be
insignificant). Addition of. titrant from the reservoir

is eqntrél;;d £§in§ anggi;étfamagnetie~pinch valve. The

~weight of ti;:gﬁt delivered is monitored by placing the .

reservoir on an electronic top-loading balance. The pH .

1 - -
is measureé using the eélectrode setup described above.

Values of weight and pH, as well as being élsplayed. are
routed thraugh a mult;plexe:/;nterface into the mini- | \\\l

cofputer (Dig;tgl Equipment Corp. model ?DP 11-03). A
further line from the camputgr cgntqgig the delivery
pinch valve. ' ‘ -t
| Operation is as féllavsi ?i:;ti;, a paz#heté: input
. routine is run. This asks the user for valne of final
- pH desired, pH increment hgtwean égta paints. size of
initial dgliVEfy ef-titrant. minimum size of éelivery,v
number af digitised values af pH and: HElght to be L
averaged for each fééﬂfded datum, -and maximum permiss;ble o
»standard deviation in each. These paranﬂters are stored
in a specified pgrgnater file on the mngnet;: flagpy di;e.
ngt. the pH setup is !tgnda;ﬂ?:ed in;tha u:u;l BANDer,

the reservoir filled and placed:on the: alance, and the

. sample. added .to the titration vessel. The delivesy systes . ...
is carefully checked for kinks, bubbles, etc. in the
- R . : ) i;
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tubing and then the tip is immersed in the sample. The
titration program‘isvsta:ted in the computer. Tﬁ%i ARkS
for parameter file and data file names.

Bereafter, operationﬁis autanat;e. The computer
aonitazl the digitised values of pN and weight until the

standard deviation in each (measured over the specified

number of readings), is less than the specified minimum,

_typicallly .002 and .00l respectively. It then records

these values on the printer and places them in the éata
file. The pinch valve is openéd for* a time carreipanding
to the initial delivery specified. When pH gn; weight
readings have again settled down, thay gfe rega;deéiand
the next addition is made. The iiSE;éf ther second and
subseduent additions required to dgive qfe right pH in-
crement between points is predicted by'the computer. 'The

slope (pH increment + weight increﬁent) between present and

lact point is compargq with that between 1ast and n:xtiﬁgg '

last. Assuming that the trend observed will continue to

the next point, the slope to that point and hence its

position®can be predicted. The computer then opens the °
. ~ )

pinch valve for the required time. In regions of moderate

slope, this approach works very well; in regions of high )

" slope, thé pfeaiéfid'siope”teﬁds;éb oscillate about the

true’ value.. This relults in successive titrant ldditiens

54
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being alternately too large then too small, leading to
clustering of data points in pairs. The problem.is alleviat-
ed byAspecifying a ilightiyilzrgar minimum addition, which -

also has the advantage of not generating an unreasbnable ..

. amount of d:tg (based-on -inuta ldd;tiﬂnl) in intat-idiltl . .pahé

endpoint regions. - :

3

Sample solutions are de:eribaa below. Detai;l of the

algebraic mndelg used to 1nterp§'t theé results are giVEﬂ in

luhsequent sectionsg. -
E. Preparation of Solutions for pK Measurements
Where A trustworthy vglﬁerfar ;he.gcid di;igeiaticﬁ

constant of an iaﬂillblé.§f§§g=§xiit§§ inséhe lit;t;én:i.= *

this was ﬁsugily adaptéd. A value was zansidgféd ‘trﬁit;

Hcrthy;gif experimental conditions. (especially ionic ‘ { j!

!trength’.: temgeraéu:e and constant type) iigre 'givgn? the

uncertainty ‘in the figure was stated and some attention vas :
lrpiid to the purity of the compound. ~ Unfortunately, as (/f

is seen below, many literature values fAil some or all of

these criteria. Backs made compilations of reliable |
- :mfhyd:yl-eanuming amino-acid pK's (104). and these were :

!xt-n:ively used. . : : | - T e

1£ po reliable value. ould be fﬁﬂiﬂp necsssary pK's | e

 were measured. As in the :ariitian conatant studies, ionic

=

T
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strength was maintained at or close to 0.3 throughout(.
See Appendix I for a discussion of jonic strength con-

'iiﬂ:ritiani.' Three methods were employed for the i&;jurgirr

ment of pK's: \
1. ‘Prapq:gtian of g‘bﬁrill of Iiiplai of the acid at o
known pH values, and :g;;urg!gnt of the observed
chemical shift of some resonance in fast exchange be-
>€;§§n two or more acid-base forms. This method W
used for gllﬁpl‘i. except as noted below. '

2. Computer-fitting of binding study data using the pK as

an additional un own parameter. This was found to
be satisfactory provided simultanecus determination of

too many ?irilit!fi was-not attempted. All pxg‘i for

except for the carboxylate pK of -athylnnreury(II)—

'H-:me?;pmien;gg{n- (-thna 1) and the lul!hydryl pK

of the nﬁnﬁgethglggrcury(II)icaiplgxgd dithial:
(method 3). B ‘
3. Patpntianatrig titration, i.e. d-iﬁ:iin;tinn of the pﬂ
| as a functian—a: the d-gr-c of neutralisation, as
cgleg}lt-d from the fraction of equivalents ingeid'
or baji-:ﬂdqd_ This was used for all dithiol pK
" The pripgrgtian of solutions for each of these 4111 bw

= e
e
F
L
:
"
SR
i
=
IR N



. the compgund of iﬁﬁfa:t; and also contained TMA nitrate

_25 *C ?9: ;:gan apd the pH adjusted with a ngmé

- . 7 :: . : !i 7 :; N L e, V ) n!A ) -; - :;Vs? =
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results inﬂ int-fp:itittanlm giﬁn subsequently.

1. WmR method. -

. 1]
8olutions were made.to be typically 0.05 - 0.10 X in

{150-250 mg) or 1l,4-dioxane (50 ul) as a chemical shife

reference. 10.to 30 mls (depending on the number of

samp les ‘tégbi withdrawn) of solution were equilibrated at

_‘Pﬁmiim hydraxide was used as base to remove sodium

" error in pH readings at the alkaline and of the pE scale.

h»‘r *

Concentrated ‘ siom nitratg soMition was added to ad-
ju:t the ionic ;tréngth to 0.3. To m;ligtain ionic itrength
at O.'f thareafter, two approaches were used:
1l.. In the case of the pK's of mereaptoacetic ;:id. which
V,are gnéntial to this ﬂrk: ia;;ic strength was in-
+ jtially ;djburstéé to exactly 0.3 and the first sample
vithdrav;;; The ‘pH ‘was adjusted for the next sample
, "\,iith nitric acid. The vﬁlui- required was entered into
. a pmgfm in & Texas Instruments TI-58 calculator,
previously entsred with all concentrations, initial
ximate pK's. The

volume, sise of withdrawal and appg




ﬁTZKﬁragr:g calculated existing ionic :t:éngﬁh and r&tu:ﬁed

as output the quantity af either EHDB solution or water
required to restore ianie ltrgngth to 0.3. Pinal re-~
cording of the pH was done after this adjustment,
_ although usually it bad no effect on the reading.
z_gsrar ﬁancbg:ie géid:, the initial solution was made up:
to an iaﬁie strength of 0.3. The titrating acid was
also made 0.3 ¥ in KRO,. Since the nitrate counter
ion. added exactly equals ;he hydrﬁxyi ion or degrﬁta¥ N
nation site rmaved from i@lutian. the ionic itrenqth
will always be 0.3. - \
.After @ach pH was attained, a sample (0.3-0.5 ml) was

" withdrawn using ;n Eppendorf automatic pipettor, and put

into the MMR tube, which was flushed out with argon before

baing capped Sanple tubes were stored in the refrigerator

while waiting to be run. °

The number of samples taken, and the pH spaciny be-
tween them, varied w;th the individual experiments. ‘ﬁhé%é’
a pK was knéwn already to, say, 0.1, six tubes—at 0.05 -

pH unit spacing would suffice; where both pK's for a di-

basiq acid were unknown, 25 or 30 samples from pH 2-11

might be taken. &

species. Those for th-_;nthyl:nzeu:f(lzl,aﬁjplg:is were

#5



generally determined by method 2 below. 'The exceptions are
the carboxylate pK' for the lgthylne;éurytii)icgmplé:es of
'N-acetylpenleillgnine and MAA, which were determined by a‘

»
method similar to the abave.ff
2. . Gomputer fit to pK during K, study. ... .
. -

See helaw, under “"Preparation of -alutlpns for Kd

rmeasuremegts .

3. Potentiometric method. , L

Stock solutionf, between 2 x 10~2 ¥ ana 5 x 1072 ¥

pared as described above, and the sulfhydryl gfapp(s)
st#ndardised. For the actual titra;icn;-én aliquot was
taken so that the eventual concentration would be 1-5 mM.
A quantity of stock ﬁethylma:cury(II) hydroxide sglut;an :
corrésponding to the desired stoichiometry was then gddeﬁ
from a 2.5 ml Gilmont micrometer-driven syringe. Ignic
strength was adjusted and the solution diluted to final
volhne'with argon-saturated water.

Titrations, accomplished u;ing the minicomputer-
controlled system described above, were*pggfermsé in both
directioni. Free dithiol mglgeule; were at laalt sparingly

.ooluble even at low pH, and a :inple titfitian with con-

F =N

-

59



centrated (V0.5 N) bade was employed. The monomethyl -
-wnercury(II)-canplexed forme of both dih&iél: (2,3 dimereapt@—
succinic acid and 2,3-dithiocerythoitol) were very insoluble
in their neutral, fully pfatgnated forms. In these cases,
stock éalutiéns were made up Hlth a knawn excess af standard

base and a back-titratinn performed with cancgntrated

.acid, terminating at the anzgt of precipitation.

F. Preparation of Solutions for Displacement Constant

Heasuremenﬁs

As explained below in detail (Section G) the CH,Hg (II)
binding strengths of the different thiols were measured by
cbmpetiné each in turn with MAA for the CHaﬂg(;I) present.
fhe main requirement in gieparing the golutions was there-
"fore that the relative amounts of MAA, C"3Hg(II) and com=
peting thiol be exactly known. Usually the mole ratio was

1:1:1.

For the earlier pifﬁ'af the study, stoichiometry as
predicted by the gﬁéépendent standardisations of thiol and
methylmgrcury(ii) solutions, was checked using the following
procedure’. Sufficient MAA to make the final solution .

0.05 to 0.10 ¥ in MAA was adé&d from a 5 ml buret to a

30 ml beaker ;apta;ningyiSO-?SO mg TMA nitrate. An amount
 of methylmercury(II) hydroxide corresponding to 99% of

|
. .
’ / ’ \_
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the MAA was added, and the solution adjusted to pH 12 and
diluted slightly. '
A sample 'of 0.3 ml was éithdfaﬁn; the NMR spectrum

run and the MAA methylene géaanapee'chgnical shift de-

_termined. As shgun'be;ay, this shift is -12.3 Hz for

free MAA 'and +20.5 Hz, relative to TMA at 60 MHz, for the
methylmercuty(ll) complex. ‘Thus, provided fast exchange

applies, 6 , , the observed chemical shift, can be related

obs’
to the mole ratio:

Mole ratio (Methylmercury(II):MAA) =

§_

- (20)

In the region close to a ratio of 1.00, § provides a

obs
sensitive indication of the ratio Sobs = 20.5 gives a
S e

ratio of 1.00, 20.4/0.997, 20.3/0.994 and sd on.

| On the basis of the chemical shift observed, the mole .
calculated necessary amount .of methylmercury(II), allowing
for the sample already withdrawn. The éilculated nec-
essary amount of the competing thiol (based on its
standardisation and thatéafﬂull) was thegf;dded to give a -

1:1:1 mixture. o

- This procedure was carried out for several of the

P

/ - o : f{_“,; __‘ ) ii"v = B
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thiol ﬁoleeules studied; however, it was found that
-stoichiometries given:by the measuréments did not differ,ﬂ
-liénificant;y from those predicted. iin later studies the
various solution components were simply mixed together, °
the finalﬂcampaiigiqn being as above, J
' »“éﬁhéles ;ére vithdrawn for NMR anaiysis as befafég
titrating‘dcwn in pH with nitric acid. Typically ten to
twenty-five samples were taken, depending upon the para-
meters to be determined. |

In thé absence of the information the experiment is
designed to find it i§ impossible accurately to predict
the ionic strength behaviour of such a solution. It was
foun&fthat by startirig at high pH with an ionic strength
of 0.4 apnd titrating with nitric acid 0.3 ¥ in KNDB;
iopic'strength (as calculated later) remained between 0.4
and 0.25. This was judged acceptable, since in this range

k\~/}activity coefficients are almost constant. See Appendix I.

G. Determination of Displacement Constants bg%HHR

R ,
- Displacement constants, Kﬂ' describing the process

_

7

JH9SR + R'S™ 2 CH,HgSR' + RS” (21

CHB

are defined as follows: . - R ﬁ}ﬁQ?

. ——— o = . ¥
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Kg = ———————
[23339531[3‘5']

 These vefe_§§lcuiat36 from the chemical shift behaviour of

the -MAA methylene resonance, as a function of pH and the
amounts of the various solution components.

Kd can be :élculgtsﬂ if ﬁhé various caneentratign:
terms at equilibrium are known. 1In tﬁe present work the

MAA was always exchanging, at a rate fast on the NMR

e

timescale, between its various forms. Thus only a single
resonance was observed. 1Its position at any pH 'is the
weighted averaée.éf that for free and for b@ﬁnd MAA at -
that pH, the weightings being thegfracticns’af total MAA
frgg and bound respectively. Provided, then, that the
complete pH pr@filé of the chemical shift is known for

these two extreme situations, the fraction of MAA free and

"bound can Eé determined. Substitution of these fractions

into the mass-balance equations yields a solution for Kyq-

The final expression also contains various pH-dependent -

terms, which allow for the fact that only a (pH-dependent) _

fraction of total free, or bound, MAA is present in the

. particular state of protonation involved in the Kd ex-

pression .given above. ;Algihraic-d-siv;tians,gf these

expressions will be given in Chapters III and .

63
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" In practise, a set of MAA chemical shifts and cor-
EEipanéing pH values were giveg to théfQEﬂEIii non-linear
1ea;z;sqﬁgres fitting routine KINET '(105). Ihe!pgagram |
takes the entire set cf lndependgnt (x) variables ?ﬁﬂ

1§ulgtes pred;eted d3§endent (y) variable vglues. uﬁl

any supplied ¢gnit§nts; the current estimates of unknawn

parameterég and a user-supplied subrgutinéff These cal-
culated y%valugs are then compared with'the experimenéal
ones, and the ségared deviations employed in a matrix’ |
inversian method to yield new, better unknown estimates.

In this way, the.sum of squares of deviations is minlm;aed.
while the set of’ pirameter estimates converges towards the
optimal. In the present application, the independent
variable would be pH, tﬁg constants for ealeulatién pre-
viously determined pK values and chemical shifts of
individual MAA ipegig:; the unknown(s) Ky and possibly some
pK' values, and the dependent variable chemical shift.

A warning agaiﬁst using non-linear least-squargs
techn%qﬁea to attempt to extract more information from
data thgﬁ is really there has appeared in the chemical
1itera£ure (106). It is quite possible«to fit data to an
unjustified humbef of parameters. A convincing fit can. be
obtained but at least some of ﬁbe estimates returned will I

be meaningless. Some care was dgvatsd to ;vaid;nq this in



. the fina) deviktion aguare sum j

present study. KINET supplies three indications as to

2 plausibility. of a fit:

The final size of the sum of sguares of deviations.
If a fit iﬁi@lvinq;mgge parameters is attempted and

significantly.

lower than for ;héipreviaﬁs, leéss 80]

S - i
then the use of the\extra parameter (s) is probably not

\ _ —

justified. .

each pgfgmete:!! If»thig ls large, it indicates that .
the data has at best only a peripheral dependence on
the value of that pgrgmétar; asking KINET to estimate

it simply raises the chances of bi;éing in the value ,\\ -

' of another parameter. The safest course is to de-

termine the érablam p;:égeteg_inﬂegenéently in another /;
experiment, and re-enter as a constant.

The correlation coefficient, an expression of the degree

to which the estimates of two or more parémeters can

vary independently. A high value means that errors in

estimates of these "coupled" parametefs will tend to

compensate for each other, making-both (ingll three,

etc.) unreliable. In this case, independent determin-

. ation of one of more of thixé§i§1§i~piriliﬁi£leLS again

the safest course. Altg:nativgly} an assumption can be .

T
- -



- S . :gdé abaﬁz‘the relative :agﬁitudgAaf the coupled
' parameters and a singlé%aﬁrggeter fit céfrieﬂ out; in
4 that éise, of é@anég the results are as good as the
| assumption made. ”%% |
LT ’ /

Determination of Acid Dissociation Constants

,
=

The acid aissceiatian constant, defined for the acid~-
base pair HA and A” as

1

or pkK = -lcgln(E) . : (23)

is uﬂé&fextensi?ely throughout this work, since the pH
dependent fractions of various acid-base forms of ligand

- molecules appear in displacement constant expressions.

' Methods for PK determination generally involve the simul- -

taneous measurement of a ., from the pH, and either the
absolute values of [A7] and [HA] or their ratio. 1In the
i<' - presént study, two methods were'usedz potentiometric
titratieg and an NMR method. : ’ ) .
In-%?e potentiometric titration, a standardised
solution of HA is titrated with standardised base, or a
A — N . -
~ solution of A with acid. The c@nceritrations of HA and A
- are then easily calculated from the fr&Ction neutralised.
The theoretical and experimental giﬁkétj of the approach
' Tt 7 ’
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ire diacﬁ:;gd'in»;émgldgtail in the monograph by Slbeité L.

and Serjgént (107). : y g R

In the NMR method, the chémical shifts for the same

resonance in the HK
terminéé?,.Erﬁvid;? st—€xchange occurs between these
fﬂfﬁs, thé-éhemiéa, shift ébSEtved at any pH Gill be theA
mean of, these two ex\remes, ;eié‘téa accardiﬁg to their .
relative amounts. Thus, from this shift, the ratio
[A"}/THA] can again be obtained. : .

The gréeigian in the measurement by the NMR meéhﬂd
depends on that of the chemicalvshift measurement; this is -
often intrinsically less than in the potentiometric method.

However, the potentiometric approach often requires prior

. standardisation of both sample and titrant and any errors

in these will contribute to the final result. In practise -

~¢

the measurements yielded by the two methods were found to -

be comparable in precision. ‘ ' . -
Both methods yielded a set of data points, either

titrant added or chemical shift as a function of PH.

st

yield the best estimate for the pK. Methods for multiple
pK's (s€parate or overlapping) are similar; particular.

cases will be d;;g;ibeé in Chapters III and IV below.

2
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I.. seasutgsghtraf Kinetic Parameters from Hﬂﬁriingbragdgning!.
Detgf:iﬁitiaﬂi of rates of reaction, and ha‘ég in some

'.ca-e.vof»rate eanitanti. were mide using a method based on

broadenlng of the MAA NMR signals due to. it; exchangg

between free and beund farms Figure 5 aeeanpanies Beekgr 'y

excellent discussion of lineshapes (108). This figure |

shows that for a proton on a molecule ‘;hi:h is exchanging

between two forms having distinct chemical shifts, assuming

each form Jto have the same-pcpulgt;@n, any of the illustrated-

spectra may re;ult, dependlﬁg,upan conditions. .

The critical parameter is the ratio of_ the fgtg of &—%
interchange (R in Fig. 5) to the resonant ffegueney dif- ‘
ference bétween the two magnetic environments, in Hz.

(Note thhé therefore this ratio is‘field dependent; at
highe? fields the separation in ppm will be the s;mezgzt
the/,eparatian in Hs larger.3 In a) the rate is slow, and
separafe peiis are ob:grvad far-the two species. In b)
d;atinct, bggih to broaden. As the rate of intereanvg:glenA
increase; further, in c¢) and d4) the central valley between
the peaks gi:appe;ﬁ; and a single broad peak ippaa:: at
the mean position. 1In prgcéi;i. peaks in c) and d) will
6ftch”§e caigéaad as tahe:ﬁ$§?téét;51n. As éﬁgjfit§ Egli§.
)

increases, in e), this single peak lglrpinj up; in the fast
L ,‘ ¢
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exchange limit, f),.both its position and linewidth are the
weighted mean of those §§§>£hg sepaiate peaks observed in
&) - » i .
The present study used data collected in region e).
~-Region d) yields lines too bmd to be pmi;ely mlu:ai.
and f) 1img too m:rcu. but in e) a ’iriy precise ; |
| estimate afrlingbragdaning can be made® Linab:a:d:n;ng is °
dﬂﬂﬂéd n! that portion of the linewidth not due to in-
strumental factors ot f:a instrinsic (ﬂlmtiaﬁ—hn\ﬂ)
linewidth. The difiviticm of the equatiob r—iliging linq—
broadening to the rate of ::emg- has been, glﬂa in égt::ll’ -:_ _
elsewvhere (108); hgiiEIlly. it iﬂﬂﬂlv‘: solution (109, 119) “"v

of the Blneb equﬂ:ian- for the tiﬁ-&nmﬂgm af ng- - ;
netilatinn (111). suitably modified to account :Ea; inter— ~
change of the nuclei between two chemical ;rfvi’:angﬁti

. - | S T

The final equation for tw—lite ixchnn;e is of the

form:
!ij - gunztiéniavgp Aigg Tﬁc“’if‘éte’ tfn ?é; Pg) 7(24)-

wheare !ij is tha ngnntinticm, 31- l Larmor prml;im fﬁ—- —ﬁ\‘
quency, !‘3 a spin-spin nlmti.an time, 1 th- li!ntll- af
a species and P itl !tletiml pﬁpﬂlntiﬁh. md uhrl m
lﬂi!ﬂl‘ipti c and f refer to awh;-d -nd !m q-mi;i

FE




-~

_resﬁgétivelfl' The~explicf§ifa:m of (24) is complicated and

N o , ’ -
will not be given. - L : T
s’ l

iﬁfthe present work , the cqpplex llfetime TQ was :

estlmaﬁgd by v;rying'ﬁt unt;l the optimal mgtch between

experime 1 Imeasufed) 11neshape and that predlcted by
‘ecuation (24)\&!3 attained. (A m ‘pfagrm writﬂn by

Dr. D.L. Rgbeng lin, eand mndif;aé far ;nteractlve aperatlan.

was employed for thi caleulatian—)

Experlments 1nvalv j‘xlng methylmercury(II) and -

. MAA together in a 1l:1 satlé as before, then addlng a kncwn

amaunt)af*anathe: thiol 1eyste1ne, glutgth;ane; pen;;igléﬁ

‘amine or MAA itsélf) Sampleg were withdrawn for NMR

. - a
analys;s as deserlbed above at cafefully meaaured pH

values. Both the chgmicgl shift-and the linewidth af the
MAA methylene resonance were determined. ° Pf (and hencegEg)
can be ealculatéd ffam the chemical shift observed,

knowing the chemical sh;ftg far both free and bound HAA -

‘at that PH. . ffhusli the Lifetlme of the camplex can be de?_;

e

termlnea . as déscrlbed abave.

On  the basLs of tﬁ.*géded concentrations of the three

i 3

compohents, the pH, and some kncwledge of pK's and K. 's,

H

it is possible to calculate the concentrations of all
species in solution. Thus’%ariqus Einetic hypathe:es can
" be tested against €he “observed rate ‘Versus pﬁ-pr@fiie.

Details of this work are repcfted in Chapter Iv.

IS




- described in Chapter 11.

' con-taﬂts (Kf 's) far methylnercu:yTIi)éthial eaﬂplex

*

CHAPTER III" . .

Thg—Binding‘ﬂf Hethylme:éu;;(iI)Aby!!ﬂﬁéthialg
. L. :

L]

L

; _

The purpose of this tudy was to characterise iﬁ_§s

LA

’much detail as pDSSlblE the d;strlbut;an of methyl cury(II) '

or pharmaceutlcal 51gn1f1eance. The pfablem can’ ‘be con-

venxentlg a;v1ded into two pxrt:-__alucidgtian af the

‘A,acid base behav1au: af the ligands, Eﬂth free and in

thelf methylmercury(II) cﬂmplexeg, and eharacterisat;an

S -

of the actual binding behaviour itself.

The flISt of these areas reduces te measu:ement of

the acid d;ssaclatlan cgngtants (PK's) ef the various

ionisable groups, for which,standa:drtechniquea exist, as’

L

v

The seégnd'reﬂuees to méasu%emeﬁt of féfﬁitiﬁﬂ

_It shauld be nateé ‘that .in mnst cases & tudied,(the cgmplex

'can exist in more than one form, the varicus fﬂrms dif-

fering in the state ei;prgtanatian at any ‘other ianisable

group_ Fa instance, Figure 6 which :haws the acidgbsse / _

/

/

~and camplaxatian equ;txbfia fcr m:rngptaacetic acid (MAA)

v-a.ai -

bin -a salutian eaﬂtﬁr ing CH, Hg(II), lndicgtes that twn'

B

St
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. complexes fafm, CH,BgSCH, éQ and CH3HgSCH Cﬁzﬂi Heverthe= e
‘less, as shawﬂ‘belsu in Section. 4b. measurement af iny |
. one’ formation. canstant’suffices té ﬂEchlbe the behaviour
‘af a given Eystgu at any pH, pfuvided all pR': are alna.
knawﬂ _Other Rf's (deflnad in terms of d;fferent acide .
_bi!e lPs@ias) can then be ca1§ulntad .a8 the product of . kmv:;Jgﬁi
the crlglnal Kf Q;d a. ratio, of K's. N ' '
'AB d;;eussed in»the introduct;gn (Chapte: I) téere *
biguéus measurement of ava for a methylmezcury(II)*th;elA
'camplex_ Echggrsenbach and Sehe%;enberg Here able tb
measure log K = 16.12 for the ﬁercaptnethahal eamplex‘
(15). Hawevsr, much ci the ﬁugeeaa bf their pa;entiametric
methgdrwas due ta the sinpliclty of mercaptoethancl's
ééid*bage Ehemistryi At all reasonable pH values, only
the sulfhydryl ig isation is signifiegﬁti fThé ligands of
the present QZan have generally more caﬁplex iaﬁiﬁatiénf'
'behaviau;. 80 pacrly defined,paEEﬁtlametflc t;tfatlén
' curvéi H@uld result.! It therefore seemed l;kely that -
m@nitar{pg gpec;atian by HHR would g;eld more precise t
.:esults. A'wiaa §ariety of itudies (2) have‘demanst:aéed
that lmall ;quilibr;um constants can be naa:ur-d with .-

”gﬂﬁd preeiiien bysgkiz method.

In oxder to --iniu~lcrg- iarnntiﬁg ﬁnn:tgnt-1 it:,,:ﬁ~*fs»'a€
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desirable to employ a competing iiganq, L™, and measure,

instead the é@;itian of the diéplaésmyat_equilihriuiz

CESHESR +L E_._*——i EEBEQL + RS S - (25) | e

for thghiié_éef;ned the ﬂi;gli;e;;nt.ean;tgﬁtgiia;__:_,

4

a”Cf L i , _ 6
i 9 1 - - - . 7 N T

X, = ;f /Ke . o . Aae)

-

"where Kf ' is the fe:ﬁatxan eanstgnt of CH. HgSR and Kf

1 ; o o - 2

e = K . BT

_that of CH;HgL. IR | RN

It was then n&éeligry o find a enmpeting lignnﬂ for.

,_CH,Hglll) iuffizientlj strong in lti bind;ng to reduce Kd

to a reasonable value (Léeaily 0. l,ta 10)

Table 5..shows farmatisa can;tants for a w;dg variety '

=

of methylmercury (II) e@ﬁﬁie:eu. It can be seen that no

' ligand, except p@sgib;g Eﬁ;g;;g sufficiently Et:ang_te,,,ﬁff.ﬁ;:;;j

‘- give a small Ky ' (In fact;}fifturns Eut that most

sulfhyd:yl Kf 8 are higher thgg mgreapteathlnal's. 80 GN .

is not suitable (113).) On the other hand, $°~ is too

M rong. Fcr this reason, it was decideé hera to gﬁplay

;anathef th;al mgleen;e as the competing ligand Th;;

appraach has. thrge gdvantngesi

1. 'In the presence of excess thiol, free methylmercury(II)

L in the

e@ncnntzgt;énui; iﬂﬂ!ﬁﬁ»iﬂgﬂﬁlf.il

‘neglecting gf”pé:iible acetate contamination described
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e ,,;4..- presuppg:éﬂ that the MAA/m

= -. ’ %\\{: .
, b
[ o
\ N
. t
in n.ptgr II. (In-fact, K, terms, as the ratio of
Tt ' formatlan cansfant:, contain no axplicit nenticn - .
of free methylmercury(II) at all. ) )

2. since different 5u1fhydry1 groups are likely to haug : -
bslmllar fcrma"b ccnstgnt:, Ky is l;kely ta be smali o
‘in all cases (i.e. between 0 .1 and 10). ' .

l3’ It is 1ntu;t1vely sat;sfy;ng;ta megsurezthe eomparative ‘i
binding strengths of different thiols, since jt is S
these parameters, not actual binding strength to ény * b/ <.

Sné liganﬂ,‘ﬁhich will help determine the éistrlbutlan
.. of methylmegsgry(II) in biological systems. 1In - .”?
’Haddit1en, l;gce the gbsalute Vilﬂe of log Kg far thE i‘*sa\.'
mérc.aptuethgﬂal er;;mplex is kntﬂm. log Rf far the . | ' .

other thlals can be calculated. TAis, of course,

inol campgtiﬁicn
~ study is performed.) - f I - i 
Section A below describes the ielegticﬁ Gﬁ}p&fé&ﬁt@ﬁ
Acetic acid (MAA) as Ehg-eéﬁpeﬁing 1ig&ﬁd‘féf these- | 7
'studles, measurement af 1ts acid dissociation censtantg
 Vand the competitian study with mereaptaethanal. Sect%@n
‘B reports studlg; ﬁith other’ 1Lganés. sgctian c :umma:ise; 

‘:the data obta;ned. and gives -some di-eu-sian and conclusions. . -

T A 3 Rrros o Lm. R wsia, mEoaech Lted gy PR 'é:,. R A et M TR e et e




A.

1.

Aby'air exposyre. (114).

P L

Mercaptoacetic Acid Studies

Selection of MAA as conpetingigﬁioI.

'nerc‘aptoacet‘ic acid (MAA), 'nscqzﬁcoz“gwas cﬁo'len"a- o
co-petf thiol for three reasons. Firstly, it id known

. Secondly, it has relatzvely oi-ple

acid-base behavxour, two pK's in the free form and only

position is strongly dependent on both state of protonatxon.'
ana degree oﬁ complexation.
resonance formed the b‘szs of all measurements . discussed

in Chapters III, Iv and V. \

2.

-Determination of pkfe for free MAA.

e in the complexed form (see, howevet. below) .

-

—

_Consider the~ionisations of MAA:

- ! x ’
. . : ) 1 o :
‘VH.SCHZC‘OZH + 320 4=p HSC}12C02 +»H3O\

- x

“

.:f'

o . ' N .
e T : 2 . - RN i% I
- BOCH,00,” +-4,0 —= “BEM,CO,” + 1, 0* SR ¢ 4§

78,

(and wa¥§ confirmed) to be telatively reslstant to oxzdatxon.p‘

?urther,-‘

-
ts. NMR spectrum consists of.only a aingle 11ne whose

The chemical Shlft of thxs’

(27)

’ .




L

, : . e
"hérq\fah: is the observed fﬁifﬁ and §,, i23>§3 those fa&»

=4

’ RS

155252262 ] ags o _.fz, e

=a, =a_, + K,/D I
HSCHzcﬂz 2 A (e .

’.? [HSCHzgzz ] ,
It i: ean;ly shawﬁ that the fracti@n!. mslbf thé tctal
. MAA in -;ah nf th- th:eg forms are given by
_‘?Hscszés ey - “‘E*’;/D BT
(32)y

iﬁéfe —~
D = cag.._)z"% age Ky 4K K, s (30

o )
_ Each of the three forms vill dilplay a di;tinst

chemical shift. P:avided fast exchangi -ppliEI. the

' ab:e:vad ghift will be the waightad average:

é

Soba = 6101 ¢ 8332 * &30,

.



the individual species. ~ _

| Thus, by varying pH angrpbserv;ng Sopg’ it was pan- . R
.sible to determine xlp K, and the three cheiical nhift-._;s '
Fzgure 7a- shows the chgmical ;hift data. Erude estimates

can be obtained by 1nspectign, ‘the chemleal :hiftg ffam

»

" the plateaux, the pK' 8 fran the 1nflectian paints of the

e N

curye. The non-lineaf least—squa:es .computer rcutlne
) KINET wui;Lsed to provlde wore precise estimates bgsed on- ff; '
| a fit to the entiré curve. Thid was accomplished as !
follows f:.rstly, tha vqlues of alg 8 andfa were
supplzed to the KINET routine as constants. For- every
datum.point, the program then calculated the values ofir;
Gyr Gy and a3 accordlng;:; equaticns (31)*(34) abave,é :
using initxal estlnateq\of Kl and R Thg value af the
observed chemical shift expected wag then calculated
according to equation (35) gnd“t%g deviation from the
actual measured value obtained. KIHET summed the sqaare
. of all such deviations, -and pgrfdrmeﬂ a nu:er;cal rauting
: ;//{Ito alter the Kl and K éltimgteg 8o as to iegsen the
’ |  devidtion square sun This pIQEEll wis :epiated until
’Kl and K2 both tattled dawn to within the lpecified amsunt_; iéf
(in this case, 0.1%). Harg detajls on tha qpe:atian=cf e

KINET were given in Chgptir II; 3} 52 and Sl were !aunﬂ
% ‘to be 2 968 ppn, 3 18‘ ppm nnd 3 390 ppn :aipactively.
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Chemical Shift, ppm vs DSS
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Chemieal shift vs. pH data far A) free and B)

ﬁethylmercury(Ii)-c@mplaxed mercaptoacetic acid.

"Pcint: (here and eliewhere) &re experimental and

Iin-; aalenllt;d frai dirivgd ?alues of chamical

' ;hift- ‘and equilibrium constants.

i
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' occurring.

{

& ) Q 'x
L

. ) .

pK- values are tabulated in Table 6 vith literatufe value;
- for comparison, g1ven the eanalderable scatter in the:e, . e
agreenent seems- teasonable- A |
- » _ i ’ |
- 3 Determination of pK'* for ﬁethylmercury(II) canplexed MAA.,
- . ‘ ‘ * . - * - .

It was initially,assumea that megnylmegéury(i:)' :
complexed MAA would ﬁave only one ionisation step::

o Ki o L

o S _ L Ly Con

oa3ngscnzcozn\+ Hy0 == CH3HgSCH,CO,™ + Hq0 (36)

- e B = 7 ‘ . =
- . .
' {CH HqSCH co,”] a o

K! = 2 HY (37y

s | — tcn EEECEEcQZﬁT‘ ’,
/__/\ ‘b - ) .
: J .

The _prime. in this context will always refer ta a
methylmercury(II) complax acid élssociatlon par;meter.- By - ‘
analogy wlth Sectlon 2 above: '

| < ) '

’ = &V, W | rAaBy . - -

Sobs = 6191 * 6292 (38)

- Thus as before, a plet of 8, . Versus pH will yield
the three,pnranetera Glp 62 and pxi Thii is shown in
Flgure 7b. Gi was’ dote:mined to be 3.715 pPpm, 6' 3 517 ppm, .

)/

and pxi 3 80. However, the non—plataau behaviour seen

at low pH lnggoatod that a fu;ther protonation eould be
#:( F] “‘.

.
T

o,
-

,i”'éQS\_;ﬁ!
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. L7
> . .

kg . - |
CH BgS(H)cH CO.H + H.O .-_,;.— CH, Egscs c:: B + n,0t (39)

3 2¢0,H 27 - 3 n

[ca Bgscszca H) aa* : o

K = 2 . (40)-
; [cH Egs(a)cazcg H) ‘ '

_ S;nce the sulfur atom in the pcstulated 1::1:1 pH form '—
Ehas three identifiable ligands rather than twa, th;s o
.gr@cgsg wag termed ‘supe:prateﬁgtlan . The experiment
was repeated in greater detail between pH 0.5 and 2.0 in
an attempt. t@ determine pK. and 6‘ (the chemical shift _
af the gupg:p:ﬁtﬂngted ;pecles), hawever, the data obtained
S F were ;nc?nclugive;dug prgbably_tg the ‘inability to maintain
 ionic gtréngtha at reasonable 1evels.fzit was found that !
Aa slow shift to highé;Avaluesrcceuzrea'ég the pH was
. lowered. A simila;‘effecé was - observed bj-FaiIQQrsﬁ and,’f
Rabenstein fér'ﬁhe g;utityiang*m;thglme:cuéy(iI) complex
(64). At the lawest pH'lévéls ﬁcrmaiiy used in thesé

‘studigﬁ (about 2) calcula ﬁEﬁ shass-tﬁat the maximum N A

effect wauld be NO.’DGZ ppm,(\ccmpafahle to the un talnty

" in ‘measuring, chemlaal shifts. "The inciugiqn:p: exelusiéﬁ

=

of this;:éactién appeared téihave ﬁé-effaét’an the cal-

'a

‘culate é ,1 f éﬁ,latET egperiments, the:efara it was

excluded. o ‘}" -

e L e s




.
4. Competition ;tgdiéiabetﬁegn EéféaptbithinaiQQQGé:

mercaptoacetic acid.

‘a. Qegivatién of Model . = T - \

“This model will be derived for the éampeéitiaﬁ bétw§en, .

mercaptaethanal and HAA far methylme:cury(II) ind then _h»@;qﬁ.;*'

generallsed for other campet;tlaﬂs -
The 'displacement reaction can berwritten Jﬁ
SCH,CH,0H + CH,HgSCH,CO, =+ EHBEQSCEZCH OH ,,_
*. SCH2§QZ
where ] )
~- -KdAgj [ SEH «:‘c::2 ][ca Hgsc,:Hzcageul _EemE oo (ili)
[TSCH. C’HEDH] [CH H§5C322D2 1 Kfrm! L. _
f's being defined in the usual-manﬁer ﬁate that Kd dééi :
not depeﬂd on [CH Hg ], thus, the chgnges in speclatian of
~-CH3Hg(II)p free in solution, are pf no concern here.’
Now ‘if Ef,is defined as the total MAA which is
uncomplexed: ¢ : _ : ,
_ * - . N oy
1l frterw cm Tl K fue W "1 4 [HEEH on H11 (a0t )
P = & {( scagcgi 31 f ,[Hscgszc\gg 1 + [Hscnzcazg]} (£2) . ,

oo WROEE Cyyy, ie the total MAA mﬂtiﬁj! tfree and coms='~ < v



' shown that

. v ..' K'

-shown'thag

~2 : Ca

1 4; . La .
+) N + £H+ 77 I i 1

SCH':CQ2

K7 -
(
form Thus

[ SCH)COp T = CpppPee®y

_Simiiarly,-consiﬁeéing,the bound forms of MAA, it can be

el R

[CH3HgSCH,C0, ] = Cppp® (1-Pglay

where

a, =

1 e o . : )

(agy + K{)

 Mercaptoethanol species are now considered. It ‘is

plexed).. From the acid-base behaviour of MAA, it can be

(43) .

N vuaxc e, is the fraction of fra¢ MAA 4n the scszgczgwiyn_‘x_ﬂ e

(44)

assumed that ail_:ethylmercﬁry(ll)-i: bound ‘either to one

thiol or the qﬁhgr (an extremely good approximation).

'provided Cuan o= E .+ the concentration of bound meréapté—

ethanol must equal thgt of free MAA, i.e.:

[CH HgSCH cHaaHJ - g!! Pi " CuARPE D

Thul,ﬁi

R SRS SRS



where

LS

At reasonable pH values this. will be the only likely form

. of bound Hﬁ_‘ For the sake of generality, another a term,

similar to the above, will be introduced at this paiﬁté

[cH, HyHGSCHCH 0] = Pe-Cyppy

%

By a gimilar a:gugent; it can be shown that

(;—3? = [ scn ,CH, QE] + [HECH

2-

) Chan H,0R] )

giving eventually

[ TSCH, Cﬂzﬂﬂ] - (1§Pf)*CHAA 4

(ags + Ky py S~ .

Substitution of eguatian; (44). (iS);'(QB) and into

(41) yield:

‘ R S IUTI SRR >--‘H'Vf 7?)2 . \.g‘aﬂ* o= e ek ,.,: - sv?:'- ? A"; “_ ? Hﬁ&fli**w*m

(48)

(s0)

87

" ajhii unity here, but will v ary in form for other tﬁiai:gzrrvnﬂ



‘ ’”:ﬂ .. | P AAr . o - 88

fpf is -nasnred tro- the observed chenical thift, as de-

scribed previoully-_
e . ce @, e e _.q’..mxy‘.,’,.*_;.~.‘..' J-~\ e ptnn T s ppe e i e Veen AT
- (6 . _-8) | e e
obs b’ : _ o o _
P-f ) (CPICI - g e 54

. 8ince 6 and ab can bo calcnlatnd at any pn given the
1n£ornat10n in sections 2. and 3 above and the acid dis-
sociation constants necensary for the calculatxon of the
a's have been deter-ined K,y is entirely de-cribed in terms
of known quantities. - In practice, more than one measurement
" ig made, to improve precision. - 4 ._”".  - , ' C;.
Provided 1:1:1 mole ratios ate us§d,'equation‘(52) |
will- apply equally well to. conpetitlon of MAA with other
thiols, provided the forms of a3 "and a‘ are modified

suitably to account for the acid-base equilibria involvéd.

b. Notes on CO!pletenels of Model

_ The..bove derivation relates thc behaviour of the
conpetitxon sy-ben to a single displacenent constant. ~This

nay ‘seem at fir-t lurprising, cince there are (at lealt)

o O dtam complexes and henoe; iog!ecuy. two ate~ e

placement roaction?.

o

-




Tﬁégépgrént pgrliu is féi«é‘lm with tbe help g

- Figure 6, which shows all MAA species (except super-

pfatanated) and interralating equlllbrlg. thl, the p;atan

dilplaeement/farmaticn eanitgnt far the raaetian

' ’ CFemp
mcaza¢t‘s§sg a—cnagscacca*ﬂ - (55) |

'ié the "missing” constant. However, thermodynamic

prigéiplg; dictate that tﬁe_pgsitian Qf‘eguilibrium in :  , éf;’
any :egcgien is independent of ﬁhe feactinn route taken. |
Here, there is a clfcglar system of equillbr;um constants;

hence it fallaws that - | y

,ﬁl St sy

which iiluétraées tbgt‘thl contains no new data not
aireaéy cantained-in the other constants. 1In GthérfEEEIi‘_
the model rapfe:ented byﬁequatinn (52), while not explicitly

'includ;ng thlg daes allow fez the EEﬁEEﬂtEEtlaﬂl of all

the species involved in that éanitant. ’fhl can e,,ﬁly be

>,

caleuiated; It is qulte pa;l/j.ble to reformulate the nadel
entirely in E!:m:‘af Kf and *fhl' in thi- cage, Ki i::'

reduﬁdint but can be caleul?ted.

. / S e el e el o= osl B o et o L, = R I T REE R S




c. R::ﬁlgg T |

lﬁ sinélal eantginiﬁg a l:1:1 mole fitiéxﬁfsﬂllp-
ne:captsgthancl and CE Eg(II) were prgpg:ed batﬂEEﬂ pH 13
and 2, as de;er;hed in the experimental section (thpter
II)f Flgufe 8c shnws ‘the plat obtained for the MAA
-i'ﬁethylene resananee as a function of pH‘ The plets fergt

free and bﬂ“nﬂ,HBA are reproduced for comparison. Qual—

———

1tat1vely, mercaptgethanel can be sgeen to eampete :elatlvely :

paarly with !&a for -;thglnarcury(rr). since the ctirve 11-;
closer to that for bound MAA than for free, indicating

that relatively little of the HAA has been aigplaced.

The chaniea:thitt vs. pH data was submitted to quEr‘nmj
| fitted ta the :elevant model, as described above. i

, Igble‘7 hawa selected 1iterature values fe; px of

mercaptoethanol The value of 9.62 obtained by Baeks (119)

srvaa'used ;inc+ it was determined under the canditlcﬁl mﬁstr
closely approximating those used in this :tudyi Nanl;near‘
‘1ggstsgqm:nfzite;ng of the data with KINET yielded a

satisfactory fit with;kd - 0.16 + 0.01. vAl;@ﬁigg?thg value

 as g'iacﬁnﬂ parameter aid not significantly

,impreve the f;t, indicating that the value of pxl ME used

waSs faiianabll.

A;luming tl

' bach and Sehellen, rg, 16 12 it is pﬂg:ible to caleulate

B . =

L
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» Chemical Shift, ppm vs DSS

“w‘
- O
L

HAA mathylene chemical shift vs. pH for a) fraa )
‘MAR, 'B) C.'H 'Hg(II)-camplexeﬂ MAA, c) as b) + 1 m-e.mw T
ﬂrcaptagt!hanal, d) as b) + 1 m.e. N-acetyl- l

penicillamine.
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lagfxfgﬂll from thié value for ;d;;ﬁ value of 16.92 is
obtained, supporting the gualitative eﬁnclulian‘nhﬁﬁt the
“binding strengths of ME and MAA drawn above. The praeiuian
e P A
in this value. based on that in the Kd mealurement. is
£0.03; to this should be added any inaccuracy in the valve
'takgn for log Sf ME*
These values, and those of egnd:tiangl and ather
. derived famt;nn r:ojnstaﬁtl, will be dlscussed belcw in
canjunctian with results for ‘the other thiols.
‘B. . Determinati§n=éfffé:matign Géﬂntgnti with Other E?igl
Ligands ) i
N-acetylpenicillamine (NPSH) -has the structure
CEB : 0 - 3
| H H I
Hs-t'l:acaﬁa—ccﬂ3
CH;QQE'HV
The amide;ﬂggragen-ii non basic; the molecule has only |,

two iaﬂ;séblg gréﬁp;, the iulfhydryirgnd t%gvca:ha§ylig
geiﬁ, and its acid-base scheme is therefore iééntical to
that for MAA, differing anly in the values of p11 anﬂ.§12*3§h_h_ﬂaﬁ
The valuc; detarmined by Baarnhal (120) for these, when

worrected to an ionic ltrength of 0. .3, are 3.33 and 10. 19



r;ipgetivily.»!
A l:1:1 -gthylng:eurylll) BAA-HPSB :slutian vas pre-
pared as described previously and’ 24 samples withdrawn.

A plot of the results ii shown in Figure 8d. As ‘th:g pH .
_was lawered towards 7 the MAA re:nﬁince beenme very brasﬂ‘
npparentiy =h3i;calvexchxnge of MAA betvegn its free and
_bggéd fa;y; is slow in this region. E%L?w PpH 7, no signal
was ébigzééd; thus, it was impﬁssible to cbtain a valﬂe for
piP for NPSH. ﬂc‘EVEf.‘iinEe at pH 7 the cg:ngylate
grﬁ-p is a;ientinlly quant;taéively depratﬂn;ted in the
free . (and. as seen belew. in the bound) form, the data
available can be fitted using the mere;gtnethanal madel. éa
yield a value fcr Kd‘ KINET gave a sat;ifactcfy fit to .
‘such a madel with Kd = 0,70 ¢+ 0.02, carréipﬁnding to

log Rf = 16.76 for the EHBHg(II)aﬁPsH ganglexg

-

In ardér to check the v;lidity of this assumption and

camplete the chargcte:izatlan Qf the . solution Cchemistry
of the H—ne:tylpcnieillnﬁyﬂgﬂ:ethylnereury(Ii) complex, a

further experiment was perfarméa‘tg evaluate pK!. A

1:1 ;alutign of CH Hg(II):NPSH was preparéd gi before. The

'earbaxylatg protonation; unfartunately, this lies very

cln:e to the vater peak and was diffieult to. ab:erve-,_

94

o
¥ =

a=carbon methine prataﬂ should give the large:t shift upon ,ﬁ

e

pK, was evaluated u:ing the :ﬁgll but definite change upaﬁ .’;

! BN

-

P | - -



. |
pécf?ﬂitiﬁﬁ inthgfiipératian of the two Béngthyl group
:e:aninga:._ (Thegq ?sghyl‘graupi a:g hén?éuiﬁalgntp:de:pitg
gfg:ﬂ:ahlyirapia rotation around the main chain E—C,bgnd,

' because the cgzbaxylgteﬁheafiné carbon is a centre of {
asymmetry. Detailed canfnrnat;énal anglyli; lh@ﬁ: that,

barr;ng cglncldence, the pire:tvad ‘chemical shifti (which

i are an average of those in the ‘various ég%fﬁfﬂEfI, ;
} EELthed by th31r p@pulat;ani) will be diffe:ent for the
two methyls. (121). ' .
11 i&ﬂpletgb?tﬁEEB'PB 4 and pH 2rugie taken. KINET . e
vé: employed to fit the  equation: E
o {~e§gb;f‘ §17a; + &3 3°e) _ o i (57) ;Y'
f_vvhe:e é;b ’ Si-inﬂ §é are peak ;gﬁaraﬁigﬁs; A satilfaetary-r \{

fit was achieved with ﬁi - 1;5! t 0.05 Rz, 62 3 28 t 0.06 . \

Hz and';xi-;'s.lo % 6;07_; The precision in the :i;:urﬁé“f |
ment is not particularly good, due to ﬁhe relgtivgly small °
ghan§§¥§b:g?ved, but dces show that éhi;li:u:pﬁign aade .
ébave. thét,at pH 7 carboxylic ieid prataﬂatéé ipeéieif

er % could be naglictgd far the pu:pa:a: of evaluntian Kd
vas. justified. ' ' ; | .
2. Penicilliﬁine.

Ehe fu;l lcid-biiE di;jaciatian Iéhl!l forxr pgnieilianinn

/-



ettt AR S0

 strength of 0.3: - .

' constants. . . \\'

‘k12 .and k

is shown in Figufe 9. Since the pﬂ,;nnge in ﬁﬁieh the
;ulfhyd:yl and amino graupi depranate is appraxi:ately the

;gns, ‘a full d:s:rlptién of ;ani:a%ian in this:r:nge .

_neeei:itatai the use of nicrncaﬂ:tants} Back: (119)

: egleglgtgﬂ the . Eﬁilauing values, based on the iii:ﬂt:inatll;

of Wil:cn and Martin (122) corrected t 25°C. and an ionic -e;

%

ig 1. - : - e Z- - . = ,n’-xs;%§-
pk) = 1.94, pk,, = 8.03, pk,, 4 #61, pk,,, ;6,25, :

I pkjgp = 9.70

Note that the lower-case k here Amp]

Where the exact relative amounts of the intermediate
species (I and II in Fiﬁi 9) are irrelevant, as in, fgf

inntance, calcu;at;en of the fracticﬁ of fully deprﬁtnnated

penicillaﬁiné. a :inpler nndel can be’ sed:

-

. + gi 4 ; 52 ;.~§ =K3‘ o o
(HyRCOH i=s H,RCO,” s=s HRCO,” =+ "RCO;™ (58)

. { ST ’ ‘ ) ‘

K, and Kz are giaeralenpic ionisation Eanltant-. dgmribing

only the extent af;pratanatian_at the whole molecule, . 'Ei;i}

without :pceifyinq thg sié& where this is aﬂehtringi K,

- and Ky are- inteitively seen ‘to be related tﬂftlzp kg0 *'**“ﬁ*%**

132.5 It has bsen shown (123) that
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v
, - 3 { .. )
Fz = klZ + kl3 (59)
and N
L/Ky = 1/k) 55 + 1/);132 - . 60

The values calcu%?fed for Rz and RZ' using thE~micro§

canstants glven on page 96, were pK = 7.93, pK3 = 19 39 i
respectively. ' !
| The ac;d dissaclatlgn :cheme for iethylmercury(ll)*

Eﬂiplexed penieil;;niff#
the pe:sibility of iuperprétanatignbwaé-éi;ccunted in the e

‘ also shown in Figure 9. Agi#dn,

pﬂ range under :tudy.

«A 1l:1:1 methylnercury(II) MAA: peﬁicillgmine solution

was prepared as previﬂgsly described and 23 samples with-

 drawn as the pH was varied. The chemical shift of the

'MAA resonance is plotted as a function of ﬁH in Figure iﬂc§

‘s The ehemic#l shift data was submittad'tasxlﬂsT géﬂ'iittgd

: ﬁa the :élevﬁﬂt model as before. The fit shown in Flgure,
102 was achieved vith the vgluen pxi = 2;33 i“G!QSL

» pRé_i,Bgll + 0.01 and Ky = IFQS%: 0.02. Iheifalue ob-

- tgingd for 1§q‘KE fﬁr_ﬁhé ESE’pamplgx is 16.94; comparable

to that. for ﬁAA; 'E@ﬁev&?; as discussed below, the dif-

FE—

fering acid-base chemistries of the two molecules dictate

- 98

that at more madergte pH values thei effective affinities ,h:>t

N S Erey

for methylnercury(ll) vill differ.
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. Figure 10. MAA methylene chemiegl-lhifﬁ vs. pH for a)rfree |

e

penieillamine, d) as b) + 1 n.e.=eyiteinei

'MAA, b) CHjHg(II)-complexed A, ©) as b) '+ 1me.
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3. CYSteine. ’ | A -

Cysteine(HSCHzcn(HEEJQGEE)hSS ané :a:baxglie-;;id,
one amino and one sulfhydryl grdup, and can théfgf;:e be
described by'thé same iéniiatian scheme as penicillam;ﬁe;

The macro pK values of l.93; 8.22 and 10.25 corrected from

¥

the ﬁeasuféménts af Ritsﬁ% é£V51_ (124) iné ééétési;¥“;ig

(125) by Backs ;d an ionic [strength of 0.3 (119) were ugéﬂ
here. 213 §#ﬁp;es vérevtakén é; described above. Chemical
shift data is shown in Figure 104. The data obtained was

: nuhnxtted to KINET wlth the above cnnitants, and a suc- -

| cessfpl fit obtained with Sd = 0, 57 i.ogﬂl,:pgi = ZiQQ t :'_ e

0.08 and pKj = 8.80 ¢ 0.02. log K. is calculated as 16.67.

R P .uo-ocyttoini.-

' Homocyste:.ne (HSCHZCHZCE(RH )EQ H) exhibits the same
,acid-base behaviour as cy:tein& and penlcxllanin;. therefore
the same schemes app1y~(-eg Flga 9). The valuea abtained |
by wdllenfeli et al;‘(lzs) far px2 and pKB gave 8.66 and

10. 55 respectively when carrectaﬂ to an 1anic strength af

A literature value for gki gould not- be found. This . "
“vas thereforé»neasured in a separate experiment. A imall B
‘triplet downfielp from THA in the HHR :peetrum, ﬂue to the o

single methxne proton on the a carbon atnm, was- faund to



101
shift downfield about 0. 4 ppn
'v of hﬂ!ﬁ&?itein& were taken heﬁween PH 3.00 and 1.20. The
data was'fi;ted in the usual manner to the equation - )

- sl + 8, , o , o (61) .

ry £it was nehi!véd‘iith-ﬁ -»i ziﬂ‘p!l' s -y

3 877 ppm and pK = 2,27, E:eeiiian 1ﬁ'the latter value

- was estimated at tD’DE by the prégraﬁs hﬁwevaf. in“view of’

For the caﬁpetlt;an run to determlne Kd' 22 ;;mple:

were taken. Results are sh@wn in Figure l;:‘- KINET

rt

yielded a- gatlsfactory fit with Ka =0.34 ¢ Q*O;',ER;.:, ‘ iF;'

2.26 + 0.06, pK) = 9.12 ¢ 0.02. log X, was calculated to

=

&=

5, _Mercaptosuccinic acid.

He:captésuctlnic acid (HDZCCH(SH)CHZ H)‘hgs three
iani:ablg groups, two carboxylic acid and one sulfhydryl
v:lues for the macra:cap;: innl:atian can:tants in the

literature show considerable ya:;gticn; those detefmined

by Porter and Perrin- (1271 appeared the most reliable. K

Corrected to an ionic strength of 0.3, these are PK, = 3.13,

=

pK, = 4.63 and-pK, = 10.46. - R
" 19 samples were takeh between ph 1200 and pH Z.5. The TT"
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cmicu'snift' nL the MAA resonance atr'@pﬁ 12.0 gave partial -
) overlap of this. peak vith the T!A fEfQEEHEE sp the chemical
shift could not be acwurately -gisufedi " This part v;;x
‘therefore oaitted. Results are :ha-n in Figure 114. A
KINET run- usinq the above pK values aid not yield a
'f:&tisfactory £it. l r!ruh allaw;ng pK to vary as a faurth ’
unkngyn gave a very ﬁuch more luEEE!iful f;t— the sum of
residual squares was reduced by an order of magn;tude.
Tho coti-nto. of the athir th:ee pirnggtg:: were :-:entiilly
unchanged.‘ Thefvglue of EKS feturhed was 10.26 + 0.02.

- - , i . e _ A
pxi was-3.53 + 0, QB,.pE! 4-85 $+ 0.02 and Kd 2.50- £ 0, DS.

‘giving_log’ K; .= 17.31, the. highnnt value -nn:ureﬂ for a o i¥5i'
monothiol . \ ' ;
6. Glutath&‘

T

: The sulfhydryl—cantaining ;:ipeptide glutathlane
(Y-glutamylcysteinylglyciﬁe) has four 1aﬂisgble groups-
(one a-ﬁgp, one sulfhydryl, two c;rhaxylic acid). In order
to del‘ fk}ly the acid-bale behaviau: it i: nezenafy
to ipecify eight microdissociation constants, as shown in’ .
Figure 12a. " However, for the gurpeiei of the eaﬁpgtiticn

_ -tudy the limplifigd :ehqme invﬁlving four macro ean:tjnti

shown in riquro lib, is iﬂlqulti: Qhe vllna: detﬁ:ﬁinad

R i-g- e S, v e a s o m

for thele by Raben:tein (69). ﬁhan carrectgﬂ ta an 1anic e
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strength of 0.3, EIE 2—151 3.49, 8.76 and '.56 Elipectivgly._*

20 samples were taken between pPH 12 aja pH 2.5.

. Results are shown in Figure lai " KINET gave a -gtinfgctary

fit with K; = 0.12 ¢ 0.002, PK) = 3.63 * 0.04 and pwy =
9»25 * 0.02. Hg valid estimate was :eturﬁed for pKi; the
uncertainty exeeedgd the e:timate 1tself. '
Rabenstein grev}cusly detgrﬁingé values for pk;, pKé
and pxé (69). Corrected to an ionic strengéh of b.3; these
_are 2.23 % 0.07, 3.52 # 0.12 and 9.20 * 0.02. These values
do not\diffgr gignifleantly frcm those ﬂetermined in the
present ltudy.,vﬂawiver.gin view af‘thg inpg:tgnce of this
particular IEiulig upon which much of Part é of this thesis

is based,i;evergl additional KINET runs were par:a:ned in (jﬂg

‘ '-order to assess’ the lensitivity af the" Kﬂ value returned té

the pPK' values inputted. ,A: the anly valid g:tim;te of

pKl, 2 23 waSs uled thraughgut. Input of either, or both,
of Raben;te;n', values for pR‘ and pxi as can;tant(i) ‘

. gave. slightgdiffarancii in quality of fit, but the vnlual -
of any pk' vnlue- entered as unknauni remained 1n th-,' '
range defined by the two sets of values above. In none of
these fits did,xd vary to any lignificqpt extent; a vnlue

of G 12 ¢+ 0.01 is reported overall.— Thus, log K, (for

fully protonated glutathione) is 16.00. L
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 Lthat duegtg tautéﬁgri:a an; PKy is not strictly a dis- .

AR T
7. . Ergothioneine. IR T e

The structure of ergothioneine is

EHE?E*!QDE '

o r====;T* w0
o : N(CH,) ,

_in its :ulfhydryi'fatm, Due, however, to thiol/thione

. tautomerism at the sﬁlfn: atom, many of the pfppertiei'af’

this molecule are atypica;; It was anticipated that Kdi
would be reiatiieiy‘lev since only the fraction of grgééi

thioneine present in the SH form would bind CH,Hg (IT)

:strcﬁglyi (Calculat;ang bgged on the’ re:ults of Erni and

. Geier (62) give lag Kf = Bil for the complex of Li:gthyli

pyridineizéthiane; another N-hetefacyclig.thiéné”eampaundg)
Sgppart for this vi:ugain: cﬁiﬂ; il!ﬂ from Qbilrvatiani of
HQ(II) in red blood eellg, where blnd;ng ta cther thlnls L
(efg- glutath;ane) is prgfaf-ntial over ergathiangine
blﬂdlng, as judged by the ardeg in which re:@n;ggen ihift
an increa:ing amﬂuntl of HglII) are titrated in HE%O).

The generally accepted ignilat;an/tautamerliatlan

scheme for ergathignéine is :haﬁn in Figure lii Note

laciatlan constant per se, but also %Pplude; the thiql/

thione equilibritm cnjnt embedded in it.

Ky

- k3
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model previnusly d&%e;éped;iﬁhi;<ii givjn below in summary .

=l: bafére, K

.Literature values for pKz. lilted in Iable B :hav
poor ag:eq:ant. The value of S;ku:ai and Takglhi-a (129)
was ielgeted as the -Blt rcl&gbla, corrected to ln iaﬁ;c
:trenggh of 0.3, th;: is 10.40 ¢ 0.04. pxl was eitil;tedv~

at ~1.3 by Stgnqvlnk ;nd Tiile: (136). S;nce anly pH

S S )

’value: abave 5 uere~1nva1ved in the pra-ent ituay th;i

protonation was ignored.
Preliminary experiments showed thgt'eampeﬁitian by

oné mole-equivalent of ergothioneine was indeed minimal.

For this reason, the study was repeated at a mole ratio of

1:2.32 in favour of ergothioneine. Interpreting the

results obviously reéuirés_gdjuatgent to the algebraic

Let C = concentration of MAA = caﬂcantratian of EHBHQ(LI)
Let xC = cancentratign of grgath;angine

g is definea ' o

Co (CH HgSiErgG)Cﬂz 11 “scH.C —';]” o Lo o
R [cﬂ HgSCH 2€0; BN SIErQG)CQz 1. St

and also as before R ';.

" SEHZCQE 7). om Pg c- El  : ) ',3s>\vlfgafu; ,*fiéf/f “‘ 

St g L ety < —— e g e S—p—
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[CH,BgSCH,C0,”] = (1-P,)-C-a, S (s

T " Now conlide;iﬁj the bound ergothioneine, since any
CH,Hg (II) not bound to MAA ¥ill bound to ergothioneine:
. ' _ : , ' .~ : - } |

(PgeC = ICHsBgB(Rrgo)Co,”) + [N Bg8 (Brgo)CO,M . (65) -
which gives as before
where B

- %3 "xi'ergo/iaﬂ* +'xi.efgb) (§7,
Pree_ergot%ione;io can-thqﬁ'bo-calcﬁlétéd bf‘differdnci{“_”' ”w?;

(x-Pg)C = [HS(E£go)CO,B] + [HS(Ergo)co,] +

» -,' - . - - . ) ’ . ‘. '.._.. . - ‘
{ s(erO)Qoz | o (68) .

giving eventually ‘

'.>[“8(Ergo)co.2’l - (x-Pg)Ceay (69)

: a, s of exactly the same form as o,. A
o Subntitut;on intomthe'expre;p§op gqéwi‘aQiYCl:__ﬂ
1 23 R

P

=




Ten gamples were withdrawn between é; 10 and pH 5.
The chemical shift dhta iﬁishéﬂn in Figure 15. The final
fit by SiHETﬂwés‘fgirly ;atisfaetcéy; giéen the rélativély
, poor precision in the data; even with the higher gigunt of

ergathiéneingg theAgbsgrvedrcu:vé lay %ery)elﬂ:eite»thgﬁ
for bound MAA. The value of K, returned was ~6 x 1074

? (+ 2 x.lﬁfq)p yielding lag.Kf = 13.7 + 0.2. This is

égnside:ably;léié thgﬂ for the other thiols; Kf is abagf ,

2 -3

110”4 thétrkér glutathione and '10 that for MAA. Detailed

diSEuéiian wiilrbé given béiaﬂg

8. Calculation of derived values.

Once ;heﬁhéthylmercufy(Ii)gsulfhydryl interaction for

a“givénjgalecglg'has-bggn characterized as above, derived

Eéﬂitaﬁtﬂ can be eén?enientiy calculated. ‘The approach is

illustrated by the penieil;;miné results. Figure 16 gives

the full scheme; :gagtian:'iﬂyalving desired eani;gnti'ifg.

shown dashed. _th constants are proton displacement

formation constants describing prQéESie;rcf the type

cH. HgY + RsH 2 CHBEQSR + ut

3 (71)

K. terms are derived binding constants of the normal kind.
e 1 .

After some algebra, it can be shown that * =




. 30k

-~

'Chemi'col‘Shift, pPpm vs DSS
¢ 3

| Pigure 15. MAA methylene resonance as a function of pH for

a) free MAA, b) methylmercury(II)-bound MAA,
E

{ A .. . . . . s

' T T @)Y MAA:methylmercury (I11) :ergothidneine, 1:1:2.32.

Bris s s s
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Kenz " KeKyzp o o o e = A73)
oo 273 | R ‘~:?f _: 1‘.,,7—‘_f_ ;;
“Ken2 T TXRY | T O P L L AP
and . - T R ,
' » 4 ) R e e
KK, K_K
£1°2°3 A
~The total  -number of th teyms equals the number of
possible methylmercury(II)*éémpl ed specles (neglecting
possxble superptotonat1qn) and the \total number of Kf's and .

b4
'hydryl group; this’ is a general result.

Desired ¢constants for ill the ‘thiols :tuaigg E:e given*’

in Table 9.. Since (see section 4b abave) thegg der;veﬂ

values contain no informatiqn hot implicit in their con- -
stituent constants, discussion will be confined to ﬁhg

latter.
C. ’Discussion. - q ' S
1. General.

In this section the data determined above will be

~ summarised, some rationalisation of observed trends made,

and comparisons drawn with the literature. Lastly, the

K"s the number of free specles deprotdnated at the sulf- .
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)
i-ﬁlicatiéﬁi of the Felults in the light of7c;ipiéqi'='
nethy1¢rcixry(n) antidote studies will be duqu-g_ _
o As &eléribed in Chapter I, previous studies have i -
dicated preferential sulfhydryl bindinq of nethylﬁEfcury(II)

~over virtually the cnti:e PH range . (64); no evidence

eperged in the present ‘studies to challenge that conclusion.

"The strength of binding observed and the approximate mag-
nitude_df-the lggng-lﬂ spin-spin .coupling constants in the
methyl resonance of Cle‘.lg(iI)‘ support it. . | |
log K, values are tabulated in Table 10. The values

refer to the complexation of Cﬂ389(11) by the fully de-
.protonated (i.e. high pH) forms of the vatioup liqindi.

The vezy low value for ergothiqneine x} interciting._ While
it is anomalously weak nathyluercury(ll)-lulthydryl binding,

by the standards of the other ligands, it is ltill tac

' strong plausibly to be assigned to any other mode ef

binding. For instance log xf for amine nitrogen bin&inézef

methylmercury (II) is typically 7.5 (27) and fbr carboxylate’

groups 1o§ Kf = 3.5 or less (24). The low value relltive _v

“to those for thiol ligands is ascribed to the pregaaderance -

- of the thione tautomer in the agqueous lpcciatiqa.af ergo- '

thioneine.

-

B P I P LT "me-/ e vf" B R et e I e S T

P AT = N C . . * . =

R



Table 10. ?Diiplqég:gnt constants and methylmercury(I1)
complex formation constants. . . e

u;eapmacetig acida  1.00% © 16.92

s

‘Mércdptoethancl T 0.16, 16,120 ¥
Penicillamine o 1.06 16.94 -
Cysteine _‘ . 0.57" ,-;; 16,67 )
N-acetylpenicillamine ° = 0.70 - B  16.76.
Glutathione - 0.12  16.00
‘Bomocysteine . 0.3 1645 =

;;yarcaptasuccini: iclé 2;56;§ - 17.31

xfzrgqthlaneine o A6 x 1074 w13y

~ a) By defiﬂit;an

b) Detgrm;ned by schwgrsgnbach and SQhellenbEfg (15)

=

L Y s T e e e e
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2. The effget of atiﬂ—h::e EhEﬁilth at atha: sites on

iathylnercu:y(II) biﬂdlngi

rigure 17 give: the structures and nethylngreury(II)

canplex farﬁ;tiﬂn eanltgnti of cysteine, pgnicillamine and

. glutathione, both protonated and deprotonated at the mnn .'

group. 1In all three cases K, falls as the amino group is

protonated, showing the effect of the additional positive

charge on the électfaﬁ-den:itg available at the sulfhydryl

sulfur atom. In the case of glutathione, where the amino

—group is relatively distant, the effect is small (0.1S

log units drop in log K¢ )5 for penicillamine and cysteine

it is much larger (2. 15 1.29 log units :e:pecflvely). An

o alte:nat;ve formulation of the same ‘behaviour is also

po:nible=~ the chanQE';ﬂ amino graup pK up@n complexation.

The changes involved are neee;!grily the iaﬁe in magnltude,

e — .

" due to the mljp naturg of the reaetian schemes, and‘thg

t:ands can be ratianali-ed using a reveflal of the arguﬁent

pre:ented abevg;
It should be Qﬁphl!%!!ﬂ that no such app:ageh can be
applied to the‘c;rbaxylnte ‘acid-base bihavinur ab:er?&d in

'thlseﬂitudie:- Since anly proton displacement fa:-ntian

cenltgnt: for ;athyln;reury(l:) hinding nreinvailable &t

..low pH, the effect on Jhe mmun px is that. ae-

combination of a proton dissociation and of :ithylﬁafcury(II)

i

. e
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complexation. It is unknown how these two f;etg::’qéﬂvéff
subtract. Certainly the pfabgbility_cf'g clear trend
cannot be assumed.

Comparison of thesaéid dissociation comstants for the

carbaxyllc acid groups of the CH Bg(II)—cample:ed ligands A

(Table 11) 'with those for ‘the same groups in the free
ligands (Table 12) inéeed shows no trend. Complexation of
~ the sulfhyﬂryl groups af HAA. pen;clllamlne, cysteine and
-grcapto;neélec nc;d causes a égcril-e in acidity at th:
carboxylic acid group, eamg;e*at;aﬁ to the sulfhydryl in
-H*aeetylgegieiila@ine'an incré#;&, and in'hgﬁgcysteine

almost no change. ‘ i

L Y

It is also of interest to géte that the acid dissocia-

‘tion constants for the amino grsugikgf the complexed forms .

of both penicillamine and cysteine lie closer to k13 than

kyp3 in the hieresghgme for free ligand. Such is also the

case for the analogous trimethyllead(IV) complexes of
thﬁli llgand: (119). This suggests that when ga:plgxgd to
the :u;fhydryl group both mgthylne:gurjtii) and trigethylé

lead (IV) mimic a similarly bonded hydrogen ion in terms of =

their effect on the acid ltrerigth of naighbauring gmniumy

I &l

greupi.=
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‘3.- The -:gnitudg ‘of inthylnireury(II)ﬁ-ulfhyﬂryl eu-plax

farnitinn constants. i
- / —_
In €ach of the complexes ltuﬂied ghava. it i: gvidgnt
fram the ltrength of binding that th! CHBEQ(Ii) is banded
to the dgprataugtgg guthyd;;L,graug_ _Heve§thg{§;§;lthg:
Eérmatiaﬁ éaniéang§ listed in Table 10 are geen to cover a
reasanabiytlarge range of valuesa If the log farmatigixh_

. Pigure .18, appraximgtely linear behaviﬁur is. ;pparent. Thus,
it appears that the B:dnsted basicity of a lulfhydryl group
'uhgn dgp:etanateé is a major factor in determining the
;ggfinity of that group for methylmercury(II). A linear
least-squares fit to these dlta ‘yields the regrgs:lqn

L &

equation o . ]

" log K, = 1.00 pK + 6.86 ' (76)

HﬁﬁEjgfg the scatter iﬁ this plot is quite ggr;zé{ the
calculated eafrelgtiaﬂ‘cﬂeffici§£;<i: 0.93. Libich%and
Rabenitein demnhgtrated a much itranger earralatian betwe ween
pK and log, Kf for ca:bexylic acid complexes of nethyln‘
xmgrcury(II) {24). ;

A detailed discussion of the afiéinhﬁf@}uch iinear free . . ..

,energy relationships as equation (76) lies outside the scope
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of this thesis; however, some preliminary conclusions can

 be drawn. Examination of the plot eilfigure 18 suggests that

the scatter may be due to the influence OF carboxylate groups

situated'eleevbere.oh.the ligands. This is borne out Ey

previous -ray crystallograph1c studies. which iha-ed that ev

slgn1f1cant degree of 1nteract10n wlth carbarylate erygen

*could ocecur in the sulfhydryl-bonded methylmercury (II)

Ul

cemplexes of thiol amlno-aclds -such as penicillamine (72).

The majority of molecules studied heve one pfﬁ:iial car=

'hoxylate group, except for mercaptoethanol . (nene) and

uercaptosuccinic acid (two) All have a fully acees:ible
sulfhydryl, except for penicillamxne and H-aeetylpehieillé

amine.’ Theae have flanking methyl greups on the sulfur-

.bearing carbon atom, these might therefe:e be expected to

give rise to anomalous results due to steric and inductive
effects. Removal of these compounds from consideration in
Piguge 18,_1eeving points a, f, g, h end i, gives a very

_much better line (correlation coefficient = 0.997). The

Vscatter is now within experimental error.

7

The datum for ergothioneine in Pigure 18 lies well
below and to the right of the line. As noted above, bcth:

the apparent pK and ‘the apparent log kf for ergothioneine

are conposities of the true value and the tautameri:atien_!

- ———

equilibrium constant. Hﬁhua, ;ssuming these intrinsic



DU

values fallav the correlation line, it i; pa::ible ta

astimate them. and the tagtangriuatian can:tant. Kt:

(dgf;ned as the thlal/thiaﬁe ratio at equllihrigm). The

valﬁe: obtained are: pxi ~ 8.6, 1g§ Kfi*‘ 15.6 gnd >

~ 10 2? where thg subscript i gf,:x to an intrinsic

't

130

value, - This _;lié_ assumes that hi.ndﬁ;,ng 10 the thione form e

" is not important; as discussed above, this appears reason-

able. As far as could be ascertained, this is the first

time the value of Kf,has been estimated.

4.  Methylmercury(II)-sulfhydryl binding data in the

literature:

These were discussed in Chapter I.  Here the agree~

ment between the present work and values preaviously de-

'"tgr:ined wiil be gvalﬁsﬁed.

No ea-ment can be madé about the mea;urement of
log K = 16.12" for the mercaptoethanol complex by

Schwar:enbach and SEhellanberg (15), ilnce thi: value was

assumEQ to be carrect for the purposes of thii study.

' ly:tgmatic :arrgétidn to lll If value- can be made; the

Pslﬂtinizbiiﬂlng -t:gngth:-wauld of course be unchanged.)
It is worthwhile éﬁnpa:ing values deterninad in thil
;:ndsuga: the. E?ltii:.xlﬂi glubathione gﬁ-plnnop a&ih



thnlg repartid by Eiipian (23). fh:ie are two of £h§ fefyg
few values in the fiterltﬁre fat complexation of CH, Hg(II)
by a biological thial. and have therefore been widely used
in discussions of thg cham;ltfy of CH, Hg(II) in biélﬁgleal
systems. Simpscn's constants are actually a composite of

’ biﬁdingg sulfhydryl acid-base and amino acid-base be-
haviour. Thii is illustrated in Figure lS,_'The £Efm Ké -
i-'Singscn;i "association constant®™. It is easil£ :haHn

that.

S Ei : o o o R
K -K -ir A = B s _- (77)

=

It was also necessary to cazrgzt the aarly PK vnlue:

used in Eiﬁpsan s paper ‘to the ones accepted and used above. -

Agreement with the present study is thEn»feund to be
gseellent,}seerTablg 13).

| Such ggreéﬁent is not, however, obtained with the :
results of Hojo et al. (68), who reported log Kf-é 6.72
gnd 7.19 for the CH, HjiII) canple:e- of penicillnnine and
'eyitaine relpectiv:ly. A; explained in the. Intrﬂductian.
these results appear invalid. Thaé]fgr Eysteine is also
in total di:agréeiént iith the appréximate figure of )
log Rf ~ 15 diéirnineﬂ by Fiirhurit (113) using a large

excess f ampeting eyanide ian. whereas the prglant figure!l
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-is somewhat closer.

S
5. Conditional for-atﬁon constants: bioloéical.inplioafiohs.

The forqatioh constants listed in Table 10 are seen to

~ decrease in the order mercaptosuccinic acid > penicillamine >

S e

'iéroaptodoéfic acid > N-aoéiyiponféiliamihé S'oysteiho >
honocysteine > nercaptoothanol > glutathxone. Houever,
because of competing reactions, this order is r[ther mis-'

complexes.
At lower pH, hydrogen‘ionq competevwiih CH3Hg(II).for the ';__

leading as a measure of ¢ffective stabzlity o

aeprotonated sulfhydryl group, whilst at high pH hydroxide
ions compete with the sulfhydryl_group for,cnang(II). Be-
\oause ohe pK values of the different thiols have discrete
values, pH dependence of effective'binding stréngth'is
also distinct for each complex. The effects, noted above,
~of acid-base behavxour at other sxte;, such’ as amino or
carboxylic acid groups, further complxcates the issue. |
The overall effect of these various conpctition
reactions on the binding strength can be nost easily
vinualiled uoxng conditional fornatxon conltant-, Ktc. |
These are pH-dependent "constants™ which do not allow for ‘."i
the acxd-baso behaviour of the molecule uwolmed.;lc con- .
—y ,

sidering only its total free and bound concentrations. _ '

'Por examplo, in the case of mercaptoethanoi~

- .




Ecasagsn] -

£ remmgtirsm -

. ! ) .
..o . lcEyHgs®] . Ky

e = (CHme®I ((MeRIslen) © Xf T TageKT (719) -
Efc_ ICH33§+]([ESR]+[’SR]) £ (agpK

A conditional diépla:ement constant, chf is defined

~ as the ratio of two such terms. It can be shown that Kdé

for any thiol over MAA can be estimated directly from the

MAA chemical shift ab;érvéd in the éa!%gtitiqn studies: —

_2 e v 2
Pe %o

B harrarars ol Bkl B L (s0y
o £} : ' '
Thiirprﬁvide: a}eaqvgnient quick way of 3:§im;tiﬁg ii: at
;ny pﬂjﬂifactly*izam'the experimental data, given a value
for K., of the mercaptoacetic acid complex at th;t pE; N
 log K., is plotted versus %g in Pigure 20. 1In all
cases, K., is orders of magnitude ::iiléf than Kf; due to
gampatingiragctigﬁs. ‘The conditional formation constants
are pH dépgnégp;, feéching a maximum in each case near

PH 7 and decreasing at higher and lower pH values due to

competing reactions. The exact pH dependence is strongly

linked ta‘théigcidabQQEeehzﬁiltrg of the sulfhydryl group;
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thus the relative order of a!fgpitg’gndafgéés major |
qhanges is the pH varies. At pH 10 ng‘fgr the Earenpta;

succinic acid.poqpigx is the largest, while at pH 4 it is

the smallest. -

- of partxcular 1ntergst with re-pect to the chemistfy o
of methylnereury(II) ta:icalagy are the valuai Qf Kf o
_PH 7.4 (see Table 14). The order of gfflnlty is nerquta='

- succinlc ac1d > cysteine > glutathione > mercaptoacetic

acid 3 - penicillanine > H-nca:ylpenieillaﬁinl > ha-dey;tgine >
| mercaptoethanol . '

As d;scuased in the intrnduetiﬁn Eﬂ Part 2 iercapta!
succxnxc acid, N-acetylpenicillamine and pen;c;llgnins
_have ‘been found to increase the rate of elimination of
CH. Bq(II) in anlnal itudie:, in decl;n;ng crﬂer of
efficiency (133,134). This order is not exactly that
predicted by thé.;fg values in Table 14. Eurther;:g;v:n, 

that K forvglutathiane at pH 7.4 is la:ger than those

fc
for penicxllanine and. H—geetylpgnicillggine, and thit
qlutathione is quite abundant in most mammalian eryth:e-
cytel, it is outpriling‘that these are efficieﬂt intidaté:.
These oblervatxonl lead to the conclusion that factors in _'
addition to relative binding itrangthi are important.

These could iuclnde the ease with ﬁhiéh Ehe thial ligand

et & s dyimmpan 2

'J can ’.netrate cellullr ﬁembranei and convert the non-

S -
-

T . C [



rnh1:\>§. :Ganéitighal fér:atipn constants for the

;!EthylﬁEfgur?TII)ithiél complexes at pH 7

‘Mercaptoethanol

Mercaptoacetic Acid

N-acetylpenicillamine

Penicillamine
Cysteine ~
Eamacyitéine'
Mercaptosuccinic Acid

- 109 K¢, conditional

et Jul o

-
—

[
»

Jmal
e

-
Ll

-~
~J

1.20
11.33

"11.57

11.15
11.68.

" 11.46




‘diffusible intracellular methylmercury(II) into freely

daiffusible complexes (133).
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The Binding of Methylmercury(II) by Dithiol Molecules

&

A. Introduction » . 24

. o o ; Y ,
Djthiol molecules bave traditionally been favoured

*antiéatés for inarganie metal poisoning, such as with

Hg(II), due to their undoubted éﬁ;igting ability and hence

high binding strengths (135)_' Some, néﬁably 2,3 dimercapto-

®uccinic acid, have also been used su&ce:;;ully for the

treatment of meéhylﬁEféhrytII) g@iiﬁning (134);3

Such -uc:agg is of theoretical ipterest in the light

of the Q;Ey studie: (6ee Ch;ptEf I) which show the’
tegdgney kaghﬁ mwercury in cnzagczr) to expand its co-
Qréinstiaﬂ ﬁﬁﬁher from two to three or more. Studies by
;rystallagtaphy, NMR and ather techniques dsnsnzﬁrate un-
gquivacally that this does .occur, but ternd to lﬁggggt that”
-rather than true chelation, the handing scheme g&nerglly

~ involves a strong primary internctlcn with strong :anIEﬁt
:haract324 gnd a -ecnﬁ;:;y ;anieitype 1nt;rn¢tian which is
much veakg:. Lrar in;tnnc&, Schuar:enhach and Echeiicnhe:g

estimated thg ;te;vilg iodide ca:plg; formation constants

in the. scheme —
. . Fa Ke2 _
Gﬂaﬂg + I - = aﬂgi + 1 = Cﬂaﬂgzz' {81)

140
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to be 4 x 10% and 2 respectively (15). Conclusions drawn
from studies of patentillly chelating nitraganséanar .
ligands are similar (136)- : ' '

hoore et al. have g;nnined the pa-:ibility of ehalntian
in C83Bg(II) syltgns as a nggn; of rai;ing the ;ffinity af
antidong :or the toxic species. Using crystallography,

they were able to demonstrate some degree of apparent .

chelation in sterically rigid vicinal éitﬁi@l—CHEngII) .

complexes:; hoﬁéverg no actual stability constant data ‘were .
determined (76). While comparative studies on pyridine and |
2,2 bibyridihe show an gpgfﬁximate tenfold iperéa:e in h

Kf'due to chelation (48), such ;n-inerealeééinnct be as=_

~ sumed in the dithiol case, due to the very different . L

electronic nature of the sulfur-mercury intet:eti@ﬁ-
The studies reported in Chapter III1 showed thati

competition with MAA for CH,Hg(II) gave a precise.measure-

ment of the CH3Bg(II) éamg;!§ £a£mntiQn qﬁnstantifcr a ,

. L. [ ]
monothiol. 1If the corresponding constants for dithéols

were found to be significantly larger, this would prévide
convincing_evidenceifgr chelatiag aceurriég in soluti

for the first timg. A study similar to that in Chapter IIl

was therefore initiated here for two aithigl molecules:

2, 3 dimercaptosuccinic acid (DMSA) and ﬂi:hia-:ythr;ﬁal !.Jv:ﬁ@;a

(DTE). These -oleculgl were selected fa: three reasons:




i

.« Both h;ve hilgtg:ally lyﬁgtric It:neturgl. “Thii

J

:1-p11fie; the algghraie description of nethylmgrcurylii)
binding and acid-base behgvigaf considerably since all
microconstants are either half or twice the correspond-

ing macro-values. - : .

~lﬁth:-§1éegi§i are “dimers® in a sense of molecyles

whose hehaviéurih;: already been fullg characterized.
See' Pigure 21. DTE corresponds to two me:éaﬁtaéthéﬁg;
maietieé; DMSA to two meréap;cacetic;acfd:unitsi, i
(Actually, given ﬁhe effect of p;g;imgl carboxylates

on sulfhydryl properties demonstrated in Chapter 111, a

Tr%betgér comparison for DMSA is prabagli hgregptagneéiﬁic

acid, also characterized there.)

‘The two molecules provide a contrast concerning sulf!‘.
hydfgl group plaeementg DMSA has these on ééjaeent y
earb@nzatamg, DTE four carbons apart. Thus, contrasts
iﬁ the degree of chelation or p;gudachéiatién cbzérved;

. * .
if any, are to be anticipated. Qualitatively, a trend

with "ring-size" has already been noted for *chelation® ‘

via an gramatig—:inﬁfﬁg atom secondary intg;éétién
i - ' :

(59). o .
In additian; DMSA is of interest because of iéi:=

therapgutic ?:e (134).

in this" Ehi?téra’the 1nvgzt1gatian of the éetailed

*ﬁ\-.; ke ]

1
.
|
|
\




2,3 dimercaptosuccinic acid

-

cf.

Dithicerythritol -

cf.

HO,C - CH — CH

_Mercaptoacetic acid

HS, CH: =

BS - GHZ - CHE

I

- QOH

' Mercaptoethanol

’!"

dlthiaerythrital-ﬁvz,_

" 8H

> - CH

SH

.

~ CH, = CO,H

‘Mercaptosuccinic acid-

Structure: of 2;3 dimercsptasucclnic acid and ;

Y R S L




CE;Eg(fii éiydingtana acid-base hehaviéﬁf of these two
éithal is ’eéérted, cagpetitiéa study &ata(frém an ex-
pgrimgnt ;j_mrgl%fing 2,3 dhéfcaptaérapaneilimlfnnatg 7
(RALS&EE) are also presented, from which the zanditianalj
formation cangﬁant-fgf this eamglgx‘is evaluated as a

" function of 53!* seeﬁiania describes the re;ults abtéinéd}sz
and Section c=di§cusées these, in the léght of the ob-

servations above. 7 o - . o

B. Res 11t

[
o

1. AéiéAéis;aciatian:qenhtgntg dithiaerythzitﬁl.

'—l_h_.' : B . : 3 ! . ‘ . .
DTE displays the acid-base behaviour shown in Figure

22. The macroionisation scheme of the :slgeulefns agihalif

is given in Fignre 22a; the microionisation scheme. re- - 7 .

latlng to the acidity of any one site, in F;gure 22b

Since by dgfinitinn K, = k;a + k,b ‘and klg t klb' : -

kl Kl/zi Similarly; k. 2’ In nanimathemgﬁiegl terms,

2
Kl is tw i,e ers; nce the ful ly protonated male2u1e as a

whale has twice the chance of either individual :u&fhydryl

—

of losing gﬁpr@tan; conversely K ;i half kz since the

site to gain a pratan.‘ Thu:._:imple measurement ﬁf Kl

- ;amnd Ki -nffiu-; to charscterise the acid-base ﬁghavianr

» T
= : L -
-'bf‘* . T | ) e e L §
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' (a)  Macroionisation a:hm.

¢

- whére [ SH

2

SH

HZA

where H.A = BSCHZFH%HCHZSH

=

" OB OH.

= HSCH

l_si

z?ﬂ—fi‘HEHZSH
“OH OH

1

HA- — A

SRR A

'c"
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Figure 22. Acid dissociation ;c:hgis for Dithioerythritol.
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It was hoped to ehraete:;:e El and K by B m, in
}thé same manner as fdk MAA (Chapter 1II); haﬂevgr. this =~
proved iﬁpﬁiiible. Firstly, DTE has a very highly c@upleﬁ
second order NMR spectrum. At reasonable eaﬁé;ﬂtiatigns.
Vsigng;-tafnaisg ratio on the Aéﬂﬁzgpeetraméter'was vgrj ! >-i,,‘-
' boori A spectrum was collected at 200 MHz of a 0.1 ¥ ; |
solution at pH 7. This had the genera} ipgegranee of an
ABX spectrum but aisg;ayed additional spliggings; the
molecular structure prgdigis an AA'BB'XX' spin system.  Hé
attempt was made atj;peetrgl analysis. | _A

Even in the ébsenge of detailed chemical shift and
coupling ccngtantfﬁgta, it is péiiible t§ use the observed -
'poéitiqn of an inéividual peak as a‘function of pﬂnﬁa
detefﬁine pﬁ values. The equatlcﬁ i: -;nilgr to that - . '

" given abcve (Chapter I1, Equat;én (35)):

e

. . * )
+ 8,0y —

*
6 3703

Sobs = 81'2; *+ 8,.0,

-6

whereAﬁi values are appaéént chemiéal shifts, a’re;ultant-
of the true chemical lhift and ani or nnrg coupling con-
stants. -However, in iuch :tuaiei. the values of- 61. 62 andgﬁ
6 are generally de;e:ningd by inlpectian f:am measurements
on sample; ﬂaﬁtalnlng a vast pteponderance of - one form. In

the ptiigit case, *y iid.Ez die very close tnggthif: thus, -
there is no region where the.-ingly protonated farn pre-

™ T
-
F
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dominates and 6 cannat be ggsily evaluated. Iﬁ7grinciplg,
given an entire 6 obs vgrsus pH curve, it uauld be possible
to fit by KINET to a three-parameter ggdgl in Ky Kz and .

s C . e _ .
623 in praetise; this was unsuccessful, due probably to

;t;éng algebraic ceupling of the parameters.

To evalmte these pK's, a potentiometric method was

3 £
empleyed instead. 50 ml of 5 mM DTE were titrated with

>cancemt:ated KOH from amhlent pH (about 6. 7) to pH 11 D,

using the_automated sys;em described in Chapter 11.

Tripliegte runs were performed. These were fitted to the

standard potentiometric model, including correction for

hydroxyl ion at high pH (107), using KINET. The sulfhydryl

groups are only weakly acidic, and no éiszerhible break
was generated. The titre (weight of base to complete °
neutralisat;cn) was calculated from the sulfhydryl con-

een;:attan (as dgtgrniaad by prior iodoacetamide standard-

p..n

1sat49n) and the titrant cancentratian (in mol g *).

7 The replicate: returned for pxl were 9.22, les%ana 9.21,

giving a median of 9.21 + 0.02;: those for pxz ware 9i§7;,
9.99 and 10.06, giving a median of 9.99 t 0.05. The

quality of fit was acceptable. In view of the closeness

_of the successive PK's the correlation 363££icient'ﬁas nec-
_essarily fairly high (%0,6), but error estimates in pK_

: . ,
values returned by KINET were also acceptable. ’ .



148

2. asia dissociation constants for 2,3 éi!e:é§§ta§uecinic

acid. ’ | ’

: = T

DMSA dilpl&yj the ionisation behaviour shown in Figure
. 23. Thesmntl on micracanstmts g:.van above w;.t.h
.vI‘f.I!nEE to DTE also apply" h-rl; -they apply in idﬂition
to -the two carboxylic aciad grgupui'

Eome problems were experiencedrﬁith solubility;
DMSA was not seluhle in water at the 50 mM level narmallg
used for at@ék solutions. 1 L of 2 mM stock solution was’
prepared, standardised in 100 ml aliquots, and used for
| potentiometric work undiluted. Triplicate titrations were
éerforﬂéa. The ;nterﬁedlate endpoint abserved gave the
- carboxylic acid titre, which can be _.compared with the
(calculatgd) Sulfhydryl’titzei A ratio of _96 was abtaihea,=x
comparible with a typical flgure of 97! for the pur;ty of |
V the monﬂthialg (Chapter III). x ' '

The carboxylate region was fitteéibj KINET to the
standard model, yielding pK, = 2.69, 2.75, 2.65 (igai:h,
2. 69 t 0.05) and pK2 - 3 44; 3.44, 3.83 (median, 3.44 t 0. 0l1).
The thiol :egien- ggvgsgsz = 9.40, 9.44, 9.42 (median,
9.42 + 0.02) and pK, = 11.05, 11.12, 11.08 (median,

v n |
11.05 + 0.04). i n , : L | i

e



K
2 -
= xﬂzlz'

2-

zcacsseséccz'
1 .

- where HO_C~CH-CH-CO.H ; H.A*~ = 0
, 2 1 1 2 2
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SH SH

b} Microionization scheme: =

¥

——COgH
¥

B e s T ™ S

R

whére o, = HOiCi%ﬁ*?H;EOEH“r*%*

SH SH

succinic acid.



-~ 3. Acid dissociation constants fqgfhgthgliercury(Ii)

bound DMSA. - o A j S

At first sight, addition of one iﬁie equivglggt of
Eﬂaﬂé(ii).gﬂ DTE or BHSA :ﬁéulé field a system having just
‘one .pK, ‘that of ‘the unbotnd ¥ulfhydryl. ‘In fact (see
hslét) ﬁhe'situatiaﬁ is somewhat more eaﬁpiieated.

_ A small amﬂunt af 1:1 CH. Eg(II) DMSA was prepa:ed in
H O; a white p:ee;p;tate was observed, ;nseluble even at-
the 1 mM level. This is not unexpected, since DMSA itself
is fairly insoluble (see above) %4 the binding of CH,Hg(II)
might be anticipated to exacefb#tg the piabigm-, Preparation
pfgghéther s;mple ﬁé pH 10 gave no preciﬁit&te; even at the
0.2 N level. - The pH cauld be rééuﬁed to about 4, then
slow- precipltatian was ahae:ved, suggest;ng that prgvlded
at least one carboxylate anrthg éamgle; is ionised, the
m@lecu;é_ﬁill be soluble. Unfortunately, the kinetics
of dissolution are very slow; a sample prepared at low pH
VIHéula not dissolve in a reasonable time until a pH of
!iabcut 10 was :eaehed, thus prgcluding ‘the possibility of
_ tit;ating with ba:e and liﬁply ignoring any potentiometric
data collected bgfare the sample dl:galv&d_ - .
To circumvent these prablgﬁsi‘tge DMSA stock :algtign

' base.  fhi?in1fhydry1 content was established as before.

ppared In a known amount of previously standardised . =~



» An aliqnnt wvas the? -ixed with 1 mole aquivalent »
CH Eg(II). diluted to 50 ml (5 mM) and again titrated
: patgntiﬁiet:igglly_ Duplicate runs were perfafigé. In
view of precipitation prablen:p no effort was made to /
evalugte PK, and pKz, the carbaxyliﬁ acid di;saciatlan con- .

. 1
r:tant- far the‘Iil methylmereury(II) eaﬁplexﬁé DMSA

molccule. - ' o -
- Evaluation of pK3, fafithe sulfhydryl group in the 1l:1 .
complex, is complicated by the pgssibility of formation of
the 2:1 cémplex; The binding of CH,Hg(II) by imidazole,\
which reacts in a similar way, has been itudied in detail .
(37). In the imidazole gystem. vhich contains two potential
N-coordinating sites, it was EQQné that bind%;g g;}CHjﬂg(II)
at one site enhanced the affinity of the athéf for CH,Hg (II),
to thégpgint where it would remove éHéHg(II) from another
:mglecule (37). i similar effect is not ﬁnécglgrily in=-.
volved ig;the present casej :ulfhyd:jl;>are iefti naﬁ?
hard, ligands and they éfe probably not sa‘intingtaly
electronically linked as were the imidazole nitragén:_;:
Héyértheie;g. such-a possibility should be allowed fﬁr;}'It'

can be formalised as the reaction

xfi R o
I NN ﬁ PO T R T

Y
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vhere

x‘. H . B L
ap
- . ‘

This will be loosely referred’ to as a *disproportion-
ation‘vreaction. The resulting full aeié—bgle/biﬁding’
scheme is given in Pigure 24. Only data above pH ‘7 is
considered so the presence of the carboxylate groups can
be ignored. K The algebraié nbﬁel derived from this scheme

is given below.

-"Disproportionation” reaction -

Now

-
]

| —_
ap = AMIME “1/(m M~ W)

but - . e e

ana o S st
K, = [BH M]/(B -][M]
hus TR R

B T G

- W IE /5 R R )}

=

X, = /WML T o u?




CORLERER L - SRR B,

where - “oze/c‘f-c’n-coz" and M = methylmercury(II) |
SH SH ’

) o ‘l ‘.'l‘_'».E',:

Piguro 24. Ioniut!.on/bindihq\;cm !ér m S o
. . . Gt e -.»-—?; “ s a-s-~»—- -

[ e R
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Stoichiometric abal:gugc

 8ince 1 :quivﬂint of @3&;(1:) %éipﬂﬁﬂt for every

one of DMSA, for every jqui?nlant of M M there is one of
free DMSA, i.e.

7?“ '-H ',F‘l, | . e

[MM)] = [H =] + [HH + [- -)

But

ﬁﬁgi,

“ﬁ%ﬂﬂ* . ;zﬁai 4

—

= - - ulle: - . (90)

~

— r
(M) = [~ M (92)

&

A

.  from the definition of K3. Substitution of shese into |

equation (87) gives

.3E : [ )

(88)

H -] = ﬁ;([E -] + (B H) + |- il) . (89)

agM M) e -

154
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K, =-2_- .3 o Y 93
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which, when rearranged, gives

MM .- =2 . %‘i (- M2 | S { 94)

Nass balance in DMSA

Now

Comsa = [HHI + [H -} + (= =] + (B M) +

~ r— - :
{= M] + (M M) R 1 .

where C,. .. is the total caneent.f;tiqi of DMSA in solution.

Substitution from (88) gives:



I
/

!

!
|
(¥ ]

L o™

— Ty _ B
H

Comsa ;,i [HM] + (- M} + 2[ N 1; o _1 ;‘:"

and from (92w : S e

- ~— a — ' o o

and from (95): : - - = -

Comsa = [- M (1 kvt 2n} DI v (100)-

~ cnr‘, S .
[~ M) = ——DH3A e o

aH*
{1 + i?* 2a}
73

Total charge balance

— - — '
[H -] + 2[? =] + 1 M] + [OH ) + (C17] = f—— *@[H ](162)

= kk

—--shere C is the Nat concentration added with excess base,

Na
adjusted for the fact that eafbaxyiate groups are being 0
ignored. This, of course, ‘is kncwn

At the endpoint [c1” ] = Coy ‘’also known. from priar

Sl

:tandZEdiiatien:; Befg:e the gndpaint (o3 ] - xc Hhiri
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‘Thus,
. . . - _‘ l -

[C17) = xCJ; = Cy, + [B') - [OH7) - {(B -] +

, ‘ | , y

~— —~
2[- -1 + [~ M]) . : (103)

Now, as before - e ) DR
(H -] =a,[MHM] = a, Al- M] . (104)
Similarly i ‘
= =] =a, [MM] =a, A[-M] I . 4105)
where ' Co T 4w %' e .
; ‘K.K ////"’ ' - S s
oy = 5t - . w06)
(aH+) +aH+K3+K3K4 ‘ NN : “ngigv‘ j'v;  -®
Suﬁstitution gives-
' - + - r~ ( ' o
xCoy = Cy * [H') = [0H7] - [- MI{14A(a,+20)}  ~{207)

L

Pinal iubatitution

Substitute (101) into (107):
* . ’ ’ : PN
’ Ehs vat o SRR ,.W SOPRE R ‘-~-:-. -/M/_ eaciindiuts
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‘: '+ ! o . '7 .
(Cup*[H1-[0H"])  Cpygy 14A(s,420))

¥ Ca1
& ) . ' ET—

- X =

where: ‘CNat = added Naf concentration

| CPMSA = total DMSA concentration | : : -
A - 1o N -
Ca. = 2, i%p = N2 o
172
K a - .
and A .(_QE . -¥i ) where in turn Kap = =

a, K3

LR 4

~—

L
(e
M

Néte that equation (108) contains the term [OH™]. .
Since the opefationalﬂsca)é’pf’pﬂ is designeéaﬁé cérregpaﬁd
as far as pdbsible’to»—logloan4 €(137) , in order to evaluate
[OH™) as opposed to aoa-'a value for the activiﬁg co-
efficient, Yor=' ovaH- ion ih 0.3 -KNO3 is required. No
literature value cduld;pe found for this, so a value was . I
estimated by two different methods. Firstly, a #alug'was '
calculated from the Davies equation. Kieland (138)

obtained satisfactory activity coefficients assuming for

onf a fairly typical ion-size pafameter, so this approach

‘158

Ccl-;—'vchIQxi§Q copecntxaticafat endpoint. - - .o

=

should be validt The value obtained was vy = 0.71. Secondly,

.. experimental mean activity coefficients at u.= 0.3 for

potassium nitra?e and ; variety of salts with ;iﬂilagiy



sized ions (139) were averaged; the value oﬁtained was
0.69. -The value agsumed in calculations was 0.70.

| A tJQ patémeter'fit involving K3 and Kdﬂ Was';un
with KINET; this gave a successful fit to the data, with a
'pxé value of 9.86 : 0.02 and Ky, = 0.6 + 0.2. Since the _ .
correlation coefficient was high, supplementary runs were
performed to check the validity of t@§se resuits, inputtieg
de gs a constant and fitting only to pxé. Various values

of de betﬁeen 10 and .1 were.used; the quality of fit -

stgrted to degrade significantly when K was outside the

dp
range 0.4-0.8. The value of px5 was coupled to some

extent, changing by about 0.1 over the tange,ofnxdp values

0.2-10. In view of this, the vyalues pKj = 9.86 t 0.06 and

K, = 0.6.t 0.2 are reported fot discussion.

dp

4. The acid-dissociation constant for CH,Hg(II) bound DTE.

Severe solubility problems were encountered in this
case. !Solutions of 1:1 Cﬁjﬂé(II):DTE could bé prepared

at high pH (>12) but started to precipitate slowly at lower

pH_valuesL“”It appeared that the neutral species

CH3HgS-C32?CH(OH)CB(OH)Cﬂst

. was insoluble, and that deprotonatibn at. the other sulf e T
hydryl y&s chennary for diiiblution. For instance, it v; |

A ]



:’ ,_160
e - - - |
was observed that the lﬁﬁlffthg concentration of éﬁi@léx ,
prepared, the lower the pH itt;iﬁable'beﬁe:g’the,ansit of
precipitation. Again, kinetics weré iluggish- / )

Triglicgte patentiaﬁetrié baék—tigratiang were per-
formed, terminaéing vhen visiblé precipitation was evident,
typically at pH ~9. R

Attempts to fit the data to a two-parameter model in
pR' and R dpt as for ﬁﬁSL. were not suéeezlful, prﬁbably
because data balou PH 9 were not neﬂe!!;ble due to pre—
cipitation Qf the sample. As will be shown below, hgwever, ’
the value of Ky, determined for DMSA y;g;ds vglue: for |
K¢, and Kfz'which display the same trend (relative to the

pK's for these sulfhydryls) as did the various monothiols

‘characterized in Chapter III. If thevgssﬁmptian ié{made .
that this is the case also for DTE, then Kap for the DTE
system can be related té‘xifﬂl’(éetgils are given in i )

is known, the model thus reduces to a.

[

Section C). Since R
ane%pafaméter fit. This yielded a sat;ifaetary result:
the quality Qf<}lt was as high as in the tua—pa:amatlr
case for DMSA, supporting the validity of the assumption.

The value of pRi returned was 9.55 * 0.03.

5. Formation constants of Cﬁsﬂg(ii) camglexes of dithicls;

e

 In the DHSA case, ;inee all athgr param&tera (;i, K4;
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dp) were now Egter;inedg only xfl’fgnained as an

, _ , —~ e :
unknown. Figure 25 shows the MAA methylene resonance

.Chemical shift as a function of pH for a 1:1:1 mixture of

methylmercury(II), MAA and DMSA. Also shown is a similar

. curve for competition with 2,3 dimercapto-propane-1-

sulfonate (BALSO4H). While this species is not symmetrical,
and therefore a full formation constant study was not

attempted, this cur;; enables evaluation of a conditional

formation constant for this 1i§and as a function of pH (sBee

below), The algabraic model in the DMSA case is similar

to that given in Chapter III for monothiols, except that

.

onation in the;camplex}

the possibilities of sulfhydryl depr
and of a second complexation, compl\cate matters.
The full binding scheme for a symmetrical dithiol is

illustrated in Figure 24. Again, the symbolism is used

throughout the derivation. -

~

"Mdes balance in NAA .. ' K IR e

. Now )
cMAA { Hl + [ =] + [ M)« -, | (109)

where CMAA is the total MAA concentration iﬁﬂsqlgtian.‘

. SR

»
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Chemical Shift, ppm vs DSS

W
L
Y

a8

;u‘
~
1

w
S
V

a) free MAA, b) CH,Hg(II):MAA 1:1, c) as b) +
1 m.e. DMSA, d) as b) + 1 m.e. BALSO
e) MAA:CH,Hg(II):DTE 2:1:1 (single determination).

pH

MAA chemical shift as a function of pH for -

3t

L
[
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- =
[E] +94 =] = PeCppy

# Thus
‘[fll =a

. S B I
. where . o L et e e e o 2 A

2MAA
gt * Foman s

2 = a

e
- ) N _
- ? [ H]‘. foAA[ -] [M]-. (I-Pf) °Cm
Thus
7 (1-p,)-C B
(M] = 4 MAA . -
- ' =1 '
Kemanl -1
. . ., A
Substituting from (111) in (114):
Pecar Kevan
. |
Mass balancing in methylmercury(II) ,
' Now . ‘ &‘ " i“;
W
e BN o | ~ . r—y
. C“z = [ M + (B ’.ﬂ‘ + (- M] + 2{} M)
[] ‘ . ‘ A
Ve
0

®e '
' 1}10)':

(111)

T -

2 .‘.,‘..\.M“ s iy e '._,.'...l,.gxﬁ;‘_.

(112)

iie) . -
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Thus

Maee balance in DNSA

But Cy = Cpyy « [ M] = (1-P,)Cy,, and [M] is negligible.

» : _

| e |

b
h

= [HM] + [ M] + 2[M M] g \(117)'_ 7

Pe Coan = 1H! R et R

Now mhdke the following substitutions: -

— ] ..
(H M] = Kgy B=][M]

H ¥ -
(H M) 2 - §%+ ) (M) .

.1y
E“.
[ ]

W TR

| e |
,fog[_

=
x
"

Key! 3["] zsflifixl

ag+ A+

. . P ch . g.
F‘j ) f m o . S};jlg)

(M]2)

{Kg M)+

- Now
! Ve x
CDHSA f IH H] + EH -] + [- —] + IH H] + o A

. r bt ks 52

%

[- M] + [M M] ! : . (119)

..” ' w u - ' . ’
ﬁﬁv ‘

-
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Now make the following substitutions: S T | o .
—_— = ‘g*a K, ,F—; 7 —~ -
[B B} = [B ~]g— I-—lilﬂ—lgs (H M) = K, [B =)[m) ;.

T3 H*

= M] = %1_3, [H -1[M] ; [M M) = f]. 2 5 7

M
Ay | v STk

, Thus:

Kl

Ay N
5 MI+Re Ky aE am?) |
= —  (120)

{xﬂ [!:]ﬂtﬂ —;{T(HHEKf . -ST_:[H] 2y

L (1-P,) - ' Ko,
where [M] = — 7?'Aﬁ— where in turn a_ = ?giégééés

A, 2 a ++K—
Pe 2 Keman HY T2MAA

In the present case, CDHSA/EHAA = 1. R;;:ring;gg, ——

K. K

and :ubit;tutlng sz ap £1°

o ﬁi ( 2 K3 ag+ K,
f1°' ap+ £1 f "K, T ag

dp EH*

+ K. (P, [M) 4:1? [H]L + K, 2(p K ‘im]z ) (121)
fl £’ £f1'' £ dp a4 :

}

m- e B R : ’ 7 } B - . =»v-,_=;a.,§‘;-=; [ PR ; . ‘ s .
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Ay

Ll

a4+ K : g :
- =P 1+ B *'iﬁi’ -0 i g ' (122)
L . 3 . .

-

Direct substitution of the chemical shift titration data

into equation (122) yielded a value of log Kéi = 17.16 ¢ (f .

0.05. P ,tably. the value obtained was ééupled to ‘the

value of K pd; in view of the uncertainty in Eﬂp
log Ky is reported as 17.2 ¢ 0,2. o
In the case of the DTE complex, it was not pellible to

generate a competition study chemical shift tit:itign curve,
due to solubility p:ahlansg 'quiz:lbr-plic:ts :i:iu:igént; ,
12.24. ‘The observed Chémical Sh;ft (3.132 ppm) for the
' MAA methylene resonance was éubsﬁituted into an eguation -
similar to (122) above; the value afjlag Kﬁi returned was

16.6.
C. 'Dizeu:sicﬁ

1. General

-
e s b ———r

| : Table 15 shows all values determined above. In
drawing cauparilenl w;th monothiols, -ierncanit;nﬁl are

more useful, since th:y rétate to the properties of thi
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.~vere~d'ijﬂ:in¢t chemical entities. The :g;atimhipj can

lulfhydryl group rlther ‘thdn to thale of thg hﬂlgcﬂlg as o SN

' a.whole. The relgtigﬁihips of ﬁiﬂrccnnshant; to their

correoponding macro values can be eanfusingi to clarify the
1ssuo, the ionxsatlaﬁ/b;nding scheme- shown 1n Figure 26

presents the actually identical micrgspgc;es as 1f they - - -

thern be determined, as follows:

r— )
M M} A

£2
N ) —
(- M+ M =) [M]

where - H now refers to an 1nélv;dual mlcra:pecies, CH3EQ(§§)

complexed at the right hand sulfhydryl. But L B
ke, = —HML o, M) | o
~_ N o T S R IR
[~ M][M] M ~][M] ’ '
; y 3 : o ~ c
. - £2 - - » . L .
Thus, Kfz T | - : — N -
:', . ) ° . * 2 ’ x } ) v' ‘ . ® ’ ‘l ;
It can be demonstrated similarly that . - .
R = 2] (Y = k! & T o T i .
Ky =33 K = 2k; 1 Kj = kj and Koy = ko, !
\. = il ‘i' ¥

All discussion hereaftaer will be in terms|of mioroconstants.

. e
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microdissociation/binding scheme for a symmetrical dithiol. .-
- . . | ' ' . L *
iﬂ, ¥ . N

,*,. . - . ’ . ,

Figure 26. Full
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Ry exgéetnai In the case of DTE,. thé two thiols EIE fairly-

i-alated. iani-atian of the fir:t has a pK (m;araaau:tant)

of 9.51 and of the ieeanﬂ a pK- af 9}69; ;ﬂﬂlcating little

interact;an between thé graupa-> (A siﬁ;la: trend i-

observed for the earbaxylate iani;gtiann af ‘DMSA, which

L”niia per;gin to fairly i-alated g:aups.)

. On the other hand, the two gulfhyéryl nicradins@cigtian

can:tgnts for DHSA indicate some intera:tian. PkB is 9 72

and pkj ;9 75. . Qn:e the first -glfhyaryl is dipratnnltidp;;

deprctanatian of the ;ecend is markedly inhibiteﬂ.

The trandﬁs:an Llia he charactgzlsed in terms of the=

| ﬂercc:;cn-tants K, and K,. For totally non-isteracting

qfﬁups, Kl = 4! due to ltatistieal effacts (see page 144,
Chapter. IV). For DTE. K, = GKZ' whereas for DMSA K, = '

QBKZ.'indicgting much more influence of one group on the
i ! -

- @ther in DMSA.

’ . ¥
In neither.case was gny marked effect noted on the pk

of a sulfhydryl group when the proton on tha other i“lf!
hydryl w:S*rqpllcgd by CE3H§(II). The molecules
B i, ' ) 1
: e | and | |
-8H  S8H : _ *RCHBHQS -8H

.- D

have pk values at the indicated sulfhydryl of 9.72 and 9.86

>~

eféjpeétivéii;' EéfﬁéheiinéieééuénﬁTE mélgétiéi, ﬁﬁé values

¥
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. for the CH Eg(iIIVEﬁﬁplgxei af ey:tgiﬁa; penicillgiiﬁezand
g%utathiane were closer to value! for tbe free ligands -
'progpnated at the sulfhyﬂ:yl than éepfatﬁn;ted. The ‘

ppesent results ihaw that such a trend also applies te the

"pPh's at a iecgnéfgrakinal :ulfhyéryl group.
4}\\7It was established in Chapter I1I that for eﬂipnundl
with the same nnmber af proximal cgrbaxylate gtaups, the
value of log §f=rises gppr@ximatgly,llnearly with that af/;}‘
the pk af the sulfhydryllgraup inﬁalveai‘ For DMSA, the ijiﬁi
pk's involved rise '(9.72 and 9.86 respectlfg}f). preéietlng

a '8light b&i éefin;ke "activation” of the second sulfhydryl
toward.attacknby CH. Hg(II) when the fi:gt is eauplexeé

already. In qugng;tntlve jarns:

. KS! - ] B = = . ) ET :
£2 . . R
K, = —== 7 : : oL . ( 87)
dp Kgy o - -

‘but Kgy = kg an

or log de

ap = log kfz -ilég kfl f 1§g_2®(123)_

A
Trn
[T [

But log kfl,i Pk; + ¢ and

log kf; - Pk; + C ' | -.-i  .§. S ‘ anVAA :;£12‘)>72

.

},where cisa e@ﬂ&@ﬁ;ﬂ; m_,_.__',f TS STr




,Vitself between its various sgéﬁies in the 1:1 GHBHQ(II)sﬂﬁii

B lgg’xég igﬁié,? pk3 = log 2 | i . (125)

This gives a predicted value of 0,7 for K, , a llight

dE
‘ )1:\ definite activntian. The value datgrluned by e . ‘
<

' perinent (above) was 0.6 ¢ 0.2; it appears that the

:Figqré 27 shows the mafner in which DMSA distributes

T ="
”.

system. At pH 5 (the lowest pH value calculated since the
complex carboxylate pK's are unknown) ;héméredgminant
cpeeia; is Eii. although H H and M M also exist at a level
of’o_és each. Given the very similar praperties of tﬁé
‘bindinq Msites (GDEEIBQVG)'thiI-ii iikaxpeet-d. Hiin the pH

is fai;ed to about B. H M starts to degrctangte: its con~ -

‘“CEﬁtf!tiﬁﬂ”ﬁEEIEiiEirlﬂ'fi?ﬁﬂr of = 4& A—H—Hfa%se;éEEEQSSES:ff—c1—~—h4

_ : o [ , o
in favour of thE‘iﬁtefﬁediaté H < form; as the pH is raised_

fu:ﬁhér this in»ﬁu:n daerea:es again in favnnr of the fully‘

. _ ~ /
- deprotonated high pﬁ,gggm = =, At high pH, the predaminant

',ipeeie:;iérsf;g‘with about 15% each of M M and sﬁje

\2. Chelation ip,the'zgé dimercaptosuccinic a2i6-¢33ﬂg(11),

3 seme of the v:lﬁig-:hﬁun~§nsgh§w~n9g;ahﬁ*ﬁ

/6i;t of log K, ay.a function of pK in Figure 18 (Chapter Ce
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Figure 27. éfaéﬁiagél amounts of various DMSA

species in a

solution c@ntainiﬂﬁ’1;1QQESA=methylmgr=ury(ii);

™
1BH 28-

r—

SR T

4

.3 -.~« 4 H H-S =M, 6 MM . .
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log k¢ of Muﬂhr‘lmy m‘}' Ir‘hiol‘_ complex
G 5 -

Fi'uzeriﬂi Plot of lag kg vs. pk. for methylmercu:y(II) com-

i . Plaxes af a) n;mtﬁ:thnanl, ‘b) h& o) merceapte~ - - -
succinic acid, -d) dithioerythritol and ‘) 2,3 éi-_
mercaptosuccinic acid. '

4
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chelation is present, involving the sec

" is not a particulgrly’drgmstic EEEEEES‘fér instance, the,

to their :elative binding it:ength: as prinary {%ggﬂdt"

iII); taggtherzvzth thﬁi; agtarlinad,lhgva far the dithial-.

.It was ab:g:ved in Ghapte: III zhat eaﬁpoundl c@ﬁ-

'ta;niﬁg éﬁe.pzéxiﬁglrzarngylic acid- group genérnlly laid

along a line of unity slope iihﬂwn solid); for iﬁitanes;"

MAA. Those eantginlng no carboxylic ae;d grEELs (3uch as

two such qraupi lay above the line, e. g. me:%gptasuccln;c

acid. It may be that this is due to some degree of chel-

ation, :,;élrhﬂiyllté(l) act;ng as. -geand:ry cﬁa:iinit1n§=i

: iitei Cry:tal struet;ures ef for instance, the CH Hg(II)’;
ne

eamplex show some dagree ai—m;rcury-carbaxylgtiii;
atan ;nteract;aa-(47) A _ ;

It appears that for both DTE and DMSA gome degree of
nd’ ;uffhydrgl -

since the values are higher than the corresponding mono=~
thiol values wéuld have predicted. . ‘The valued\ for DHSA (e)
in ?1gﬁre 28 lie about 0.3 1@9 units hlgher then the vsluef

far MSA ‘(c) would have indicated (d;lplacamgnt e€l). This

stability inhane-ent (e2) from MAA (b) to MsA (E); due to

addition of a second :arbaxylaﬁl graup, is about 0.25 log
units. vaiaullyi'tharefare; the effects of iulfhydryl

..and cnrbaxyllta groups in a ahciating rala are nat r-l-ted

E f S W e
’isreaptaethanal) lay belaw this line, 'and those cantaining"

T I S



. 7 i it e v —

_of the primary interactidn.

" of K

*
.
L]
-
~J
~d

since these are about IQ gnd 103 respectively. It was

noted in the Introduction (CBapter I) that sﬁuéié: with

L Y

hallde.complexes nuggest that the "extra” ligands 1n the

h19her>comp1exes interact only ﬁeakly; dn a lafgaly ;anié

o nanner.' It seems probable that the gamé is ‘true here,,’

»cineo[;n«a~pgrely“i//;c'sttuatiahuthggiﬁftns:i of the

T St

sulfur atom will not enhance its b;ni;ng capabilitiea.

ffx The conclusion that chelation is weak is alse sup- Y
,ported by the trend observed in the acidlty of the secgnd’
sulfhydryl.v In the case of MAA, thg freeesulfhydrgl has

a pK.Ofllo.@ﬂ}'the complexed=ﬁﬁle;uig has a pK gt»thei '

'sulfutwgéoﬂ of.betweénjo'ané l. Sincerno ébsefﬁablé de-
Icréase in‘pg at the second sulfhydryl,re:ﬁits when the

first is complexed, it seems that the energy.involved in
the éecond;ry interaction {S‘ﬁegliéiple by the stgndafds' )

L
‘=

. The enhancement in K for DTE, relétive to the value’

' previously found (15) for mercaptéethanal.ﬂis unexpected .

(cee parts a) and d) in PiQ} 28). vgr;aus speculations are

possible; however, 1t should prineipally be borne jin ﬁ;nd

" that due to the astumptiou which was made of the value

this value i; only an e{ﬁiﬂéte.

_

ap
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3.. Conditional formation constants

. These are defined as: - 7 o : -

178

F
k-1

Lnjéith;élzhy:tgg:;,}! SR

The gan&iizi@ﬁﬁl formation ganitmu of the dithiol

Ilgandl are iiluitrated as a functicn Qf pE in Flgure 29.

[ ]
Nété £hat the e!.r%ssion (126) inyolves sui}hgdryl, rather-
than maZecuZe ccncentratlcﬁs, thus what is 1n effect being

evaluated ‘is. the affinity of a “typlcaiiﬂsulfhydryl on the

. dithiol ﬁaﬂa;ﬁ CH3Hg(II), which makes direct ipmpafiscﬂé - T

with the monothiocl ¢grves of Chapter II1I }Fig,;io) possible.

The curves 4in Figure 29 for DTE and DMSA are calculated
ffam the nﬁ-iufgd values of the various eqnili!%iﬁm con-"

s

stants: that for BALSGBH is calculated directly frgm the

chemical shift-pH titration curve prgsented_eariier;' Thes

cérreapandinq curve fas_!AA, a fairly typical monothiol,

is also shawﬁ for comparison.

The DHSA curve lies hlghElt of all @hose studied.

pata were not calculated below pH 5,_since'the cgﬂplg;

carboxylate pK's are not known. . log Kg, for a sulfhydryl

on DTE i:':eeﬁ to be somewhat lauez.‘faigly'iiﬁilgr'ta

" MAA. The curve for BALSQ H liei 1ev§:t of the dithial:

AEEEh .,

'ltﬁﬂiéﬂg EHE ﬁﬁﬁslflﬂiffleil iﬁipe of Eﬁé‘ﬁﬂﬁt, ih Eantrasé : :
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to the others, shduld be noted. Althdugh'aetq§;éﬂsé;§a is’

not ayailable, it appears thg;;ihe lack .of success of this

, . b : : : L
ligand is aue to the high pK.of thes333§nd sulfhyﬂryl

(values cf %12 have been :Epﬂrteﬂ (140)); m-king prﬂt&n <

campetitian succe:sful even at elevated pH values.

e Tablg 16 gives the values- Qf Kfe lt pﬁ 7.4 for. :11

1rggﬂds studied in Chapters I11. aﬁd IV, tbese flgures u;llé

beé d;scussed further in Chapter VIII, 1n the 11ght af ’
!actualg*antiéate gtud;es wlth erythracytes, where the -
.effectlveness Qf the varlaus thiol cumpaunds at remavlng

added CH, Hg(II) ii évalggted
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vfable 16. Conditional formation constants for the ™ __

Cnaﬁg(II)-thiol complexes at pH 7.4.

" Ligand , ST ' ﬁ  ; | 18g Keo
Mercaptoethanol - S ’ i1.13
‘HomocyWeine - R P  11.1s
2&3"dimercaptq-propane-l-sulfpna?e - 11.202
N-aéetylpenicillaﬁiqe ' ; ] | . !llgéO
P&nicillnnine S | o B ' 113
Glutathione . - \ o 1146
-Hg:éaptpgcétic acia :_" :; 11.47
Cysteqme L 1187
2,3 aithiqérythrito_l’ R § 08 L
HercapﬁosucciniC'acid'.v ' féf 1 . o il_Eé . |
2,3 dimercap;osuccinic acié 7' ;;.92‘

. ;" . . - | -

A

a) @enditional formation constant to a SngZé>EH;nydryl

- on these_moleCules, See text.

-\
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THE KINETICS OF METHYLMERCURY (II)-SULFHYDRYL
LIGAND EXCHANGE PROCESSES

A. Introduction

—

iTﬁe kinéﬁics_of CH#H#(II)-sulfhydryl ligand ex;haﬁgéi:w o
processes are of boéh chemical and bialcgical relevance.
As was shown in Chapters IIT and Iv, CH Hg(iI) -thiol
conplexes are very stable ther-odyngnically, having log
' formatlon constants in the 15-17‘range. Thus, the apparent
1ability of such systems, described in Chapter I (5é§tlaﬂ
B) is of fundamental 1nterest. Further, since blclegical
systems usually exist nnder steady-state rather than
equxllbrlnm conditlons, equilibrium measurements. cannot
fully descrxbe 'in vivo behaviour; a knowledge cf the
relatlve ratea of processes 13 also neceisary.
Ya:iaus‘routes.by which exchange can occur were
detailed in Chapter I (Section 3). The &gminént:praeéli.f'
appears to be a bimolecular anionic one praeggding b§ aﬁA_“'
asioéiatAVe mechanism (60) |
: . A ._‘ . | R
CH3HgA + B 2 cn3nngﬁ£., ; CH,HgB + A~ ,’:(;27)f
ryislis in line-wiéhvthéuﬁlight but dgfinitg ten-

~——
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dency of the mercury in EEJHQ(II)Etg'expéﬁd its eéérdingtiﬁn ,

numbef; Fa;rhur:t and Rabenstein nbtained a lag :nte .
constant of 8.8 for such a process, where A and B are éEﬁ
'pratgnated glutathiaae (G!). )

Two subsidiary mechanisms have been identified.

Dissociation of a thiol ég-plax to give free Cﬁzﬁgtii)iii

- demonstrably extremely slow, except at low pH where it is

facilitated by proton attack (64). A directvexehange

! mechanlsm 1nvalV1ng two EHBHg(II) :Qﬂplex mmle:ules has

been 1dent1fled (57,63); however, no kinetie,data 13

nyailable for sulfhydryl ligand systems. Even if such

'kinétiégrare ext:emeig rapid, the vast excess of free

ligand over bound ligand in vivo will disefim;ngtg in
favour of the proceses detailed ;havg;iﬂ‘cqﬁétian (127).
Thus, despite comments to the contrary in the literature

(57), tte reference of the direct exchange route in vovo

_seems pefiphgral.

In this ChaEth an inve;tigatlgn will be dencribed,

using NMR 1;ngbra§dening measurements, of the ligand

- exchange kingties?at Csaﬂg(If) of mercaptoacetic acid (HBA)‘

- witnzitielfr penicillamine (PSH), cysteine (CSH) and

§1utgthlcne (GSH).' In the case of the HSA/HAA"hﬂiai

-"axchange' process, the kinetica associated Hith particulgr'

iéid-hlli.lplﬁipi-isquﬂhgsggtisiigﬂ.,.ﬂ;!ﬂl&!;:ﬂ‘ die~ .

¥,

i
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cussed in terms of the approach of Geier and Erni, which
relgﬁgg‘gféﬂietgd rate constants té‘the free energy dif-

- ference between the two EgﬂpiéxéE involved (CH,HgA and
' - : |

CHjHgB in equation (127)) (62).
B. ,gggélﬁg

Iﬁ»thg course of formation constant studiei_tchaﬁiéf
III) signifiéﬁn; brgadéningbﬁf the MAA methylene pratanrA
resonance was often observed, especially as the pB iai
- reduced. In some cases. notably the N—acetylpenicillamine
experlments. the resonances flattened to invisibility.
This abservatian is fa:tuitugus s;nce, as &1lcus:ed
in Chgpter 11 (Section I) it is expeczted%nly ovér a mrfaﬂ
range quexchange rates. Since the squzlzbria invalvgd in
' displacement of H;A=fr§m7233ﬁggil) gy éSH, CSH aéﬂ GSH .
were known alreaéy, it wés possible to use this broadening
tb»egtimatg the lifetimes of the varicus,spéeiéj‘aﬁd'heace

to study the kinetics of their exchange reactions.
1. MAA/MAA exchange kinetics.
The reaction under study is -

* : * » : '
CH:HgiHAB & MAA + CHBHQ‘HAA + H;A o !(123)

184
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(The asterisk refers to a particular MAA molecule.) The
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. feaction is nontrivial since it limits the ‘life of any one

- complex molecule (evan though it creates another); line-.

broadening is a function of lifetile (see Ehxpter 11,

Section I). Purther, in experinents invalving athef

" thiols both free and bound MAA are necessarily greient and

1¢ ti"theretbre'néée:iify‘to*lubtract the contributidn of
the MAA/HAA process to the observed behavinur_
Figure 30 shovs the linebroadenlng obqerved for

Cﬁsﬁq(II) solutions containing an excess af MAA; apprax;mate _

conditiOns are given. Detailed data’ are tabulated in the
analysis given be%ow. It is immediately obvious thgt such

a curve is too cqmplex"tovpérmit inteEFEetatién in terms.

=,

. of a simple model involving only RSH and RS, as was found

to be possible for the analgous GSﬂ pfégg;g (64). This
is not unexpected. In GSH the other ian;iable s;te; are
not proximal to the sulfhydryl, so- the;r state of ionisation

hgs.iittle‘effect on the kinetics there, whereas in MAA

the carboxylate lies very close and has a marked effect.

‘Consideration of all likely combinations of the '

various free and bound MAA species is then necessary. The .

reactions considered are given in Table 17. vIt'will be

apparent that reaction 2, where one of thé three ionising |

" sites (carpoxylate on either free or bound MAA, or sulf-

“hydryl ‘of freeY {a protonated, can be formulated in several

-
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- Linewidth of the MAA methylene resonan

and ca. JH9(IT) (0. qﬁ "

4 function of pH for ﬁolutions contaihing A) MAA

(0. 21 M) and casag¢11) (0.13 N) ‘and 8) (0.17 M)

-

/
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Table 17. Eznctgani;fa: diiél:c;:éht or dissociation of

MAA from the Eﬂ3ﬁg(ii) complex.

' L o R;:ctian . Rate
Reacting Species - , fnaignclnture ) can:t;nt
CHyHgSCH,CO,™* . | E b D . X

- cn, 4Ag8CR,C0, 7, om®- R o ’ . kg
CH4HgSCH,CO5 ™, scazcaz : 1 X,
‘CH,HgSCH,CO,", scazccz , a*"é z K,
CH,HgSTH,CO,”, TSCH,CO0,7, 2n*cd 3 R
CHBHQSGHECQZHg HSCHZCGZEci= ) ':E;E
CH, HQSCHZ JH, HT® "H kgl -

a) Disgnclatien of 25339 fram ligand.
b) Di:placenent of 1ig§nd by OH .

c) Ligand_exchgngei

d4) Tri- or tetra-molecular IE!Etlaﬂ not iﬁpl;edi Protons
1ndicated ‘are liggnd-bnund but iite(!) ef protonation
s unknown. See text,
e) Proton-assisted di;-aﬂiatian. c e
e S S b et o R e



ways, d:panﬂing on where the prutan ii attached. Eﬁﬁi@it,—
lin:e all such rgagﬁiani giv: the same pB dependincn. ‘they
must necessarily be Eﬁﬂiiﬂgfaﬂ=tégﬂthéfs k: may thus be

a eﬁ:péiite of several true rate constants. Possible con-

tribitions of individual reactions towards k., will be

"in the discussion’ (Section C below). The
nhcvgalinnppiiasta!rgictian 3. The fraction of total
isulfhydryl'liginég either free értbéuné‘in any one fgfm ,'_
can be calculated given the dissociation constants measured
in Chapter III, as shown in Eigﬁfekzl. This help§ predict
‘where a particular reaéﬁian will have m;iimal'ritéi%far
1nstance. p:acasses 1 and 4 at high aﬁd 1aw pH rglpectively.,
It was shéwn previausly (Chapﬁer I, Seat;nn B), that
‘prace:i D vaa!neve: nignifiegnt.' Pairhurst and Rabenltein‘
eancluﬂea ‘that process- D vas sign;fiegﬁt anly at very
;elevated pH iralues. 15 at all (64) .
Pracess H was llgn;ficant fgf the GSH/GSH system only
. at very low pH (<1) (64).  The observed decrease in
broadening for the HA&fHAA system gt low pH (see rig. BQB)E )
is discussed belaw (Section 2), Hhere it is faund to be
- due to a similar pProcess. »
The avnrall rate gqnatiﬁn fur the curve cf Figﬂr&

3DA is therefore:

[N e CesE R srTx L owmil
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log (tra ction

log (fraction) -

B U B C N
4 6 8 0 _pH>

I}

RO ST L S

~ Pigure 31. "Tog fractions of various MAA’ ibédéi ‘as a function ~

of pH. a) RSCH,CO, H, b) HSCH °°2-* c) "scm,co,”,

d) cnlngscuz 28, e) CH HgSCH co

3 22'

T



N ~a[CH,Bg-MAA] !
,F‘t- - —x = k. [E333§ 2 2 “11 sca. Gﬂz ] o+ |

QF“

Ty, xcs;ﬂgscﬂ 0, 1 [75CH,C0, Mg+ *+ ky(CH;RgECH,CO, )

BN g lf f;';{ SRR N
z[ ECEZCD; ](;H*); + k;[CﬂSEgSCHzCDZ N SCHZCDZ=115+ (129)

Ealieeting terms gives

\ SR - = ) *,  o 77 7‘72 -
Rate = IC§3F§5GHECQZ 11 SCH,CO, ]{kl + k;_ay + kaag, + ’

" kads} (130)
i 3 aa T

L]

. The average lifetime, t_, of a complex molecule is
equal to the total complex concentration divided by the
rate at which this disappears, i.e.

Cea Rate

: ) 1&3 ',l B . . K 7 o
T = — or 1l/t_ = R (131) .
c Rate c E >lex s o

Substitution into (130) yields

iﬁrc !E[ scazccz 1{; + k. ‘s* + k. (aﬂ+) +k, “a*) i'*'(iéz)L {i

where
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‘In ériﬁgiplz; a féu:;pirgigtgr £it of ‘the kihétie_
iﬁﬂgl of EguatiﬁnFEIBi? to the e:périmgﬂ;;1 values of T_
resulting frq_ thelinebragdaning observed, would directly '
yield kréki_ Such ; fit-ﬁii.nbt achieved, due to several ;
facts: the variatiﬂn of EH* over several urdgrs af h;iﬂ;;;ﬂ.
mgnituae, tha varlgbllity in quality ef the llfet;me .
data because of that in the 1inebragden1ngs abjerved, the |
| lgék of estmtes for kl!k‘ and, as shown belaw, the fact
‘:thég at a particulgf pH the lifetime ;s_lnﬂependent of the
value(s) of one or mﬁre-p%Fgﬁetggs_’ A more successful |
'appraa:pivai'ta:plit b&thithé data ané“z;; mﬂﬂél;iﬂtﬁ
different regions and fit to two-parameter (1in§§f) ' -:';
equatiens! | _ _ ; |
The data betwgen pH 9 and Sfﬁ was compared to the
 VAPRL ﬁbéigscgzéﬁz Mk, + kzgﬂ*) o e
Hhiéﬁfggrre:panas ta’thé fi¥;£ half éf equation Ti323. =*
A-plﬂt’af.ljﬁc/QQEIQSCHZCQEf] jér:g: a,+, shown in figtfe ,
::_32. 13»:eg§anibiy linear (éﬁsrgi;tian coefficient = 0.999), )
. with a glaﬁa (k,) of 3.2 3.1013 ;nﬂ :ﬁ'inﬁgréggt (kl)'gf é ©
4.2 x 10°.  The data is giﬁn in Table 18. | ‘
Thi-d;ti h-hﬁ-a\pﬁ i“.-iw;fs --rii-piriiﬁtiﬂnh:w»tqs*ﬁabﬁ o
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'flgn 1 and 0 faf the :ygttnaaf Figure 3031 the datg is given

' carre;pandlng to the :ecand half of equatiﬁn (;32). A

plot of 1ltgfmb2[ ~SCH. ,€0, }(aH+) versus a , is shown in ’

Figure 33. (The =t taiuen vgfe :arrected for' the con-

1trfﬁutiaﬁ of the higﬁ PR prgeai:ii treated iﬁavu ﬁiiﬁg e

faet that rgeipraeal 11!2t1§3§g like rates, are ;dditivg )
<3 a4

The plot displays curvgture in the regiﬂn !E* 10 lO i e

hﬁﬁ&?ﬁ:; as I;ble 19 ihévs@ corrected v:lues in this region . .

coa

are heavily dependent upon the high pH euntributicn.x e

Where this is negligible -(a,, = 10°3-5.10725) the plot is.

linear with a slope (k, of 3.6 x 162D
18

Aanﬂ an intercept

(kg) of 1 0 x 107 ‘A duplicate run gave values af 3.3 x

1@20 and 1.4 x 1913; in view of the gunulative errors 1ﬂ

.
such caleulati@ns this was juéged accegtable ag:gemant;'

The re:ults obtained for k Ky k3 and k‘ are Qis*

cu:ged in Section C below after removal of embedded pR s

to yleld the true rate can!tants. e

‘2. Behaviour at vefy law pH.

Figure 34 -haw; 1/r as a function of nH+ bgtvéen

‘Hin Tablg 2@; It appears that thg caneluglgns of ngrhu::t
""and ‘Rabenstein for’ timiigéh:’ GSH system, that at very

laé_pﬂ process H is d6minant, gféﬁiubétggtiatad’hgre iisq.
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‘Table 20.

'a) Estimated from comparison of calculated and exper-'

./ imental linewidths. See text for details.
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The line has a cﬁ:::l;tiaﬁ enifficignt of .9996 lnd a

slope (. 0 of 9 x 10% ¥ l: 1;1 The non-zero intercept i:
due ‘to a :ngll cantributian from fElEtiﬁB 4 (lee s::tlan 1).
~ It was ESﬁlhll!hEﬂ in Eh;pt!r—III that in tﬁ’: pE
region CH, Hg;CHz 2H exilt; ‘ags a stable entity, B8O pre— !

!Bumably the actugl process aecurring is

199

a ' , X' X ’ i o
’ + - § -] + ) 5 - 7
CHBBQSCHEEQZH + H —-—:l' CHSHQSCH.“ngﬂ —
(fastl H °
: CEBHg + HS‘CHECDZB: t .o .(l3‘l)

-;where l' i as defiﬁeé in Ehagge; III, and ké is the (un%-
molecular) rate constant for dissociation. This is the
‘only plausible way of reconciling the pratnﬁ‘:étivity dgsi:
Apendgﬂce with the deﬁbﬁ:tratgd giiiﬁenceraf thgif:uperﬁ |

protonated” species as a stable gntity,

It is instructive to consider ;hé reverse rate constant

for the p:acesi,,iﬂ, defined in the scheme:

| x |
, “H , : - e
CH,HgSCH,COH + H' o—e cH. Hg* + HSCH_CO.H © (135)
3H9SCH,CO, e 3 HSCH,CO,
. ig ° ) _ =

which can be evaluited'iineg the equilibtiﬁm constant !a:-

this f:nztian-(kﬂlk .} can hi cgleulataé ffn- thaf:gjult:

of Chapter ITI ('rahlu 10, 11 and 12) ta bg 1077 1 . Thus-



Tl

" before.

"that observed in the MA

- o ey
log k:H is calculated to be 10.1. in reasonable agreement '

with a'gairly tyéigal value for a diffﬁiian—ésﬂtfallgé

biﬁﬁlgeuia: reaction iﬁvalviag.ﬁa cha}gg.rgpu;sian (18). -
, 8ince reaction 4 invélvél no free thiol speci€s, the

apparent rate should be independent of the concentration

- and ‘identity of free thiols present. 11:bie=il'givgs*d:t;:W""

obtained at low pH with other thiols present. Slopes of .

plots such as Figure .34 above are tabulgt&ﬂ: within ex-
perimental error (estimated at 200-300) @hese are not . .
;ignifieantly different from the figure nbtained abcve

for MAA alone.

3. Kinetics of displacement byzqtﬁgr ligands.

1 of ﬁh) three nulfhyﬂ:yl ligands studied--pen-

1:111am1ﬁe. ey;te;ne and glutathianEsﬁva: added to a 1:1

mixture of EH—Hg(II) and HAA Three runs, with differing
"amounts of RSH (the ccmpeting thiol) added. ‘were perfarmgd
- for each. The chemical shift and width of the MAA methylene

‘§@ponance were then measured as a function of pH, as in-

Sections 1 and 2 above, and lifetimes 1  calculated as.

Qualitatively, the behaviour of the linewidth as a

function of pH (Pigures 35 through 37) was similar to

\A e::hgnge system. Tables 2%
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C pH fﬁt‘salufian: eantaining;PSHE!AA;méthyl:é}euzy(II)

in an x:1:1 ratio. x = (A) .54, (B) 1.24, (C) 2,17. .
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Pig g‘36."wi/2 for MAA methylene resonance as a function of
PH for solutions containing CSH:MAA:methyl- .

mercury(I1) in an x:1:1 ratio. x = (A) -47,

PR

(B .80, (©) .78.
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7. W, /2 for MAA methylene z:i:énq;tp;g';n a function of

. £ :
- pH for 'gglutim'jn;- containing G‘ng:mthyl—: '
mercury(II) in'an x:i:l___:;tim x = (A) .50,
(B) .85, (C) 1.56.
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_through 24 giye-éhe data for these runs. As di:epesedrin~

Section 1,'it ii'necessary to correct measured lifetiie:

tor the contributlon made by the MAA/MAA exchange Prﬁéeis,"

- these correetions are also shown Fo: runs performed at .

. low RSB concentratxons. these corrections dominated (apd.

L sometimes, due to errors in the values determinea above,

exceeded) the neasured lifetime. These runs were there-

fore excluded from further consideration.

211

Attempts to fit lifetimes to detailed kinetic schemes,

—~——

as was accomplished above for the MAA case failed, due

'presnhably to the large cumulative errors accrued in cal-

‘culation of lifetimes and correction of these for HAA)EAA ,

egchange pfocesges., However, iﬁ is still possible to .
gain some information from these experiments. |
Qualitatively. exchange rates ihvolving these'et?ef
thiols aré seen to decrease uith decreasing éﬁ; sué@e:tingl
that tﬁe‘deprotonated sulfhydrYl-iB the displecing speeies;
At about pH 4—5 however, the rate levels off and may even
'increu-e slightly, ouggonting (as for the HAA/HA; ca:e)
that carboxylate ptotonation, probably at the preximal
carboxylate on. the NAA-C83Hg(II) complex, may ;nfluen:e .

" the rate significantly.

Rate |
Bince 111 ET'"’""" Leqnatinn lJlJ if u;_égfin-
;. complex
Rate = Xe,pr"C complex’ nsn then .
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ljrc

FeoR * Crg

(136)

where k.,pr i% & eanditianal rate constant far the dis-
' placement of MAA from its CH Eg(i:) :anplex hy thiol RSH
:géé_?niﬁ‘;;s free c@n:ag;;g;iqni Kko,pr 8 @ pH-dependent
function of inéivfﬁgal rate constants, acid dissociation
éﬁnstaht,s, and ap+. ke-;DE was evgl.gited for all the data;
values ar€¢ shown in Tables 22 through 24. The values from
aifférent runs are pgarlg‘repradﬁﬁible. due to the un-
éa;tainty*ih the correction far HAA}BAA processes. Plots

of log ki DR ver:us pH are shown in Figures 38 thraugh 40. t
Values at pPH 6.0 Hill be used fcr discussion below; at -
higher pH values nar:aw_lineg"m;kg lifetx@g cglgulgtians :
dmprecise, whereas below -this cgtbﬁ:ylﬁtg effects complicate <
the issue. Based on thé runs pe;féfmed at the highéit RSH
_concentrations (where the influence of MAA/MAA pf@ééig is
min;.mal) values at pH 6 0 afe log k, ,DP = 4.4, ke oc ™ 4.5
and log k c,DG = 4.8 rg;pgctively. ane:tgiﬁty,in these is »

estimated at :0. .. . i -

c. Bigcqiiiaﬁ, -

1. MAA/MAA exchange kinetics.

—

- &
k4

The model for MAA/MAA exchange kinetics summarised

R A IS
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by iqﬁatiﬁﬁ (132) considered the :1££itiéﬁ in terms of
ef:eetiie rate constants (kiik‘) fnr processes invalving
an agregate prSQEnatinn (Iul af protons or carbaxylate:
and :ulfhyd:yl) of -0, 1. 2 nnd 3 respectively. In this
~ Section some ipe:ulgtlan will be offered regarding the
b

| iifé§=éf*§:aten§§£§n. "Given ieia-diiiacigtinﬁ constarits
féi tha.?iriaui:iﬁni:gh;g groups, it is then possible to
éaleﬁlate r;te>eﬁnstént; (k') for thg feactian of lPEcific
'acié—ba:g fafns of %fge inﬂ bound MAA.

Erg:e;: 1 has only one possible reaction, shown in
Table 25. log ki (the rate e;ngtaﬂt for this specific
réactign) has éhg value 6.6. By the ;tandgrai of typiéél
bimolecular diffusion-controlled reactions (log k ~ 9.5 (62))
th's?i: vefy slow, prahably bgclﬁje of itréng charge

’:epulslan hEtHEEﬁ the singly charged eaﬁplex and the doubly

ch;rggd free llgand.
L ]

“Process 4 alsg h;s only one reaction. log k; is

.célculgng_ta,,j 3.2i Thi:'i: very nﬁch slower tﬁgn pro- B
cesgas iﬁvb,”ing dn: Lo} ,naﬁgd -ulfnyﬂryl. presumably b;:;n:g -,
the reacéigh rﬁégirii proton loss at the sulfur dqring or
antgr cﬁmplcx inrnatian. If this is so, this will bc the
faltelt such PIQEQSI‘ neggtive charge; on gither camplex

or ligand would retard tha pratan loss furthar_i ,? .

R T o CREE

Three reactions cgﬁlge written for Process 2. The
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| contributions of these to the avarall fate cannot ba ‘
evaluated indepenﬂantly. "however, maximal valuei ef the
_rate constants k)a and k), can be evaiuated by ecn:ideting
each in f;ufﬂ as the unly rgar_‘tién acc:u:fing log ki 1!
3.4 or less (élven the double negatlve cha:ge on the
'ttransltian!itate, prgbably ich 13;5)- lag kZb is 9,7
{which is in excess of the likely diffusion-controlled
limit of 9-9.5 for such large ions), or less. Since only
-ong :i:etant is eh-rg;d no aﬁl;gc repulsion effects. nte
' ant;eipateﬂ. and a. fast, diffumﬁm-eant:allea reaction
seems likely_ log k " cannot - be evaluated, iin:e K?, the
acid—diilaclatlan Eﬂnltﬂﬁt of the clrbaxylatg group on the
u;n@r;ty lpeclai SCH CQZH, is unknawn A raalan;bly fait
‘reaction with some retgrdatlen due to charge rgpul:ian
v@gld be expected.

_ -ihree reictipnifeng also be written far Process 3.
| log ki, and log Eég have m;xiqal values of 4.5 and 4.2
 respéctively; as discussed above, the values are probably
,tcmevﬁiériaéer{ Probably reaction ¢ dominates the kinatieié
.aqaiﬂ, theré in‘na reason uhy thil rea:tian should not be
fast and diffgiian-cantrallad- For instancgivif a value

of pKi = 5,0 ;: ai:unad. lag k‘ i: ealculated ta ba 9.3

or less. o :




- -

This appears to be the £irst time that the exchange
kinetics of a lulfhydtyl ligend at CB3Bg(II) have been

chetacteri:ed in such detail. rhe observation of ano-nlonaly

slow kinetics £or the high pH dioplacenent reaction is?

. especially signi:iegnt..‘Sinila:‘peheviour-qoglp beé an-
tioipated for 2,3 dimercaptosuccinic ecid,-whioh is one of
the most successful CH:Hg(II) poisoning antidotes to date:
it may be that its efficacy is linked to this behaviour.
Thie will be discussed further in Part 2, Chapter IX.

The rate constants kl and k‘ are compared with values

determined £or other thiols (either above or elsewhere) in

Section 2 below.
2. Exchange involving other ligands.

Table 26 gives rate constants for dinplaceuent.reé

actions involving other thiols; k; for MAA/MAA exchange is

also included for comparison.

The results for displacement by Ps ’ cs and Gs" are

estinntec besed on the measured rate at pa-s (see Section
.B.3 above). The assumption uas made that the :peciel
dominating the kinetics at thil PH in-each case uel the
lulfhyd;yl deprotonated, amino protonated form of thev

ligend, the true constant could then be calculated hy ulinﬁﬁ:

‘the nictoecopic acid dissociation constants to e-ti-lte

219
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“the fiactxbn of RSH in thig form. Sinee the ‘equilibrium
toraation constants of the CE Eg{II) canglexeg af the-e‘
acid-base species were caloulated in Chapter I1I (see
Figure 17}, the reverse rate constants can also be es-
timated. ‘ .
Céléi‘dﬁd‘ifhlgﬁaéé;aévaiaﬁea'giéhééry to fatianilige
such 'displacemeht kinetics data for a variety of CH. 3Hg (11)~
llgand systems (62).» It is assumed ;hat the :ea:tgnts .

(CH3BgA and B) diffuse together to form an associated:

N
[

"transition state: .
. ’. A R . ) o
LA B |
~and that the probability of this dissociating to CH HgB-
rather than to CH;HgA is proportional to the relative
formatzon constants of EE BgB gnd CH Egk respectively‘
Mathemhtlcally, for the ;ystem
Ky o S
cn agA+ B~ -—!-CHEH«;B + AT - - (137)
Ky A B
it is predicted that
K, = 8 T &Y ]
fB AL T
Cand e e e -



'”'“*fiﬁié“fsi thh‘iipiétia‘tf;na‘i:'égier%ed The painti 11;1'

XK, o L
] Xo “EA I o (139]
X_y ol v o ; (1)

’ ?hgre~xfh and-ﬁfn EEEECE§§ilibriB!) féfiaéian’eansﬁanti .

and k, is the d;ffusian-eantrollgd lilit for the rate
mt of a Bi;algcﬂlar reiéﬁian. o ’

The da:haﬂ line in Pigure 41 shows the magnitude

predictea by Geier and Erni for lag k ‘on this basis,

plotted as a function of log (Kfllxth)‘ It should be . .
-gupha:i:eﬂ thgt while the :h;pe of such a gurve :e;ultx

:fsnm theary, its vertical pﬁiltiaﬂ depends on the va;ue

assuimed for k- The curve shown assumes k, = 3 x lﬁgssflsi%, B

a typical figure for the diffusion controlled Yimit when
a small, mobile ioh appraachgi an gnehargud camplex. For
the p:esent r&sults, a lower value for k vnuld be an—. :
ticipated since ! |
a) Dboth gpprnaehiné ion snd complex have some negati?;
. charge.  The re:ulting repulsion is predietad (ll;) to
_ lower k by a factor of 2 or 3.
b) the ions involved (PS , €™, 687) are hot small and
7 :phericnl* thus, their diffusian rates through- lglutian

¥ : _
v : -

" are liknly to be slower.

The gidigd-éi:Elg: in Figuie 41 represent the data of .

' lppraxii:tgly on a curve of the form :hbvn having

e e
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log (Kfijﬂ)
Di:ﬁlaemnt rate ean’:tanti as a function of

109 (Kep/Kep) !arr the systems of Table. 26.




‘limiting valve of log k; (log k,} of about. 8.6. In light
ng ‘the factors aiseus:eﬂ ahﬂve, thi; seens antifﬁly re-
'n:gﬁahle. The datum for GS /GS~ exchange (54); also
>nﬁgwﬁ. is iﬁ 1ine with th&;e conclusions. (By cantra:t,
© the high ‘PH MAA/MAA exchange rate cén:tgnt, point 1; lies
~ well below the Iine. See Section 1 above). o
Thus, these results provide further. indication that
transfers of QEBEQ(II) from ligand to l:.gand occur: v1; an-
associative mechanism, and can h&pfitiﬁnilllid by the
appra;chaautlingd ahnve " This result has inthEitlng
impli gtlan: far <he nability af CH3Eg(II) in bialagieal

©_systems, a mattgr to he further éilcuiied in Chapter Ix.
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S | . APPENDIX I s
IONIC STRENGTH “D ACTIVITY CONSIDERATIONS
The effect of ionic strength on the activity of ions
in ;clﬁﬁian,:nndrhencg'én the measured values of equilib:iﬁ:':
eaﬁitaﬁti,'ﬁijildﬁg been recognised. The reiitiaﬂiﬁipﬂs1'
betwuen ionic Itrgﬁgth (:) and activity cﬁefficlgnt ty)
wag first fnrmaliied in the Deby&—ﬂuckgl eguaticn in its

limiting form ; L o )
-log v, = A Z,3./u
where ZA and ZB are:thg éharge; on A and B ions re;gnetivély:<

and A is a constant. A useful semi-empirical extension for

use at high ionic strengths is the Davies equation. This

exists in three variants ih the literature

a) -log “jE—— - 0.2u  (Meites (142))  (140)
n .

b) -log =§=—— - 0.2 - (King (143)) (141)
. n : . Lo

L=

€) "-log 5=—— - 0.4  (Davies (144))°  (l42)

Iabulated values of all th:ec functions were caipig-ﬂ

B e i i o i

“"with a varigty of ngaiurgd nctivity coefficients 1n ‘an

. 236

L R T T G e et e s L e R G



e = - - T T IE = SR WA
- - -
—
1
- - -
-
i
T 2

:étgigt to select which function to use. 'ﬁuﬁiftr, due
presumably tgsipeéific ihtlr&ﬂti&ﬂ*tﬁfeﬁti; the 'variation
., between measured values for various activity Eeefficients
taken from the litergtura, was of the ;gme a:défi

~ variations between the forms of the equntian?’ The form die

—

use hg:,. hgugvzr. the arbitrary nature of the decision
should be emphasised. L |

A eonstant ionic ;trgngth'af 0.3 was used in this
iarki Ideally, u should be as low :i-paiiiﬁle{ since in
the limit of infinite dilution afl activity coefficients
are conventionally unity. Thus, ié:suied,equilibfium '
constants would be thermodynamic quantities. This is not:
possible here, since the limit for detection of a sharp_ -
:ingle—pratan,resanance on the A60-D :pgctraﬁetgr with
a:t:gpt:hle -igngl-ta-miie ratio.is nbeut 0. Q N.. In the
prg:gnt cnle the tu@}pretnn: of the MAA m;thylgng group
éive’a stronger signal, but thg‘iingbfaadening‘abgérved‘
‘on many of these resonance nulli;icg this advantage. |

Thus, in a solution acceptable for high pE *H NMR
measurements, the contribution to u of MAA alone sgproaches
.0.2. A ﬁnlui of 0.3 was tﬁiéif@gi;lilletﬁd to give a
little "headroom. lonic.astrength adjustment by addition.
of a swamping salt concentration is i;pn--;b;i here;




- adjustments must be based on calculation of actual b.at
, ’ ~ ' -
each stage. ' —

0.3 is 3 convenient chqice for two other :g;ians==;
a) The. exten:iié compilation and selection of pK's by
~ Backs (104) vas perfgriia at y = 0.3; A
;b) At u‘; 0.3 activity eagfticients (as predigted by the
Davies equat;en)gi:e relatively insensitive to changes
in ionic strength. : SF‘,
All eonittnté used and determined iﬂ‘thia ﬁgrk,nge

*mixed”, that‘ii. terms for hyﬂragen ion are lctiviéiii as

eanegnt:atian:. Ihii is what is actually measured.’ L con-
dit;aaé are spe;;fied th:agghPﬁt so0 that others can estimate
thgriﬁéyﬁ;:ic or concentration eqnétant:-if desired, making
their own assumptions. '
invui;ng literature VSLHE‘EQE pK*s, it is necessary

to correct valug; d’?&fﬁiﬂed at other ionic :tfengthn to

\m‘

‘p - 0.3; it may glsa ‘be nacgi;ary to correct the type o
constant, since both enneent:;tian and thermodynamic - ‘con-

stants are encountered. This was performed as below:
ig-i- A}

[HA] .
definition. The thgrindyn.iie dis:aeintian egnit;nt, K*,

for a neﬁtgal monobasic acid, by

Now K =

" is defined as



!E+ - -, A~
EQA '

x f C

. This is true for all conditions. Thui. fa: the same

constant mgg-ured under two sets of cand;tiann

X v = Ko o R i e
—
'i:uhic:ipts of y's refer to charge, all pfi:gl to a set nf

cnndltianl_) Thus

K" = K' - vi/v] - L - gl!S);
or - ‘
pK" = pK' - log v} + log v} . (146)

. The first log term in this expression earrécts back

- to the tthﬁﬁdynamié i;; and the second carrectgjback to
the conditions defined by the double prime. " Thus, the

equntian can be uled in thfee sttuations:

(1)' By suhitituting values faf Y, and vy 71 from, say., the
Davies equation, experimental K's can be corrected
. to a éiffg:;nt!ianie strength.
(2) By luhltftuting‘l 00 for y; and an i!tiﬂit&djVJ1B§
for Yl thgrngdynlmic valuss can be cﬁfrected to a

finite- iﬂﬂiﬁ pt:¢n1251
.

= K'y,~ (assuming Yga = 1) (143)
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(3)

-with the desired actiéitg coefficient equation.

By substituting a value for Ti aht;incd from one
e:éingéing equation (e.g. Meites' form of the Davies
equation) and a value af'yi,abtained from anpther

(e.g. Daviss' form) the K can be corrected to conform

Similar correction equations to (146) can be developed

for all ehgfée typés. A list is shown in Iabie 27. -

-8
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constants.

Table 27. Equations for correction of acid dissociation

Reaction

HA 2 A+ ﬁf.

Equation

. PR3 = PK;,:—lQQ.Yi~+-l°9 158

- ] .-
HA" <> AZ- + a+ K' - K' _ 1 Yz + 1 Yz .
« A PR, PR, og .'YT °g ?{
. .
e .
2- - 2- ) + . " T o Ys ) Ti
AR A e d S PEQ PRy - log ¥ 4 log gE
+ o + - v o4 ‘ v W
HA T A+ H — an an + log Yl log Yy
. - Y RS
g%t @ mt 5t pK" = pK' + log -2 - log =—&
a a - : Yl 7;
— T

e

b
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~ INTRODUCTION

In*Part 1 of this thEIii, the ability ef methyl-

, mercury (1I) to form ;tgb;g yet labile cﬁ:g;gxgg_vith sgéil_qﬁr“if”

sulfhydryl-containing molecules was ex;mingd. Using NMR,
it was possible to quantify such interactions fairly
precisely. In Part 7, the ability of recently &gveieped
pulsed F@ﬁrie: Transform HHR methads to evglnaée siﬁilagly
. detailed ;;;arnatlan for :acrannlgcula: lylten: i; demon-—
strated. For the first time, it is po:sible ta measure
actuai itgbil;tg data fnr'metal b;néing in systems as
complex as the ;nta:t erythrocyte, and simultaneously to

. observe di:ietly the molecular dataili of binding.

This Chapter describes the bgckgrauﬂd (additional to
thgt-given'glrggdy ih Chapter I) to these studies. Sec-
in bialagical systems, including it- use as a protein
':ulfhydryl ragggnt. and identifies the various egmplex
suggel;ed to be of imgartaneg- segtign B describes Stud%gsv
of antidste msleeulai_u;ed to géunteraeé QHZHQ(II)_inién-
ing, ané.thezattematgfwadg to rationalise the differing

effectiveness of various antidotes. Section C describes
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the more sophisticated Hﬂﬁ;inltru:entatian ;ndrtgehﬁique:

required for direct observation of such systems.
‘K. Methylmercury(II) in Biological Systems

As was the case for small thiols, the preferential

-ﬁatﬁre‘éf CHzﬂgli;fﬁsuifhydryl binding for protein thiols

- is well documented. In a monograph on sulfhydryl group

assays, Ashworth (145) lists several hundredigetheds.

many’ applicable to macromolecules and many Zggﬁlving';sfsnr? -

in some form as a titrant. (The useS'af‘Hg(Ii)(llﬁ) p-cHloro-

mereu:ibgjzegte'f1i7) and CH,Hg(II) (67) are classic

e&amgl&:_) Qﬁaﬂg(ii) as a titrant for protein sulfhydryls

was proposed by Hughes (67), who reasoned that a small

"mercurial” should be employed so that protein sulfhydryls

'buried in the protein structure, and therefore less
- accessible, would still be titrated. An amperometric

t{trgtiﬂn'précedure.ﬁai dgvgiapea by Leach (148), and

refined to use smaller samples (using a determination of B

excess éﬁzﬂg(il) after addition of a known amount) by
Forbes and ﬁ;;iin-(lisl. Th; use 62_1uéh methods in a .
variety of pr@tain sjstgn:vhgg been reviewed (145). A
:gegnt-poténtiaﬁgt:ié titration procedure was described
by Berg and Miles (150), using CHyMg(II) as titrant and_
éﬁéigyinéla ii;vér/§i1§3t-thial élééﬁ:e§3eda:ignaé by



¢ \ -

Toriba and Koval (151).
In a biological nixtur;. nethylﬁercu:y(II) vil}be
‘exp.cted to diitribgta among the various sulfhydryls, bcth ‘
cnall and nacranalgeula:. available to it. (The oply
exceptlon to this naycbe in the :taﬁaeh- Eaben:tein hai }
_calculated that at the law pH and high chlcri&e concentra-
tion present, about 2% of the methylmercury(II) may exist

as CH_HgCl (152).)

3 i
The sulfhydryl group is ubiquitous in biological

systems; the field has been :y;t;:aticall§ réviéqeé by .
Jocelyn (93) and by Friedman (153). For this reason, the
exact sites of the toxic aeéian of CEVHQ(IT) are a;égﬁ@lex
matter (154). Attention w111 be focussed here 1nstead of
upon the tranapart of CHBHg(II) aroynd the body.
Plgure 42 is a simplified schematic of the routes by
vhiéh»CH ;q(IILJt:;n-pé}tl itself around the human body l
»(152)., Only principal routes and species ére shown;
minority specigs such as i&rﬁury biotransformed to Hg(II)
(155) are neglecteéf ‘CE'EQ(IT) in food is absorbed into
" the bloodstream and distributed to the rgst of the body.
 The liver: extracts CH, Hg(II) from-the blaed and iacretes it
~in the bile into the ga:treinte-tingl tract (155). Here
much of it is readsorbed into the hlaedst;e;m (intlrahnpltig,f!ﬁ:ﬂ*

recirculation) (156), accaunting for - tha low excretion
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‘rate (£) )5 ~ 70 days) of cn3nq(u) (as7). Urinary ex-
cretion is normally uni-portant (152), but is greatly
enhanced under the action of sone drugs (see Section B,
fbelow)
Flgure 42 emphaslses the central role of the biood 1n
| dlstrlbutxon of CH Hg(II) around the body, and in par-A
| ticular of the erythroabte. Approximately 90% of human
blood CH3Hg£II)'is found in.rhe erythrocytq (154). (The ',
remainder, in the plasma, is thought to be bound by serum
albumin, which constitutes uhé mnjor.lulfﬁydrylrfraction ' -
: - QES . ' _ - .

there (152).) ‘ ‘ o

A schematic of the erythrocyte is given in Figure 43. V
There are two princ1pa1 thiol species present, henoglbbin .
and glutathxone (GSH) . ': _ * i _r’;; )

Hemoglobin is present at about 5 mM. It;—role‘a- the»(xg
main reversible oxygen carrier in blood has made it the
subject of considerable reséarch (158,159) . Here;‘oniy
those aspects of its structure relevant to the present -
study wil; bevdisculléd, Hgmogiobin is a tétramerfé (fbur—
subunit) protein of holeCular weight agout 16, ioo per
‘subunit (153) Normal adult hemoqlobin has the structure
(a2 2) where a and B8 are particular suhunit type:, this
is shovn nche-atically in rigure 44. *The lulthydryl group

P

of Cys B 93 on each B chain is accessible to sulfhydryl
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reaqentl (lueh as EHBHQ(II)) in the n:tiv:. falﬂ-d prat;in;
those c:f Cy 5-112 and a 104 gre‘ titr:tjble ﬁnly upon
d;ﬂ:tnr:;iaﬁ (93). " Thus, the normal sulfhyﬂryl titre of
nativ: "hemoglobin is 2 per tetramer. '

. _ Th: other thinl prilint in nrythracytii at r:llanlhl:

concentration is glutathione (GSH), whose CHZEQ(II)

binding properties were ch:raétgriggd in @Neil in Part 1

(chggter III) of this thesis, and elsewhere (64,69). GSH

gx\ is present in the ergthrééytg_intracgllulnr medium at about

2 M (160,161) . |

- GSH has an ijg?rtnﬁt role within the context of the
' maEiZggg of Eﬁgag(ii) in the body. it:ugg dgsénztxgted in
_Part 1 of this thesis (Ch:gﬁgr V) and glievhifg (64) .

.- that exchange of CH,Hg(II) between sulfhydryls at physio-
logical pH proceeds at a significant rate ﬁnly bﬁ ;hgi- :
associative dij;l:et:nnt’iﬁghiﬁiilﬂr Since steric factors -
make the close lppr?neﬁ of two massive prﬁt:inithiali

unlikely, it seems gg;abszli that some small thiol entity 5

is involved as a ilhﬂttié; for CH,Hg(II) bitﬂpgn'hsigqlébiﬁ»

(aﬁﬁ other) macromolecules. Rnﬁinstsin':nd'gvinl ﬁ:v:

proposed that GSH is that entity (162). The rate of uptake

of tﬂ Hg(I1I) by dizflrant ‘organs in the r;; has hilﬂ found

. to be mﬂmnﬁﬁ by cellular Gsnm 631, .

CH,Hg (1I) ﬁﬁ:pil:;: of gluglthiani (and glutathione-
) ) . - =~ .



W

¢ related substances such as cysteinylglycine) have been’
detected -in biliary cxcfntid CH. EQ(II) (164-166). The )
G8H eaiplix has gl:a been’ identified in other ﬂrggnl (167,1
-;GB). Eﬁﬂ:vﬁ:, due to the extensive Harkupi and ilaw
:tha cniplixei invalvad. there il a real pﬁl!lbility of :uch
rzfalult: being artifactual. The advantages of direct
observatjon of intact systems by NMR will be discussed in

éietian‘c-ﬁtiaw_
Eg‘ ﬁethyl!grcury(II) Antid@tés .

Poi aning by CESBQ(II); and it! t:gatﬁant, have haeﬁ

" the lubjeet of a lgfge number af clinieal and pharm{iﬂ—

: 1591’ itud;e:_ The symptoms of poisoning, shown in

i _ )
Table* 28, are characteri:tic/%f damage to the central
i

nervous system (152).

{ In order to discuss apprﬁachgi to increasing elimin-
itian of CH,Hg(JI), some appreciation of its distribution
;:aund the body is necessary. A A simplified schematic was
presented in §Qetian A (Pig. 42). This :ngqa-t: some !
approaches to more efficient removal of CH,Hg(IZ) from
the body: -

’:(1) Ins::::g  biliary nxnfntinn flte.
(2) In:r-lnq fecal cxgijﬂiﬁn.r;tiﬂ -a th;t the eanpiting

4

I T

.

- B F R . e st
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7ngilt§ﬁli3

Table 28. Symptoms of

Symptom

CH,Hg(II) poisoning”.

Body burden (ig)b

Ataxia
Dyi;rth:i:

Deafness

‘Death

25

55
90
180
200

a) Reference (152)..

b) For a typical body

weight of 51 kg.



KV Qnterﬁh-pgiie ::cifeﬁl;tién will be less cffﬁEt;fé.
(3) Increase the rate of uriﬂary excretion. .
Magos, - Cll:k:an and Al;gn found no correlation of &
bilfiry excretion rate of ﬁHBHg(II) with the efficiency of
various antidote molecules . (169) They stated that iince
Affee GSH levels in the bile are some three arders of ©

magnitude higher than CHSHQSG, any significant increase

4n biliary excretion would be unlikely. Thus, pre:uﬁably

A ;e:ies of papers by Aaseth and cawarkers (133, 134,
170, 171) exemplify the approach tgkén%in pharmacological
studies, and are convenient for discussion since, unlike
much of the literature, they were performed under the same
conditions thréughéuti Agsethbet ai; identified thé
mobilisation of brain CH>Hg(II) as the most critical factc:
in therapy, since the brain is where irreparable damage
occurs (152). The molecules studied are given in Table 29.

The 1975 :ﬁud}“(l?D) compared BL—haﬁacygtging (HCSH) ,
Niacetylhamggystéing (NAHCSH) and D4peniéillamine'(ESH);
NAHCSH was less toxic than HCSH and gave increased )
Eﬂ3ﬁg(II) eliminaticngrineludingrsﬁﬁe brain cﬂssg(Ii)
mobilisation. PSH was similar in overall efficacy but

gave less brain mobilisation, suggesting that the N-acetyl

- 253

group was inpait:nt for membrane permeability. Predictably,
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 of rapid body metabolism.

‘N-acetylpenicillamine (NAPSH) was found to be jtill more

effective at both %varall elimination enhancement and
.prain CHBHg(II) i;bilisatiaﬂ (133). L-cysteine, N-acetyl-
cysteine and g1utathiéne were ineffective, probably because
. Interestingly, theébegt sulfhydryl antidote yet
reported for brain CHSHQ(II) (134) appearsvtg be i;is'-
dimercaptosugcinic aéiﬂ (DMSA). The reasons are not clear;

the above studies suggest that membrane penetrability is

.-an important factor, yét the doubly éha:gsd DMSA species

would not ‘be expected to have sufficient hydrophobic
, ‘ ‘ , . : .
‘character. Possibly some specific transport mechanism is

operative.
Two appraaehgl other than conventional oral or

intravenous drug administration have been suggested for

Ty

'CH3Hg(II) poisoning therapy. Kostyniak et al. have de-

scriégd the use Gfaextracgrpéreal hemodialysis (172,173).

Blood is removed from the body, mixed with a low mgléeular
weight thiol, dialyszed to remove the CH3Hg(II)‘éémélex and
returned to tﬁevbadj; Total éEZHg(II) elimination is 7,
speeded up dramaticaiiy? The use with moderate success

of a polythiolated resin has alsoc been described (174).

. Both methods have the advantage that toxicity of absorked -

drug is less of a problem; however, they rely on unassisted

255
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redistribution of brain CHBHQ(II) to the :etﬁglmetéiry(li)—

depleted blood as the only means of brain ﬁﬁbili:atign,
This is a slow process (175). Norseth suggested that such

procedures be used iﬁ conjunction with a good brain

CH,Hg(II) mobilising agent, such as N-acetylpenicillamine

3
(176). -This has been attempted, with_mixed-sﬁcees!;_

(177,178).

cC. Obgerva;icn §f Small-Molecule NMR Signals in Biological

Systens

Part 1 of this thesis demonstrated that NMR :pectrG%
scopy provided a convenient, highly pr&éise method of
following éﬂgﬂg(li)isulfhyaryl group interactions in
soiution. In attempting ﬁa apply NMR in é similar manﬂer‘
in biologiéhl systeﬁé, two potential prablemé arise:

(1) Lack of ;:kxitivity_ . : -
(2) Lack of spectral resolution éﬁe to overlapping
. fesonaneajg!

Means of overcoming these are discussed below. The subject ~

has been recently reviewed (17§.1!D).

1.. Pulsed Fourier Transform NMR: the single-pulse

experiment.

On the A60D spectrometer used in Part 1, 10 mM



6'1 -

where y is the nuclear gyromagnetic ratio, H; the pulse

| %1

represented the lower practical concentration limit for

detection of a single proton resonance with adequate

' signal-to-noise ratio (SNR). Biological concentrations

are usually much lower than this: for instance, GSH is

present at 2-3 mM in erythrocytes (160). SNR can be

is applied along the z axis. The x' and y' axes rotate

(in the lab frame) around z at the spectrometer carrigr
frequency. At equilibzium the sﬁa;i excess of nuclear

spins in the lower of the two energy states induced by the
intg:actién wit‘h'Hé leads té a net macroscopic magnetisation-
M. calingar with HQ. Applieatien of a pulse of radio-
frequency power rotates the magnetisation thréugh an

angle a about the x' axis:

Ta = yH t (147)

intensity and ty the pulse length (tiﬁe). (Pulses are

enhéncéd by .a factor of /N by summation of N jpéctr;p
since the noise is random in nature; however, collection
of many conventional spectra is time-consuming (181).
The pulsed Fourier transform NMR method overcomes
this problem (182). It is convenient to discuss the
. experiment using a rotating-frame magnetisation diagram, :;
as in Pigure 45 (179). The fixed spectrometer field ﬁg | '



Figure 45.

e AR T Ry s SRR TGRS Y

Acquisition

Rotating-frame magnetisation diagram and re-

sultant receiver signal for the singlg-pulsé

* from Referernce 179.

.. FT Nuhn‘xpoxia.ng. ‘Reproduced with permission -
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nari;lly referred to in terms of a.), Here a 90° pulse. is
used, which puts the magnetisation along y'. Relaxation
" then occurs. 1In the x'y' plane, magnetisation decays:
X,y _ : '
Y1 _ . _-t/7 | |
M, -M e £ (;48)‘

:yhere t is the eiépsed time ;ndrlz the spin-spin relaxation.

time, whereas along the z axis, it grows: .-

— .t = M - Etf;Tlr
— i Ht !E (1 e )

(149)

where T, is the spin-lattice relaxation time. Thcgngg-

.netikatian detected by the spectrometer is that along the

y'Aaxia.' The decay is modulated at the frequency d}f%
.

ference between the carrier freguency and that of ‘the '<

-

nuclear precession. The free induction decay l?ID) tﬁun (
produced is additive for more thzn one type of nucleus. 7
‘Each experiment lasts only a few éegcnds, including a
delay to allow equilibrium to reestablish, so a large
number of such FID's can be ccllectgd;in a re;sgnaplé time,
digitised and summed. Fourier transformation of the noise-
reduéed FID thén yields a conventional frequency-domain.
spectrum. Such a technique vastly reduces ﬂetgetgble'
concentrations; with‘eitended accumulatiag, proton con~

. centrations as low as %5 x 107> N have yielded acceptahle .. .. .. .

spectra (183).



- 20 The,spin-ébho FPourier transform (SEFT) experiment.
{' . Single-pulselrr NMR solves the SNR problgﬁg but not

that.of spectral overlap. ‘gure~46a shows the spectrum

at 400 MHz of human eryt rocytes (179). The many over-
‘tapping hemoglobzn rese
ecules spch as 6SH. H r, as detailed below, discrimin-~
ation between these two classes of resohances, to yield
onctra of the type shown in Pigure 46b is possible using
the spln-echo Pourier transform (SEFT) experiment.

The SEFT pulse sequence is shown in Figure 47; the
receiver signal.is also shown. An initial 90° pulse is
appl}ed as before, then a delay»period T,- Puring the
delay, the ‘magnitude of the magnetisation for each type
of nucleus decayé'according to its T; (a resultant éf the
true T, and a term due td.Ho inhomogeneity-—thg'1§ttér )
term dominating). A 180° pulse is then applied. De-
tailed analysis (180) then shows that the-déphaging due to
Ho inhomogeneity stops; in fact, the individual nuclear
magnetisations now rcphace at the same rate as they de-
phased during the first delay interval. The net signal
grows again, and afteé a f&isher-delay Ty it is again at

"\

a maximum.‘ At this poxnt{ the effects of Ho inhamageneité

260

.es obscure those of shall nnl—’;

are cancelled completely. (The SEFT experiment was devised

t
originally to remove'such.effecta and permit accurate T,

9
=
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Figure 46. 400 MHx lﬂ NMR spectra of erythrocytes A) Single-

pulse, B) SEPFT. Reproduced with permission from .
reference 179. .
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, measurements (184).)
| A conventional Fib'ig_now collected. Since a time -
.period 21, has passed, all signals g:éﬁ@év smaller h& a
factor of e~2%2/T2 por protein molecules, due to slow
ﬁo;eculgr_tuppling-Tzrisran}l, and the resonances vir-
~tually‘disapée;r after a’few milliseconds. g;zzzgt:g:tf
‘JTZ for-small molecules is much larger; thus at iinilgr
ays their signals remain substantially unebagged.
is technique' is therefore capable of a high'degreg‘
of discrimination against protein resonances and in fa;agr
of those of small, mobile molgculéi (179), enabling the b
direct observation of both chemical and biochemical pro-
cesses in “intact éeliular systems. For ingtan:é;;iame of
the processes of resﬁir&tion in the erythréeyte. guéh as
lactate production and the effects of cell starvaﬁfén on
glutathione metabolism have been observed in situ (185),
as have the synthesis of giutathione (i?&) and the binding
of metal ions to the vaiious intracellular ligands (187).

In contrast to more traditional methods, such as those

L




3. The trannfcr of saturation by cross rclaxatian (EECiI

o:peri-ent. -

The SEFT NMR experi-opt described in Section 2 gbavi
has certain disadvantages (]188). In the present context,

‘the most serious one is slow chemical-exchange

can contribute to the effective value of 72' lowering it,

and thus lou-riag the degree of dioctininntion lchiiflbli,A,=

It was noted in Part 1 (Chapters III,;V1 that re:an;nge:
were often exchange-broadened at 60 MHxz; at 400 MHz the
kipetics are still slower relative to the NMR time-soale.
As shown in Cbapter VIII, at the'ltihdard 15 value of
'0.060 s used in the SEFT experimepts, small molecule
resonances often disappeared. ‘

A different technique for selective honoqlobih>

1

??envélope' suppression in erythrocyte spectra was rgaan€1§” .

-described (189). Spectra are shown in Pigure 48.

1

Spectrum A is the conventional (ningle-puloe) "B NMR

spectrum. B shows tho effect of a high=power pra;ituritian o

pulse appliod at the fr.quoncy of the nno pcak. prior to
the 90' pulse. As expected, the HDO peak is nulled; hﬁi!
ever 80 (at least partially) are those of 111 rolan-hni:
‘nearby, hemoglobin and small-molecule alike. This is
therefore of limited utility. -

bl

-
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Eﬁﬁever. if the pre:atu:gting R.F. pulne is applied inntgaﬂ
*in the reg;hn of 8.0 ppm, not only is that regian suppre;seﬂ )
as befate, but the entire hemag;abiﬁ enyelope ‘is - observed
to be reduced.: This is asgr;bea to transfer of saturation,
. '+ due to spin diffusion by cross r elaxation (1993 There. i; a
. iutnﬁi e:ehaﬂge af spiﬂ‘nngnetisa ion -'t§ﬁs the preggtﬂtntian
effect is tfansferreé to other protein Eesangnces, &ven if
their resgnant frequencles lie well away from the 1rfaé;a
pegiaﬁ. By way af cantrast. re;anances frnm small mnleculeix
such as' glutath;ane are almﬁgt unaffe ed; slight effects

-

due ‘to prat51n-GSH 1nter§eti§ns '(191) are ab;erved..i

*

D. Approach to tﬁe-Pfésént study . o .

It 'was aemnnstrated ;n Pirt 1 thgt an, NHR-based
competition méthsé for CHaﬂg(II)!thlai -complex fgrmgtlaﬂ -
constant measurement could provide precise data, enabling

" the detailed characterization of binding behaviour.

c o=

anever,-the;e ituéieg were made possible fifitlg. by the
previous idéétifié%ti@ﬁ of whe molecules (ef sites)

respénsiblg forypinding and Eecgnﬁly; by the simple and
i L

welléfeaalved nature of the NMR spectra. ' , e

The diieuss;an of sEct;an: A and B ah@ve hgs ;huwn ¢ //

~ -the desirability.of extgnding xu;h studie: fo CH Hg(II) 7 g
’ V ? [ ) <




=, . R -

binding in ptétéiﬁ iﬁé eveh iht;:E celluldr . ;yiéen:.i

=

'Edwever. in this case. the blnﬂing sites are not well
chgrgcterlzed, and eaaventlaﬂai HHB spectra are gagrly

;resélved As diseusseé in Section C abave, egrlier studiesv

4 . .
R havg shaun that ‘high-field pulsed Fourier transform NMR
'3\¥ . spectrometers, used in canjnﬂefian with tgﬂiniques such- iy
_Ias the SEFT ;r. TSC.‘E e;perlﬂntl. may have Ean:;derahle

potential for averccmlng these d;ff;cultles; : &*»

¥ 3 *

- s _’i Part 2 of this thesis, the gpplicatian af‘thase
Ip&ctraﬁcep;c ‘methods to CH Hg(II) binding studies w;ll

‘be presented.t In perfa:mlﬁg thﬂe H@fk twﬂ ijeetives

were borne 1i‘1 mind: T, : S .o,
L] ’ (,
@ (1) To provide a link - ‘between the Chemical stuéies of »
\\gﬁ o Part 1 anﬂ-the biéiagiealiand’phé:macaiagibal studies

.descrlbed ln Sectlans A and B abave, 1n order to better

1

understand how b;nd;ng constants (and gther factars)
contribute to CHBHg(II) distribution gnd antidote
Eéffﬂﬁb ,* C
’ié) Ta demnnstrate the - u;efulnean of FT NMKR spectroscopy
\ ‘a :uhtle. nan—invggive technlque far the eblerva-
ion of metal bin&ing in gamplex bialogical ;amples.!
:‘; yi lding aimuZtaﬂaeust qualitgtive (bindlng alta)

-\ and. qnantitit;v;xffagmatlan constant) data about the

%

e e am T e LT

S " theast, ﬁnpeftufbea !EEPLQ%



ch;gze: VIII Eeparti ths re-nltl af an NMR inve:ﬁ -,‘}
tigatian of the complexes of CH, Hg(II) in huns! erythrneytes.
_;;nCluding a Eﬁﬁpetiéian~study 1nv§1v1n§ glutathlenE*gnd— '
'Bemﬂgiabin’framrﬁhieﬁ‘Kfr for the hemaglabln Egﬁplei at |

::physialaglcal pH ﬁas estimated, is far as could be

alcert31ned thll is the first tlme that’ bcth unequivaéal¥
evidence for the sites of binding. in a macromolecule-con-
taining :ystem, gﬁd quantitat;ve blﬂdlﬁg infarmat;aql;ere’
A iahtgineﬂ by this tcchniqueT w;thaut any léplfltiénl or
subsequent anslysj;s gutside the NMR tmbe be;ng ne:essary.

7 Chaptgf IX de:crlbea BIPEflmEﬁtﬂ examinlng the effeetl
af-d;fferent gntldate molecules on the d;st:ibqt;cn of
;EH Hg(II) added to Erythracytes- The fesuiténare campared ~: g
Ylth the pharmacalagical atudies descrlbed ahgve (Sectisns
A and B), d orrelated with predicted results on the
basis of the. fermgtlcn ccnatant datg measuzed ;n Chapters

I1I, IV and VIII, illustrating again the power af FT NMR

”atgchniques to y;eld directly detailed lnfarmation at the

molecular lgvel for complex bialagical sy;tgmg.

H
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Huch af ‘the appgratu:, :hemical; aﬁd teehnlqugs

EEplayeé in Fart 2 are gxa&tly as in Pa:t 1l (Ehnptér II),;

£

ccve;eé'helaw are those which differ in=§§ne way from

R those in Part 'l, or do not appear there._
AL Ergpéfatécn of Efythrocytes for NMR Studfes

g;"

Whole . %Eﬁéui biacd was collected in V&cutaiﬁe:s

(Beetan, Diﬁkinsan and Co.)- eentainiﬂg EDTA solution to -

"prgvent clotting. - Typically zala Vacutainers (10 =50 m;s):
af blaad was used iﬂ Ehe procedures detailed belaw. blnaéi

'fram seve;al danarS\vas ncrmally paaled

As explained belvw {Bection C 2) in order to simplify
the :allectieg of FT N L-spe:tra it was necesggfy ta'

exchange the water LHZ in the cells far ch. This vas'

:Eéﬁﬂﬁglished-gi-fﬁilﬂﬁi, The vhgle blood was centrlfuged
;at 12,000 g for approximately ten‘minute: (Sarvall RC- SB i

Refrigerated Superspeed antrifugg) The pla;ma and. the

thin lgyar ﬂf white cells was dfawn aff g:ing a Pnsteur ’

' pipet. The packed eryth:aeyte: rengining were  about half

- the QEigiﬂsl volume. Thélé were re:u!pended in an equal

269
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' Volume of 1;etanie (0.15 H) ﬁz, nal;ne salutian., (This

;alutlan has the same c:nalarity n: the interiar of the

erythfacytes, so there'is no danger af swelling and B ‘
rupturing ﬂue to interngl ESEBtlE pressure ) The sus- &
pens;aﬂ was feeentrifugeé and the supgrﬁatgnt reiaved as 7 ‘

before.. This. ua:.hinq procedure was fﬁp!itﬁﬂ twice Efé / =
yleldlng packgd erythracytes v;th !ubstantlglly all the
1ntrace11ular H:D replaﬂéd by D 0. , '

FQE studies ;nvclvlng 1ntact cells, giuccse {5 mM)

was added to the DZD :al;ne Baluticn, to malntaln the .

the in v;vc situation. (Starved erythracytgs élsplay >_

dlstlnct ;etabal;: prepert;e: (185) ) For\ the samg reasan,*
paekad egllt were used within twenty four hours of »
PSEPELAELQﬂ» e .A;:w':,,, S i':'“fnffz

Packed erythrccytes alune are rather vi;cau:: in order

to fucil;tate tran:EEf to the NMR tube, they yéré uiually
diluted w;th about one-fifth the valume of 1éhtﬂnic Dz’; )
saline.

ﬁhare de-ired. the cells were hemnlyzed by one" af

twWo methadii In some of the egrligr ltﬂdiEl, repeated

"

. fregting using. a lglid earban diaxide—aaetan& bath, fal-

lowed by thawing. was Emplayad to rupture  the celln. Eé:f

the leter studies, sonication was emiployed (Hext Systems-
5 . . r
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effected in about th;rty seconde. The resulting clear, -

' stored frosen solid for some days.

271 .
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;di:rupti the :allulir i!ﬁbrane. ca!plete hE!Blylij yu:

vine!célcu:iéihejnlyiate was generally used as soon as

Pﬂiaible; _ thgugh'it did not appégr to,deteriorate when

L 4

B. Preparation and Assay of Hemoglobin Sclﬂtiéns _
. Rrbeh L -

: therature methods (192,193) far the preparatlan of / ~
-2

a :alutlcn of pu:e hemoglobin fram hemgly;ed erythracytel o=

u:ual}y involve a fairly lengthy p:gcedufe. Typic;lly,!.

v_cell debris is removed by high-SpeEd centr;fugatlan. and

hemaglabin preeipitated selectively fram lﬂlutiéﬁ uiing; L,

'e;rnfully eﬁhttﬂlled'Gﬂﬁgﬂﬂtfitiﬁhi“inﬂiﬂﬁhium sulphate.

Thls is ﬁﬁéﬂ redissolved and dialysed to ‘remove the am-
\

-monium sulphgt& | ; . o o - N .

In;tlal attgmpts at such a preparallaﬁ yielded &f
cegtable amounts of hemaglab;ng hawivgr. the quality of . ; .

the product was ﬂet leelptqble.r It wag fauﬂé (by the . - .

;ggsay deacribed belaw) to cshtgin EQEBDQ methemcglgbin o SN

(HetHb),Khamnglabin with the central parphyrln iron,
nafﬁally in the Fe(II) oxidation :tafev irreversibly
oxidised to Fe(III). This makes the sample unsuitable

: K} , S
for two '?E!ﬁﬂglft.' ~ Firstly, since the normal level of mm*‘““ T



- R ‘\ =
, s ~~. - S0
' '7 . ./ - ‘\ ,:/’ o, 4"
) _ {, J i . ) P .‘. ;
“in vivo is 1-30 of the total (1941( any’ ntudiea performed o \'
on thie product‘vould have dubioui relevance to the in ' }

v vivo aituation. Secondlx, it is well known that para- ' o /
'-aqnetic ions ‘(such as re(III)) cause more efficlent - g {
N relaxation of NHR aigna!; (195), leading to linébroadenan :
- of rooonancea due ta npearby nuolei ror in'tence. tne o -,ieeﬁ
ngmoglobin histidine imidazole ring resonances, which L‘_—j\\
- appear at about 8 ppm, were very much less\uell resolved -
in such preparations than in hemolyzed eryghrocx;\J o p;_
preparations (196). 81nce it was deeired to retain the -

t

capabxlity of obeerving the hemoglobin- resonances in theSe" g

ltudiel, such an effect 1: again undesirable. The. poor ~ S v
quality of the product was due probably to the large number

i of manipulatxons 1nvolved, the dxtended tzme per;od (3-4
dayu) and (principelly)'to_inexpdrience in handling euch.

‘

preparatlone.

: To circumvent this problem, a simplified protbcol
, 'Ps developed for preparetion of hemoglobin solutions,

'based on the fact that a pure hemoglobin eample is not

required. A temperature of 4°C was maintained throughout.

As has been noted‘throughout this thesia,va great 1
déal of eq}dencelfhowo that the.degreg of bindino‘of AN
qupgglI)'to other ligands is negligible when eulfhpdryl L -

w’roupouare preoeet.~.r§ue.-£n. ysng the- binding -of




N

' [
CA. Bq(II) to hembglobin, the. gnly patentially int;rfgfing ,
substances will be other thiol. malecule-. In the~;ntra-
cellulax environment (see Chapter VI, Section A) the anly'
LI ’ : . .

-
5

other thiol present at comparable concentration to Wb is -

* - "glutathione, which it a small molecule and can bgrregdilg

‘f;ub§eé.‘ ) | . _ - S , 5
The procedure.used. involved, fi;sg, EEﬁtrifuégtian

.bf 10 ml hepolyzed erythrdéytes at ZD;QOO g for 1 hour.to

" remove-cell debrié. The. resulting minﬂén was éxg-d in-

a diaf§s1s bag (Spectrapor d;alysis ;nb;ng,aa Wt. cutoff

‘A‘6 000-8,000)" w;;h\o 2 g of CEG-llpaaEidg beads (sge Seetian
~C.1 below). and dialyzed agalnit 2 x 200 mls of D,0
_phosphate bufier, pH* 7.0, for tuelvg-haur ger'%dn (for

%

the deflnxtlob of pH', see Seetian c.2 Eelaw) such a

_solutlon gave no indlcation of a 51gn1f;cant (>.2 mH)
concentratxon of any snall mnlgcule, as judged by the null (;:';
_SEFT NMR spectrum obtained under conditions where the '
" hemoglobin fe.ondncég are OE}PSQI;EQ-' |

The pergenfage_metnb in thEiprgparQ;;an was determined

'using a standard spectrophotometwric assay (197). Sodium

" cyanide is added to convert the metHb to cyanometHb, /

which is then detefﬁined 5} its characteristic absorbance
at 630 am. Perricyanide is thaﬁ nddeﬂ ta nxidiig(rarnal x >
. o PR sy e e

hemoglobin to the metnb form, -nd the dgtetninatian



:
' L]
1

running of this assay.

" sulfhydryl content of the hemoglobin solution will be
agié&gnted in Chapte: VIII. - '
C. Miscellaneous E;periméntgl Details

| S
1. Lipoamide begési'

'.fépeated' As. diter-ined hy this teghniqucf'tﬁi lhava

sample waa abcut 2% netﬁh. Thg author is grgtefnl to

Mrs. C. Byefg and to Ms. A. Sh:rng far a;:iit‘nce with thi
The method d!velaped for ltanda:disatian nf the

L _ "
!_.;

As discuiiea in Section B aba#e.véxidatiaﬂ of the

Fe(II) in hemglabin is 3mjar patenti;l problem in 1':5

"1solation._ In the p:esent studies it was.also déiirahlc

that the B chgln sulfhydfx; groups be as nearly quanti!
P
tatively reduced as pgsnihle. Both these caﬂdltiaﬁs

’ nugbest the use of an antioxidant to maintain a reducing

envxrdnment. In the pa;t, dith;cerythrltcl (DTE) ‘has been

uled for this purpnse_' As shown in Figure 49a, 1t readily

forms an inttiﬁnlecular disulfide; thu: aﬂy patential

complications due to theéfgrnntian ?f mixed éi:ul:iﬂg;
with sulfhydryls of lntere;t are mlnim§radi However, the

major Problem in using DTE lies in itl removal. Dialysis

_{or ,ﬁitr‘:;lt;::im);ig mgs nnd hﬁthdugng uni .

after this lengthy procedure the solution is unprotected.

¥ .
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An;ingeniéui'iltgrnatiie is the use df;Eantféliéﬂ:

Pore Glass (CPG) Buppaftgd lipoamide beads manufactured by=

. ) : Carn;ng and mﬂ:kgted by thg Pierce Chemical Céi, Rnakfard,é-

U.S.A. These consist of pnraus 150 um d;nmeter glals
beads. wvith pore diameter 500 A, to which are covalently

’ attgchsﬂ lipoamide mng;tles, see Flgure 49b. These Q:éugs

can funetign as an antioxidant, f@rmlﬁg an intramolecular

dlsulflde as for DTE. However, when Jesired, the bgaési

B (with care) byiéecinting; » . : .

2. The use of deuterium oxide.

The power of FT NMR lles in the*ihxllty ta extract nnu
eﬁtire spectrum from the transient re:panng (FID) toa .
Es;ngle pulse of radiefreqﬁency power (182). However, in .
tha case of aqnecug*ﬂamplg;, this can. al:n be a problem,
. sinee the inclusion of the resonance due ta H o pratcns is

‘salmost inev;tgblei These are present at 1.10 ¥, whereas

n'typic;} analyte feiqﬁaﬁée is at 5 x 10—3 M; this

.F . - = 77' - .
, o < _ . "% -

dynamic range exceeds that of the spectrometer (with a -

can .be e;si;y rn;gggd gy-iigﬁla vacuum filtration, or even:

12-bit digitizer; a dynamic range of 4K is é%ainblg)g B

Thus the peak of interest is ﬁnlikalf even tafbe“iéan.,
,Vifiﬂuieéptiens are available :elactivély to reduce

" "the size of the Hzéhééﬁéﬁancé;“‘Pfcviééd'thii lies i&;l
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Qslnce eeveralhpegks of lntgrest 112 w1thin 1l ppm af the

- or lcst satin!aetarily dapgﬁﬂing upnh athe: sampie écn—

where it is applicabla, is Eubst;tutlgn af deuterium .

oxlde (D 0) for HfQ. The deutercn hav;ng qulte distinct _;

‘iproton treqnency range.

‘. pD) with those of Hzc solutions. 15 only part;ally pa::i

The relat1onship . ~ 5i e i‘,"i%;ﬁ

away - from analyte resonances, high-order roll-off frequency

filtering can be jused. This is hat graééigable here,. .

.azo resonance. ‘ Various sgeatraszepic methaas are avgil-

- able for water suppre:s;an (1991. While thgse work,. more

stituents, th€y do necessitate a- cangraﬁiging af the -
spectraf’condltlcns between the thlmum for analytical 3 : ba;
l .

dgta collectlon. aﬁ&.that fgr HéD suppresslan. . o . !i e

The sxmplegt methnd for removal of the Hz, sanance,~;

¥

2
nuclear propertles. its NHR signals do not appear 1n the
5"
sz is of caur!e ¢echnieally a nﬁasagueeu; s6lvent,,

and strlct correlatian of solution prepertias (e,gi pPH

pD = pH* + 0.4 = ST s,

has been i'eébgnised:fé: some time (1§9) .. Here pD i'i t.he

s

»value obta;ned on an aperatianal Ecale fp: Bza lalutian;

L 3

.exactly analogoui to that for pH in aqueaus ;alutign, and

—_— .é;-,&*

© pH¥ ig Ehe value abtainea using'a glg:s electraﬂe and’ aqueaus

-

. ;‘,{
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"neutrallty for the ééurse of an

99. 7‘ D20

reference elgetrade. standardlsed usiﬂg normal (E D)

pH standard iﬁlutlans (200)-. The exact value of the

adjustment parameter in equation (155) was measured by

Bates at 0.46 for a variaty of solutions (200). ' In none of

the studxes.deseribed in Part 2 iségﬁp(ar pD) a critical

\ = R i -

were buffered near

parametet, generally. solutions
éxperiment.
II, egcept

In this

were made Hlth the setup detailed in Chap er

when measurement in an NMR gﬁhe was necessary.

~.case a gldss capillary combination eleetrade

- having an outslde dlgmete: of v2 mm was emplayed.

Deuterium oexide is expens;ve (msduﬂ per lltfé for .
).
recycle whengyer pcsslble. For in;tanee, the DZG used in

In view of th;s, gome care was taken to

the d1a1ysxs described in-Section B above, which was Btill
“98% q‘b but contained an estimated 0.1 mM glutathione, |
was used to make D 0. aal;ne for washing erythrocytes. All
wt%hinqs dnd other DED wanﬁe were collected and distilled.
fron alkalipe pe:mangan;te by Mr., D. EIQWﬁ; to wham the

author is-indebted. “The d;st;llgte was faund tc be ~80%

D20, which is. QEEquate for the initial wgsh given to

pD péisurementsf

=
* . -
erythrocytes. : "
[ .
. . ot 7 . = - 'i.
] . . R . . . : . R -
ot s e gl s b i et s o et e A SRR et
. . L v
- hi | SE— R
. T . = L 3
e LT . -
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D. NMR Measurements

1. Instrumentation and acquisition éa:ﬁﬁete:i.;

3 b
( A

‘Fourier Transfarm mode.’ Samples were 0.4-0.5 ml of gelisg
hemolysate or saluticnfin 5 mm 0.D. NMR tubes, and were

- maintained at 2592_ The free induction déeayiwas normally

llecégd in 8K of data points; when gr&ater‘freqnency

regolut;an was required, this waé cccas;anally expanded

to 16K or 325§ ‘ngdrgture éetegtlcn was emplayed; The

.ipeetral width was from 500 Hz to 1640 E:; again depending

on the digital frequency reéeluﬁign des?reéi Sufficient Gﬁgﬁ

‘transients (betﬁeen_ié and 400) were cailectedﬁ‘tc giife an |
Accéptable signdl-to-noise ratio.

-

, Qhem;éai,shifts, §, are réparteﬂ felaﬁivé to the

3 mefhyl resonance of sodium 2, zﬁalmethyl 2-sllapentane 5—:
sulﬁenate (DSs), and are based upon the glycine methylene
proton ehemical ghift (e:ythracyte studies, § :_3_546 ppm)
or upon that of the methyl resonance of . tet:nmgthylamﬁanium

ion (hemoglobin studiﬁi. § = 3 175 pgm)
2. NMR pulse techniques. ’ I “','

The thégry and literature behiné hese, tﬂgether with

e




3

éét;ii&d pulse sequences and sample iééetiii ﬁQIE-givﬁﬁ
in. Chapter vVi. ' A '

In same studles.zwhere anly small malecules were.

présant. a simple single-pulse exper;ment was pe:fg:mgdi

More aftén, iampleé,eanﬁainea macromolecular céﬁpnnents;

It was thinjnsegsigry,ta'iuppri:§~th: resonance envelope- -

 from these to render visible the signals from small

xmaleéuleg, Tﬁe tgghniques were used for this.

Far some spectra, the spin-echo Fourier Transform
(SEFT) pul!e sequence was ﬂsed, with a relaxation délay of
either .060 s or . 015 gi’ A .060. 8 delay pravldEE almﬂst
compléte hemgglcbin envelope suppression; a 015 8 delay
retéing some nf ;he Hb feseﬁgﬁcgs;»HGtably thg:g of the
histidine residues. -

CIn s@mg-eéaes.éphasermaaﬁlatién of multiplet res-
onances, induced by the SEFT pulse sequence (179), maﬂe!
precis& chemical :hift measufément aifficulti In these
cases the methﬂd of transfer af saturatlén by cross
felaxatlan (TSCR) , fﬂllcwing a. selectlve pregaturatlcm
pulse, was employed instead. A high pa;er decot pl; ng
signal was appligd at 8.. ppm fer 1-2 .seconds, then the
SD‘,pulsg applied and*the !;D c@llggged as usual. |

¢
r, LA
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THE BINDING or mmacunﬂn) 'TO HUMAN snm
' ~AND 70 Hzmcmam

In Cﬁapters iIi and 1V of this thesis, the QEBHQ(II)
' binding behaviour of several small thiols was characterized =
by ‘using NﬁRvspec£rOSCﬂpy to monitor the degree of 'com-
: petition with mercaptnacetie acid for the CH, Hg(II) added.
The recent development of sophisticated iultiﬁpﬁili KMR %i; i
techniques<ypich enable the observation of gmallﬁmslegult |
resénan;es'in tﬁe presence of large malééuie: (detgiled in
Chapter VI, Secéién C) led to thérintriéulgg pcésibiliﬁy
‘af making similar measurements in hemcglﬁﬁin—cantiiﬁing;
solutichs, or even 'in erythraﬁjtei; In adéitian,‘tﬁe :
V,multiple pétentiarify for i&gntifyiﬁg which molecules
(and even wh;ch sxtes) were bindlng and for obtaining
_estxmates of rates of cgll penetfatian and of chemical
'exchange processes, all from a single technxque, ngdn . t:_ﬁ
this approach of consxdgflble intere:t. ﬁ

Section A below expla:e- in det111 the effecti of
CH Hg(II) additxon on the NMR spectrum of glutathiane,'
both in the abnence aﬂh in the presence cE hamnlyzgd »

erythrocytes. Some prelinin;ry conclusions are also :

6ffe£ed fééérding thefrelat;ve CH3Hg(II);biﬁding Séréngéhgir

=

|
. of
e



of GSE ;ﬁd h!!agiabin :ulfhyﬂ:yl:. :nd llia nhaut the
rate phanangna mentioned above. . thi- work was performed
in éallgbargtian with Dr. A.A. Isab.

Sectian B dglcfibnl the development of an HHRimgtfic' E
: titratlan fcf hemnglabin !ulfhydryl content. ﬁhile .
examplea of endpaint detection by NMR exist in tha e
literature (Zﬂl),.it appears that this is thnglr:t ﬁimg

, _ _ _ A \
that a ﬁaerémaleculé has been titrated thus, Serving to

in h systems, Lgltly, this titratian is emplaoyed for
:tandardi:atinn of hemgglnb;n as a thiol salutiaﬂ.-and a
campetltlnn study with glutgthlane performed to determlner'
”f, for the CH Hg(II)-hemﬂglgbin caﬂplax.‘ Slgﬂific;ntly,
the resuit is in line with some previous indications in
the literature but not others; thus the reservations
previously ggtgit;igcé about applying separations-based

" technighe: to 'such labile systems seems justified.

"A. NMR Study of the CH. JHG(I1):GSH System in Aqueous. and

_ \car -
srythﬂaeyte Salutiangf :
. - N
A -ample of intact humgn erythrccy es was- prepared R
as datailed in Chapte: Vi1 (Sactian A), and the H BEFT
;pactrun ahﬁainsd :t 00 MHz (Tz This e
"y S ,*..__i1_ngﬁﬁ

%)
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are abservgbig for five out of six different GSH eirbén-.

ﬁEEﬁffihgi Ineriasing the ﬂﬁjﬂg(II) egne-ntratian to

284

been a--igngé in previous work (185, 186). The ;ng-nsc
re-unahee at 4.77 Ppm i; due to the residual HDO present

An- the eell:. and thaie in the :egian 6. BS-B.B ppm to

cn:hgn handgd protons on' the i-idazale greups of séveral
hemoglobin histidine residues (185). The remdining res- -

onances are due to small molecules present in the intra-

_cellular region cfi%pé*éf%thracyte (185, 186). Resonances

ffam ﬁnlecules ccﬂtalnlng funct;anal groups known to fnrm
eanpl:xe- with CHBHQ(II) are identified :nﬂ ;:signuﬂ in h , ety
Table 36—; It should be natea in part;eular that in-
Figure 50 -all-:esclved. reg:anably inten;e resonances -
bonded p:at@h types. |
The majority of these resonances lié in the range
1;5!4.5 ppm% this region is expanded in Figure 51 (Spgctr?m;f
A). Sufficient csgﬁg(il) ta.give;a final ccncghtratianuf .
0.5 mM was then added (Spettrum B). vsﬁéétrai acqaiﬁitign

was starteé about 1.5 iinuta: after th;i idﬂltlﬂﬂ; and

- took about 2.5 minute: to. camplete.r The pranaune:d

iehange in the gpgctgal pnttern far the Bicﬂz ﬁethylene

i«

protons of the cysteinyl raaidue of glutathione (renangnce g

g2) luggg:tn that some interaction uith'EH,HgtII) is

Dowem 2 s s s stmee s vl S ko]
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_?;bli 36; Ajsignhgﬁt éf‘figﬁggnées i:‘l
erythrocdytes®.

 Chemical Shift
Ea:ignatien vs DSS '

H JMR Spectra of

Peak ; “{ppm) . Assignment: Position in mol-
: ecule to -hich 1H is :ttncheé

al .. . L 1.46 /G(‘B‘) of nlnm

- 0
%]

Qeuterated

BUPI_ Hethyl C of ereatine
D . . 1.28  C{3) of lactate vith c(2)

e . .l - 3.25 0 - C of methyls on quatefnary

N of ergothioneine

e2 ot 6.77 - C(4) of ergéthiéneine'

) gl ;,_‘3_7-6 | ,cugi of Gly residue
g2 o 2.92 ’ Q{E)!aflcj! residue
@ . . . - -2.85  Cly) of Glu residue
‘g4 | o 2.15. C(B) of Glu residue
g5 : 4.55 f C(a) of Cys residue

g6 . ';3.5! - “C(a) of glycine

of GsH'
of GSH
of GSH
of GSH

of GSH

(a) ?ram rﬁéjgence: 105 and 1!6.

“

(b) = Resonance for ly-on.cla) of Glu rg-idug gf GsH
obscured by that far C(u) of Gly rc:iﬂui.

(e) Ai labelled in rigure 50.

is

-
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" Figure S1. ~SEFT NMR spectra of iﬁt!cthmn ::}rthra{:yte:gt
- 400 nm: a) alone, b) with 0. 5 iH CH Eg(II). ;)
with 1.0 mM CH JHg (1I) . )



ea.@lntaly. : _’:7,; . ’ - -
Purther é‘idaﬁce for GSH binding by CH, Hg(II) is
_pravided by the decreased - intgnlity of ‘the ren::ngnee far
the glycine residue -athylang prataﬂs (gl). * The eyitg;ﬂyl
.residue methine proton ra:ongnee thl al:c shifts,
although the shift is too small to'be evideat in Figure si. S
The exact origins of these effects are discussed. ' |
below:; quaiit&ti?eiypvthey indicate séme degrée af GSH-
3Eg(II) interaction. By eantrast, there are nQ apparent
N ehanges 1n—re:anan¢e: fer 1ntrace11u1ar glycine, -creatine, :
al;nine; ergothioneine or lactatei indicating no sig- v
nificant deg:ee of CH. Hg(II) aﬂmplexation under these
eanditlanl. Blﬂﬂing is prgferentlglly to GSH. (The lack
an b;nd;ng nf -rgnthxaniini in pi:ticular is of some
importance to later studies and should be noted.) Trans-
port éf CH4Hg (II) into tBe cell is also seen to be faifly
rapid. | v
Ta bgtte: underitanding of the behaviour af the
variau: GSH resonances in these spectra as CHBHg(II) is
added, ipaqﬂka were callncted for simple D,0 solutions’ af
G8H and CH. EQ(II) in varying mole ratios. pD was main~
1 at A7 thraughaut. Eigure 52 shows conventional

_(iingli—pulle) and SEFT 1E spectra for GSH alone (A ahd A‘

,_.;mxgy ‘ond for CH,Ng(IY)108M ratios of 0.9% 8 ana o
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Piggre 52;> Single-pulle é%’(n—c) and SEPT (A*=C') NMR

. cpectra of A,A') GSH alone; B,B') CH, Hg(II) GSH -
0.58:1; c.c ) CH4Hg(II ):GSH 1.09:1. '
| - el
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Resonances 92 and g5 togéther constitute an ABX LJJJ':
-pin -yitg:= rur free GSH (Spectru- K) the ipaetfgl

. parameters are 6, = 2.916 ppn 85 = 2.995 ppm, 8y -

4.556'ppm, J_ _ = 14.5 B;. 2 Hz and J,, = 5.2 Hz.

AB Iy ¥ - px = -2 He.
"lﬂﬂlgiaﬁggf‘CH3H§IIII causes fg:aﬂ;née'gikgﬁhiéh”ii'thdi;""
AB part éf the abﬁve jystem) to hraa&in and shift, (Spec-

trum B). Hhen sufficient CH. Eg(II) has been added to -

:cgmplex the ;ulfhyﬂxyl grsup :aiplgtaly. 92 Lgiiﬂ

highly resolved. The speztral parameters are: now 6
_ ! _ .

= 6.0 Hz and ng = 5!1 Hgg

The observation in Spectrum B of resonances at

Jax

' -positions infgrmiaigtifhétﬁtln those of A and € indicates
~that GSH is exchanging betwgen the. free and camplexed
forme. The b;agéen;ng ;; gz in B indicates that the
e:ehénge is tai:ly :;cv on the NMR t;meségle- 'The smaller,
ihift»af resonance gs ﬂverall (0.04 ppm vs. +0.48 ppm) is-

iGﬂnliIﬁEnE vith the graatir distance ‘of this proton from
the site afiegmplaxztign. Again, a ginglg,fggan;nce is :

‘observed thraughaut the course §£:§h§ gspg:izents
hééevef; in this case no linebroadening is ébgg:vgd. Thii \
is neﬁyungxggetcd- A§>499 MHz, Eﬁlé;eiitiaﬁ :hifti;gz

L e e o]

“ by 132 Hr'but g5 by énly 16 Hz. ‘Rearrangement of a



, iinplified line:h;pe éqmtien far th;- u&mga rigiﬁn (zoz)

Y

givul the axpra:linn » B -
\ . ;“‘E%“\ : -
" ‘
n . i Z 2 : N
. lineh:aadgning B:?e: Itrf b b(vf b) (151).

where Pé and Pb are the free and baung pppul:tians. Ve and

‘v, their precession freiuencies and T, the méan complex -
lifetime. Thus, since for tua_%aiangnégg on the same

*ﬁalecules;x Peo P “and T, are neééisgrily the same, the

.linebroadening (Ez) cbserve& far gaeh varies as the sgquare

of the separation in frgqueﬁcy (vf!vb). The Qbservéé
|

hraaden;ng fcg§g2 in Spectrum B is- alfflcﬂlt QS estimate

owing to the'higﬁly coupled nature of the AB :ﬁgipectra{

’

however, even if a vglue of 50 Hz is taken, the. prgdicted
braadiﬂiag for g5 is then 0. 3 Hz, less than the in;t:guiﬁt

al 14 new1dth under typ;cal sh;m cendit;ans.
,!

‘e The;e effects are pariiiéled in the SEFT ;pectra
~(A’§Cfig A' ghgﬁs sharp ségﬁiil ‘for b@th g2 and g5 (nété
the phase-modulation éf:thgi; mﬁltipletp)i as does é‘. 'Ig':
.B', the ilﬁﬂly'eiﬁh;nging §221igﬁ$1'§i:appears? tha-line-
’brcadening dg:crihed abat;\h-- deﬂrgased the effe;tive 72
of these protons tn a region where they are nulled by the
.060 8 SEPT ia§uenea._ By contrast, 357 which is NnArrow in

‘Sptetrum B. ippea:; also in B',

—

' The effect of mlmtim on tmm of m—, e e

\

-



/
onance gl is interesting, especially so since thn;; pratnni

are :glativ:} dintant from the site of, mlmtinﬂ.
~_Spectra C and c! indicatg that canplgxltign Eiui!! the. two

‘methylene rotons to no langgr be equivalent, giving an AB

pattern ( A:- 3.76 ppn, 67 = 3.77 ppn, !5 B B:)

, 'initeaﬂ of a E}nglet at 6 = 3,75 ppmg (In the spin-echo e

LI in_i -

f‘iﬁadu;ateé (180).) Presumably a

i

'{Tge occurs on ézggiéxgtiaﬂ;-renderiné
; ivalent. This is. iuppaftea.hy the

® -

tiqn pf similar ‘behaviour on Eamplexatigp!qf GSH by tri-
methyllead (IV) (203) or oxidized glutathione formation
(204).

Therab33fvgtian of a :harp exghange *”erageﬂrrgsanénée
5far g5 in iamples gﬁntaining a mixtureig; free and beund ’:
GEBH permit: e;t;matian af the mazimum lifetime of the com-
plaxed apeclas.‘ It ﬂai shewn previausly that blmalecular
nucleaphilic dilPllEEﬁ!ﬁt-ﬂf cﬁi@lezgd GSH by G8~ is the ~
major pathvgy for exchange in dilute gqueaus Ialutian at
!physiélcg;gn;:pﬁ (162) .. Using the rate constant detgrﬁiﬁéd
thefe, and a typical GSH cﬂncentratian 2.2 mM (ﬁglf

camplexed), the actual éumplex lifgtihe is pfééietgé ;ajhe

o

less than 16 8. The upper 1imit from Spectrum B {rigg:e e

52) is 10 -2 -



~ As néteﬁfibavai tesonance §5 shift: onl §5 ightly as
GSH is ﬁaﬁglexed by CH. 3H9(I1); never;heles-, the shift 11‘5‘ RS
unamblquaus and amenable to ﬂe;surenent with raaianable
precision, glpegially‘;n the TSCR ipgctrum, vhere no
 phase=mﬁdu1atian occurs Flgure 53 shawa the gS_regunancE
eheﬁiegl“iﬁlft. 8 ey ‘as a functien of the CH. Hg(II) GSH
?ratia (determined by prior standg:dlsatian) The .change
iin 595 is linga: up tc a=1=1 rat;ﬁ, and ;ndependént of thé
. ratio the:eaftar, as qxpeztea thus, the d-grae of com-
plgxgtian can be calculated from the abserveﬂ chemical |
shift. Defining Pes th& fraction free, gives

8, = 6, 7 5o

Efs—ﬁ3§! or Pb = lfPf !  b

| ‘l
O

(152)

L]
o
|
\M;H\

where Pb is Eﬁe tréétian bound, ﬁc the observed cﬁemicalr
shift=aﬂ§ 6 .and’ Eb the free an& bound chemical shifts
respective;y.
! Such an appraach would alla apply to resonance g2; in
fact, since the range of chemical shifts is larger, this -
would ;n prlncipla be preferable for pteciie determination B
*Ei' In g;netise (see abcve) exchange kinetics make g2 '
very broad and poorly defined for most conditions. a
| The ehamieal::hi%t 695 can hﬁlmeisutaa tﬁ{;eq:ider!

 able precision on the ﬁﬁlloﬁjséééfféﬁéﬁét;',Fiéuté'SQAihéws‘ )
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. g5 rescnance region of TSCR spectra of hemolyzed

erythrocytes, on addition (A-D) .of inerggiing!ﬂ

JAg(In) .

"amounts of CH



secondary raference (6 = 4‘33 ppm). The upward shift of

. GgS on. addition of 1ncrensin§ amounts of CH Hg(II) (lpeé‘rg
K tnrouqh D) 18 quite notieegble- e o : .

Using 695, it was thefefere possible to ealenlate the .

!

fraction of GSH complexed by the added C Hg(II) :iﬁ’ fr
"3 %

o

this to estimate the extent of canpgtitxan for CH Bg(II)
between GSH and other thiols in erythrocytes. CH HgQD
was added in increas;ng amounts to the erythrocytes, whlch
were hemolyzed so that. tfanSPart prablemg would not cgm—
| pllcate matters, and 6 measu:ed after each addition. No
“attempt was made to cont:el pH. Heﬁﬁlgzed erythrocytes -
~have been feund to be reaséﬂably well buffered; in any
j’case, at neutral pH any sulfhydryl groups will be pretoﬂ;ted
virtual}y quantitatively. Thus, the oD~ ian added with
" CH Hg(II) lhowed almost exactly compensate for the D ions
displaced from the aulfhyﬂryl; by CH HQ(II).
B Figure 55 shows a plat of the f:ietlen ef GSH -com-
- plexed, P b' verlus the total CH Hg(II) cancentfatien. The
ahape of the curve indicates (:lightly) preferential binding
of CH Hg(II) to GSH: For ennpafigan. the insert éingrm

' shows the plots expected,fa: GSH bindinge(re;ativgg%ez

7
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hemoglobin -ulghydryl bindinq) a) ueakc: hy a :i:ta: g: 1@ ?
b)" strongor by a factor of 103; c) exacﬁly a: :traﬂg:

d) ueaker by a factor of 5 and e) ltronger by a Eigtar af

S. Concentrations of 2 mM (GSB) and 10 mM (Hb sulfhydryl)

were used. If a value ig assumed for the GSH concentration

'1n”th§’iilplgl;“ihe'ebuU!ﬂttntiea“of'Cngnyﬁﬁ‘pféignﬁ'gt any -

stage can héléo-pnteﬁ. A typical level for inﬁrgeellulgr
‘GSH is 2.2 in; substituiion of lhis value and;galgu}atian’

of [CH3HGSG] shows that by no means is all the CH,Hg(II)/GSH

complexed. This is confirmed by the work of Naganuma and
Imura (205), who found by gel f11tration of CH, Hg(II)—_
containing hemolysates that CH ﬁ;JII) was baund by a low
molecul we1ght“2ubstanoe, and suggested shat th;s was .
" GSH. ever, y also found that not all of the CH, Hg(II)
was‘ﬁound in thzs form, and concluded that some was bound
to hemoglobln. o o . o

It is possible to use!the curve of Fiqure 55 tg ab-
t.%;yformatxon constant data, although the nunber abta;n:d
depeands upon the assumptions hade. ‘Firstly, A:-un;ng;thlt

the competing ligand is hemoglobin, and that its concen-

‘;¥‘tration is'a typical 5.2 mM (206), Ka¢ for the displace-

iment reaction can be deternincd.

-~

K

L o R
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' (154) -

_ Strietly, the free eancentratian term: :hculd be of the

|  farm ([RSE] o [Es ]). but at pE m? depratnnated lulfhyﬂrylgm
are negl ig;ble . _ 7

' ; As d;;cussed,ln Part 1,:ﬁ§e is the ratio of the two
compléx eanditibngl formation cgnitnnt:. Cglkulitian yields
a value af 6 t 2; 1ndicgting that the fcrngtian constant

nf the GSH camplex is six tiﬁg: higher. However, the ' ;;5

of Ké,xealeulgtgd for successive points on ?iguré

fﬂ’re not randomly scattered, displgying a tendency to
increage with CH Hg(II) ﬁancent:atlen.  This is ascribed
to thg ligand c@ncentfatlens being different ffam 1h§se
, agsuﬁ;d. or to thﬁ neglect of the efg ct af other ligindi
For instance,. Eenbrang ;ulfhydryl groups are generally ’
thaught to amount to 2/3 of the GSH llﬁunt (152). Re-~
calculation !E this bali: yialdl EE in the regian 10-12.
depending on the a;lunptinn made abant the fn:matian
constant he¢ newly introduced ”7lgx§ Sc tt er is
lower é:j:f:::je (about 20%) and :i:% ragéam in nature,
S :ugge:ting that thii mgy he claier ta th; true :ituﬂticn.
-Hawever. abviau;ly there are too many unknaﬁn; for thi:

:xpgrinant ta be egncluliv:.

* ﬁw =t T R -



!he;e axp:fl!ﬂntl have illult:;ted tha utilit of
raurier trnnlfurn NMR teehniqaes (such as the E;rf or TSGR
iﬂthndl) for studying systems af bialggieal cc-pll:ity. :
. As for well- defined; small-molecule samples, the detailed
:hargcterlzatiaﬂ of biﬂding iites, the effect nf binding
:an the NMR :pectra, use of . llngbfaadening to e;tinate

rates of rggctian and u;e of fast-ﬁ;change avarggad
-EhEELCEl shift to e;timgte extent of eampetiticn. have naﬁx
 'Ei¢n,di-ﬁnitr1tcd as abtginahlg even for .a lyiteh as pﬂﬂrly
defined and :pectrq:capiéallg intract;ble as th: hgnnlyigd
erythrncyte. In Section ‘B below, the analytical p:eci:ian
of vhieh :uch iethadl are eaPable, by using careful -en1ij§§
urgnent of Ehemical shiftg, will be further demgnstrated_

for the Bgmﬂglebinﬁcﬁaﬁg(Il) :

.B. Measurement of log Kee

Complex
1. NMR tit:gtiﬁn of hemoglobin sul fhydryls wiT? CHEEg(II)-

The itudiei of :aztian-! showed that a caipctitian
itudy between hgﬁnglabin and glut;thiana £ar CEEEg(II),

-ylelding a conditional di:plaggnnnt ean:tantvxdc for th&* s
v:eacgian‘ . ‘ | o
. Kde .
GoH * ‘:E.a“?m-gc“fﬁc +mgE o asy

in a mannar similar to Eh;t described in Part 1, was figz—

-
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iblei’ The ISCR NMR téehnigue was faund to be g;pacinlly
luitgbla far monitoring the :xtent of ca-petitiaﬂ. uging
:tﬁi: technique, the ﬂhgiicgl shift of the glutathione

ﬂyitginyl iethine p:otan :esanaﬂce (g5) could be pre-=

<cisely !l!!utié; and used !!ﬂﬂitingtn the extent to uh;zh, e o

the glutatﬁiane was 'bound to CH,Hg(I
However, gigiiain above, the quan;ititivé result for
Kyc 9ained from the study of Section A depended u§§ﬁ thé%
a;sumptians’;aée’gg to the iéentiﬁy and géneentréticn: af>
‘the competing species. 1In order to measure K, precisely,’
'fit is necessary fi:itly; to exclude all other species
g eﬁntaiéiﬁg :ulﬁhydryls:aﬁa secondly, to know the con-.
centrations of all species involved. o
' T?g preparation of a :zib:gﬁg#ffee. gIutathione-free
hemolysate :ﬁnple Gai ae;crihgd in ciaétgr VII, Section B.
‘Heithér ef,thé :tep: involved thefé (hi%haspeed ccﬁtrifuéa—
tion to remove membrane debris og. dialysis to remove :nall
thiols such as glutgthicne) will of course remove other
p:atein sulfhydryl groups. Hhile Jocelyn (93) lists -gny
of ﬁhgge,'it does not appear that their concentration will '
be high enough to significantly affeéct the results, given
the unz::t:inty'(:haut 108) in the final Ea,*:tiaﬁ con~

ltlﬁtsaltliliﬂlhiﬁﬂf it. is therefore. i-l-i!iih* iiibike - —

1aa;§13) to rqf-r to the above ll:;ln as a h-nq obin

. solution®. |

|-
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The preparation ;nd'standardi;atian of giﬁt!éhiﬁﬂﬁ' _-">: e
and Cnaﬂq(II)';oiutions was de.criﬁed‘iﬁbéhipter'li (Sec- -
tions B and C). These were identical in the present :

-tudxel, except that they were carried out in DED 1ﬂiteaﬂ
of H,0. _ '
T A lulfhydryl assay procedure for hemaglabin was 7
developed, as discussed below. Many methods have begn’ :
used for aniaying protein -ulfhydryl graupsr(ége Chapter
VI); however, a titratxon by - cu3aq(11) was fglt to be
des1rab1e in ;he prelent case for neveral reasons. Firstly,
the behaviour of CH ng(II) was already charneteri:ed in
considerable deta;l and stock solutions yarg :lgggdy
available and ltandardised. Secondly, it is known that
'diffefenf"bulthydryi‘reagents*'éan gigg different tiéééii
for the same protein sample, due to hindered accessibility
of sulfhydryls bqriéd.within.thé protein ltfpcture (149).
ﬂ[ This ﬁa; not aﬂ;iciéafed to be a probléﬁ with hemoglobin :
(see Chapter VI, Section A), but could ba with other ’
.proteinl. Since’ the intention wast;o deve%.b a general
nothod for application ‘to other nacrounlaculaf thiél:. it
was obvioully dcsirable to . use CB ng(II) for -tandardiiatian.
as well as ‘competition; Otherwile, a group not titrated =
during standardisation could novortholi;- p:rtisip-ta inA

S g b Aot

tCH3Hg(II) binding, giving errolboul relultl. La:tly, 1t .

A



vas hoped that by ulxng CB Bg(II) addition fot tha salf-
hydryl assay. the titratibn could be fully integrated into
:the conpetztxon experiment itlelf. _ . o ’
The use of CH Bg(II) ‘as a -ulfhydryl reage;; was
discussed in Chapter Vi, Section A; typical endpcint
‘detection wen amperometric (146) of potentiometric 1s0y.

In principle, however, the titratxon could be self-in-

.  dicating if followed by NMR. The ca Hg4II) nethyl group

should display a. constant chen;cal sh;ft, charactnri;tia
of the hemoglobxn complex, nntil all the Hb has been com-
plexed. Thereafter,'a shift due to the_presence{gf excess
C83HgOD will be observed | 7

In practise, however, this sxgnal is not generallyv
.obcerved. the Cu Hg(II) is bound to the protein, so prE—
sumably transfer of saturatlon occurs also to the methyl
group protons. A similar but much less pronounced effect
da# noted for glutafhione in hemoglobiq solutions (189);
4basedkupon q,weak_inter;étion (191); the interaction Bere
ilivtf§~luch stronger an& therefore ;}e fatai.di§a§pegr;ne§
of the signal is reasonable. |

Endpoint detection in the titratiOn was’ therefore
acconplished uoing an 'NHR indicator" molecule, ergo-
thioneine (ergo). 1Its ca,aq(xx) conplex conditional Eari— 1

9 e e e e epgpiyen

"&tior constant at pH 7.4 {s approxinately 10', ‘about thrn:

-

- : g SRR S S s -



. by very little upon camplexatiani

orders of iigﬂitud: beluv that of glutgthiane, thul com-
Plexatjon of ergo ii prlﬁtaﬂ anly aftgr gﬁnntitative
reaction with ordinary :ulfhydryl groups. On the other
hand, Kee ‘is much higher thgn far athef potential CHVHg(ii)i

caardinating sites, such as a:ina or carba:ylate groups, 80,

.no interfarence by camglexatién tn these was anticipated.

As shown in Figure;so, fn the prgsenge of g;u;ath;ane‘
two r;:énancei from grgé;hiane;gg é}e easily visible, the
nine prataﬁl of the. isthyl'grﬁﬁptan the quaternary niffééeﬁ
and the C(4) ptnten, labelled as el and e2 respectively in
Table 30. el i; the mﬂIE*inten;g, but was found to ihift

4 s
ez, hnvever, shifted quite adequntely far use asg an.

gndpelnt ind;eatar.' P;gure 46 shows the ehemical :hiﬁt of

a 10 mM 326 solution of e:ggthiongine. buffered at pH 7;@
(ED 7.4), as a function of ;dﬂgd,éﬂaigjzlj mole fraction.
At nale'rgtiai (QH-Hg(iI)/erga) éf up to *1.0, the trend

is linear, indieating that the various free and CH. Hg(II)- :

PET

_bfﬁthe plot indicates competition with th: ergo Eirhaxy;atcf

haund :arns af ergo are in fa-t exgh;ngg. Thereaftgr. the

at a ratia of about 10. Thi: latter phase in thg plot is

Efﬂbﬂbly due ta futthar binding of CH Hg(II) to the=§:r-

baxylate group af ergo. The aztranalg driwniaut curvg;u:a

303
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by some other species, prﬁhihly oD, (ﬁhilg,tha con-
centration of this is low (Wlo H) compared to the ‘ergo

car bﬁxyigte. its log farnntlan echstant with Gﬁzﬁg(II) is
nbaut 9.4 (2). that for the ergo :a!bcxylate. based upﬁn
the :ggraxlmatg pK of ‘1.3 (;30) and the @bsgrved trend'
between pK's and log Kf's'fzi); iiﬂgﬁéutgl;zgfiiﬁe"exgét :
" extent of eampetitien_wi;l also depend on the ability of
_the buffer to 'igpp;y' deutérdxyi iens tg_repiage tﬁase 
Eﬁﬁplisgﬂ-by Gl yHg (11) .) .-

The second (curved) phase ef the plat in Figure 56 is.

o nat useful for the prggent gurpa!e;- hauever the first

‘(;;ngar) is en;nently :u;t;hlei If ergothioneine is added -

to a thiol solution which is titrated with CH. Hg(II). no

:hift wlll be cbserveﬂ faz resanance ez until all the thial

has been g;trated? thereafter further additions will
generate a 1iﬁ§§r shift change. Backward extrapalatlan of
this 1ine will give the amount of CH Hq};I) added which -
t;tratgd the thiol. ! )

‘The actual titration was accomplished as follows. A

500 ul sample of "2 mM hemoglobin solution in pH 7.0

phosphate buffer, with ~2 mM TMA td act as chemical shift B

refer enes and ~2.5 mM argathianaine wvas cangully'plaeea

under argon in an NMR tube. Thi Tscn spectrum was cal—

l-leﬁted (ggc éhaéﬁ:: VIT, Sagtien DE)

| the ez resonance
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L4 ‘
chemical shift determined.” ‘10 ul of 15.6 mM cgjs‘-g@

solution wys then 5ﬂdedousing a 10 ul microsyringe, aﬁé
.the. sanple replace& in the spectrnmeter. This was :epegted
~until resonance e2 started to shift, and then until a
satlsfactory 11ne was obtalned (typléally 3-5 addltléns)_
Por second and subsequent tlt:atians. a 'single addition
was made to just below the equivalence point, to save time.
. A typical set pf titrations is shown in Figure 57.
The linedrity of themSt-équivgl'énce region and the
Ihafpneés-of the eQuivalencexixégk.shéuid be noted. - Table
31'§uﬁharizgs the data of these titrations. The agreemént‘
| between th€miis?tl.§% ‘which is adequate cansiderinéithe
.method of addition. Compar1san of these results with the
stqndard .spectrophotometric hemsglgbln (molecule) assay
(see Chapter VII, ‘Section B) gave a sulfhydryl titre of :
1 96 moles SH per mole hemoglebin..

The tltration yas also employed successfully with a
'samp;e of bovine serum albumin, a plasma protein oontaining
- a singlé‘;ulfhydryl;‘ It should berequally appiieéble to
any material:céntaining sulfpydryl groups gceé;;ible to
Ca3Bg(II).. .

. An unusual feature.of the NMR methed of endpoint :
detection is that ‘the precislan available can-bé selected ?;g_;

N R
by the operator. 0bv1ously, the steeper the slope of the

{
B
e
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5

,heplicate

T, - o |
Table 31. Determination of hemoglobin sulfhydryl con-
‘centration by titrftion with Eﬂang(II)c using

;o
4

{. ' e

LY
4" aticmymg (11

2

addition of: 0
120
1130
140
150
166
176
180‘

pf-line

line (u1)

ul 4

ul

pi

Hl
ul
ul
pl

ul

' Intersection with base-

Hemoglobin SH con-

centration, mM

Y

correlation coefficient

6.810

6.817

©6.823

0.9999

127

' 6.815

6.787  6.787 %

6,787  6.787
6.787  6.788
6.794__ 6.795
6.808  6.808,
s 6.816

" 0.9996 0.9995

130 “129

6.801; 6.801; .

(a) Chemical shift of the ergothioneine C(4) proton. .

tween data points in the digitized :géetr@mg'w

(c) Concentration = 15.6 mM.

B

(b) 0.0005 Ppm represents the frequency ieéératian.bié;
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a2 chemical ih;ftiplatf the‘:are gxittl¥,the andpaint can ’

;ibe located. This can be achieved simply by lowerld
ergo ccncantfatien. 80 that a :maller addition of Eﬁaﬂg(II)
will give the same ihlft. Naturally, the number of ipectral
transients which have to be accumulated -to abserve e2 with
" “an acceptable ilgnalstn—naile ratin then rises. Far ‘the .~ 7
conditions of ?igure 57, 16 tran;ients were adequate. In)
p;inc;ple; “the ergo eancent:gtian can be laﬂe:gd until othér
iﬁeetEDMEtar noise Gau:2§: limit its d-t-etién: in practise,
the measurement: prgci;icn vill usually be demiﬂated by the
"tltrant delivgry system, as was the case here

‘As far as could be aqee:tgined; this.ig the first time
that g'macrcmﬁlééulg functionality has been standardised
,uging!ﬁxn‘as'a'neth;d af'ghépaiﬁt éeterﬁ!%Atian in this
manner. G;ven the sens;tivity and precision demonstrated
above, such ;eehn;queﬁ offer a good alternative to more
" conventional methads—aff;ndFQing detection, with some
g&#éntggés. fir;tly; as discussed ;h@ﬁé; the precision in’
the gndp@int dete&tian,enh:easi;y,be adjﬁsééd; Secondly
in contrast to, for instance, ultraviolet/visible or
¥ fluﬁréseént iﬁdiégtar;é;it is not necessary to design gnj

l‘pa:ticuiar chfeﬁﬁphare into the indieit§§§mcleculé, pro- ..

in shift to ‘the state of camplaxatian@ Laitly, the can—

' s [ _
-
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tinﬁcﬁi -é;EEEiiiiﬁniﬁﬁring of th: situation —:ini that -
\\ unexpected bind;ng to other 1;9:5&; can -be gg:ily de-
teeted. as appased to non-specific methods where inter-

ference would go unnaticad. For instance’ eanflietiﬂg

reports have appeared in the lite:gture regarding

" the. ti-a raquireésfar reactien of CH Eg(II) with sulf- A
hyﬂryls. _In the present cgse, the matter is qu;:kly gné
gnequivnﬁal;y settled, simply by leaving the last sample
af the titration in the -p:et:ﬁ-itqr and aall:cting the
-preet:um as a funztian of time. Any slow uptake (or .
dls:geiatzcn) af CH, Hg(II) uguld result in a shift af the

" ergo e2 fegan;nce. in fact, none is observed over a

{periéd of some hﬂﬁrs-

2. srhe-glﬁtgthianeth:uglabin-Eﬁipetiiiaﬁ study.

™

;Tﬁis was icgcmplisheé in a similar manner to the
ituﬁy éeseribéd in Section A. The sulfhydryl cantent of a
T hemoglobin itack ialut;an prepared by dialysis of ha:nlyxnd

&ryth:aeyte: was deterﬂined as dancribed in Bactian 1 :
;have. A sample was prgpifcd eantiin;ng 500 ul of thii
isglutian and exactly 1 mole equivalent'gf glutathione. The
iample was bﬁffgreﬂ at pH* 7.0 (phosphate buffer, 0.05 ¥)
"and a small qunnti;y of THA ;dd;d .;ﬁgfigling !ié@ﬂti of

Lok ta s me BT ot sta em e e Sy “rﬁgz‘;"%z.iz‘éﬁfﬁ?éx

"cn, Hg(IIQ ‘were then titrated in. | S ~ S
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Piguré 5ﬂﬁihﬁis the glntathiane cy:teihyif;:thiﬁe
of the a-ount of ;:g 3Hg (11) aﬂdgd. QualltatLVEJ.y, the same
trend observed’ in Seetlan} (Flgure 55) is alm .seen here.
The data was fitted by KINET to the fallaw;ng model: If
C is &eflned as thé total glytgthlane concentratidn (all
forms), which is a;aé the total Hb sulfhydryl gancgn;;gtien,
xC as the qHSHQ(iI) céncentrétigﬂ (0 < x.< 1) and Pf as |
the fraction of GSH free, then I

fosH} = P, - C o ; finiV - ass)

tGsmgcngl = (eppec L qsey
*hﬁ" invckiﬁg-m;;, balance in cséﬂg(;;).
iﬂbsgée“le‘ ‘*‘1*P£‘;¢“ “*F£‘1£jc L asn

and v‘.°"°"‘*’;°; mass balance in hemoglobin sulfhfdeyis
. ) IHE;SH] - (l!x;Pf-t-l)-c - (zx—gf_x).q:_ ._ | ase)

"Substitution of the:é terms back into equation (1§§§'Yi§lﬂi

g(

Pgtx-1)
= (159). .

Loaqle S o A e e

£ L .
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The KIH!T fit of th; data to thil equation is lhnwn !‘*
the soliad 1ine in Pigure SB ;The value af Kd ;etu:n,
ixINET was 0.11 t 0.01, indicating that K, fﬁ; the 7
glutnthiane complex at phy:iﬂlagical pH is 9 (* 1) tiﬁes
higher than that for the_complex with a hemﬂglabin :ulf—
hydryl. Thus the value of log Ef at pE 7 4 for the o

CH3Hg(II) complex of hemoglobin is 10.5.
C. BDiscussion

The reguitsrprasgntéd in this Chapter are of interest
for éﬂa riiiani; firitly, for the chenienlginferﬁatian
‘gained and secondly, for the dglnnltratiﬁn of the feas- .
ibility of using-such igtheds=ta gain detailed data e: E
this type. »’ E | - |

In general, the chemistry. involved in he-nglebin- '
eantaining systems ii qu!litativaly that priviauily abﬁ
served in simple aqueous systems (see Chapters III, IV and
V). '335(11) di-tribﬁtii‘itielf among £hg various thiols
present according to their relative ngfinitiasi Thevfnlgé )
of log K, measured at pH 7.4 for the hemoglobin sulfhydryl-
CH,HBg (1I) camélgz is 10.5 + 0.1, léwir than but comparable -
;ftc thé figures ébcirv-d in Part 1 for i:ﬁil thiols (11.1- i
,11 7). Ha litnr:tnra vnlug e!ﬁld he fﬁuna :b: eanpnfiiani

hawavgr Naganuﬁa andfT’Era, in a gal filtratiun ltudy. con-

/

-

7_,.7,.3_7' P S
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cluded that CH,Hg(II) in blood was predominately GSH-bound

(26 Berg and Miles, in a method based on eiclu:iﬁn

hy, analysed the can-t;tuents of a mixture of
cn Eg(II) (15;7 m). bovine serum albumin (Bsa, 5.9 mM) and .
cysteine. (18,5 mM) (150). While gm;..;;gnungsn e e
complexation of £he tﬁégi thiol, only iéizaf the_séi'was

complexed. ciléulatian using equation (159) gives log K}é ;75§~
11.0 * 0.3 fer the BSAsCH Hg(II) cﬂ!plgx. caiparahle tg |
the figure for Hb. ' : .

The v;ability of RHR as a prabe faf iueh ;y:teni.

rdgnnnitrated in thl: chapter, is of some lignifieanee.1 For
the firlt t;me. a gap in studies of taxic metals, between

. precise chsnaeal -aglu:-innti on. simple, well-defined
-!Dlutibﬁg of small !ﬁléﬁﬂlé!f&hd biochemical or physiolog-
ical itﬁaigg of less ééfingd:nacramgleculir systems, has

been at least partially bridged. In 1973, Rothstein ﬁféte
(154): o ‘ |

'Deipite the pralific output of papers con=-.
cerned with the nature of the sulfhydryl-mercury
interaction, and with the role of sulfhydryl groups
in protein function, such knowledge has not been
particularly useful in advancing -our understanding
of mercury toxicity. The gap between the mercury- e T
‘sulfhydryl reactions in a chemical sense, the e
consequent disturbance of protein. function on the '
one hand, and manifestations in animals or man, on
the athir hlnd has hi-n too 1ifge.» :
. e ——anx-s-:ih;—ﬁ
It nppaar; that the pra:ant t;chnique: are caplble af '

overcoming this problem to some extent. To further

s



illustrate this, Chapée: X reports the results of én'
_investigation of the efficiency of various CH,Hg(II) EER
.paiianing intidéte molecules u;ing'SErT gné TSCR FT NMR | :
to idgntify the extents to which these can tg:ﬁve Cﬂsﬂg(II)

fran hennly:ed eryth:acyte;._ These results are. then =
directly compared to the farnatien constants of the various ;

complexes determined in Chapters I1II, IV and VIII.




CHAPTER IX

'rlm HEECTIV’E‘ESS OF SULFHYDRYL Cm AS- mm h
AGENTS !'c:n QH EQ(IT) IN mgﬁmm

>_ In pfaeé&ingachapterg, ﬂigbngthﬁés have been used to
characterize in detail the complexation ehg!istfy'af a »
variety of thiols with C:E:‘Eg(ii)i The use of highifiildvﬂéif-
inttrunantatian with more japhiatieatad pulle technique: |
‘ﬁenagleﬂ the gxtgniian of these measurements to :y-teni '
hitherta spectroscopically intractable such as the ery-
_throcyte. ! | -

‘In this Chapter are reégrtéﬂ the results ?£=a briéf

stndY»éf the power of various iulfﬁyéryi m@iecﬁles to
-Temove Cﬂgﬁg(llizfram the components of humén gryth;aeytgs.'
‘fhebstudigs provide further illustration of the ?étgﬁtialxr
~of Nuh fo: such jtu&ie:j They are also of interest in
- that the data abtainid can be compared, on the one. hlnd:
 with that previaully Dbtninﬁ for simple lquéaai iyit_i
(see Chapters TII, IV, V) and.an the other hand, with '
pharnaealagiégl :tudigi of the relative efficiencies of

various thiall as CH. Eg(II) pai:§ning antidotes in vhali

o ok = g

""’orqanims (133 134,170,171) (see Chlpter vy,




B. Results

- In Chapter VIII i: was shown that three major eh:ngll
bccurred in the SEPFT and TSCR NMR spectra of hemolyzed
e:ythracytes when CH. Hg(II) was added:

1) Resonance g5 shifted slightly, |
'2) Resonance gl reduced in relativé inteﬁsity (ralativ&r'
" to those of ﬁon—edmplexing m@leculeg such as ergo-
f, thioneine (ergo) or creatine (Efi).
3) ‘Rgienanca g2 broadened (Et dl;gppegred) due ta llav
exch&nge kinetics.
The.hahavlaur of 6 (the ehgnieal shift of g5) was
shown as a :unctian of added EE Hg(II) in Figu:e 54
(Ch:pte: VIII). Figure 59 shows the ;ntensity ratios .

— .

gl/ex’go, gl/cre and g:ga/cre for the same samples. ergo/cre,

as expected, has virtually zero slope. althaugh the scatter

is ccniidgrgble. The ratios gl/ergn and gl/ere are seen
to provide an ‘indication of the extent of complexation of
GSH by CH,Hg(ID). ' '

These thrae inﬂ;entar: (67. gl/erga and glfcze) can
thgrafare be nnnitar:d to. indicgte the extent ta which
added thiall Fineﬂi Gﬂaﬁg(II) from gfythrﬁcytaj. Thi
setting up ‘of -:pgrinintnl eenditians 1: lhawn in !igu:s

L

60.7 SPQGEEEE A i: a partian aI the SEPT HHR spectrum

(T: = 0,060 8) of a ;ﬂ:pli of hémalyzgd'a:ythracyt:-i As

e | S —
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EY T , N Y
. R . - m

Figure 60. Ebitiaﬂ of the SEPT NMR spectra of hemolyzed

- erythrocytew X)-slome; B) + 2.1'wM CH,MY(TT); oF ~ .
+ 4.3 mM CH,Hg(II); Dy E), P) as C) + 0, 1.3 ¢
and 2.0 :!‘BALscaﬁ r;ipactiv;ly. | |



CH. Eg(II) is added (B.C) the gxpesteﬂ rgductian in g2 is
observed; in Spectrum C, appraximgtely 75% of the GSH is
cﬁnplgxedi Theie vere the conditions adaptad for the -

subsequent e:pe:lﬁentl. the CHBHQ(II) éuneentraticn is,

4.3 mM,

2,3 éiiezgiptaprapanéél;iﬂlEﬁnate (BAZSQzﬂi was then
added (Spectra D,E,F) until approximately half the CH,Hg (1T
had been removed again. Spectrum F showg the desired
eggditiénss the BALSQaﬂ coricentration is about 2 mM
(4 mM sulfhydryl). Since (see Chapter 1IV) BALSO,H ‘is
indifferent in teggiﬁaf binding strength, it was expected.
ﬁhat other compounds ﬁauld remove more or less CH,Hg(II),
but still give & measurable situstion (i.e. CH,Hg (I1)
neither quantitatively removed or left). -

i’ figure 61 shows ’feggﬂan_c:e:QSr for -these same samples.
i:;%?§§r§ed previaq;ly’lcﬁagte: VIII) the resonance

. moves to higher frequency on addition of ;HSHQ(I;) to

320"

the ggm?lg (Spectra A through C) and to lower frequency -

again as CHJHg(II) is removed (Spectra D through rf.

' Comparitive sfludies using the other :ﬁithydryl mol-
ecules to remove CH;Hg(II) were then pgﬁfarmgda‘fsgngﬁaj
ueig‘hcmnlyzed erythrocytes containing 4.3 mM GEBBg(II)
and ¢ WM thiol (i‘nn‘raf”aithinli). ‘Flgure 62 shows ob- '
served spectra far some of the more videly used tharlpeutic

thiols; Tnblg 32 lﬁm:nrizg- the data abtginad_ It ii[

g

i
L

}1&%%5«
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. MERGAPTOSUCCINIC ACID.

2,3-DrencapTo-1-PROPNE |  23DIMRAPTOSICCINIE KID
~swronic actp ( BALSO7) :

* 5 NI Y 1 3 A A A 1 A . 4 P | A A ! A i A

s 3.0 3.8 3.0
ppm ’ - ppm '

Figure 62. SEFT NMR spectra of hemolyzed exytbrocytes with. . .
- CH3Hg(II) (4.3 mM) and indicated thiols (4 mM L
sulfhydryl). o '

°
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releasing

Table 32. Results of erythrocyte-botind CH,Hg (11)’

studjes.

Intensity ratios:

Réleaiingrth;éié "gl/ergo - gl/éfe,% 65 (ppm vs DSS)

(None) . .44 .77 - 4.586

o

BALSDB o .87 .. . - 1.69 v 4.568

DMSA 1.19 . 2.06 - 4.565
w0 T 100 1se (" 4.s68
CcSE . - 1.09 1.78 . 4.566
PSH o 0.95 1.7 1.566
NAPSH | © ' 0.80 ' 1.50 45T
HCSH . e . 133 4.571

I |

(a) Abbreviations as previously given.
(b) Original study abortive. Rerun on another sample of
erythrocytes indicates less affieigﬁt*th:n-éithe: '

NAPSH or HCSH.

e b o = e e
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immediately obvious that. the different thiols have widely
differing releasing abilities for erythrocyte-bound CH,Bg (IT) .
Eet;ilaa anglyiil is given below. 7 _; ‘ o
‘In iﬁna.ca:es, 4 resonance was abierqu for thg CHZBQ(II)
-gthgl pratans, in eantra:t to the stud;es af Chapter VIII.d;
‘Thls is presumably CH. Hg(II) bound to the addeﬂ thiol, |

wh;:h is in slow chemical exehagge with the remainder of

the éﬂgﬁg(ii)-_ Chemical shift and ;pprﬂxiﬁaée intensity

-

" data are given in Table 33 and some representative res-
onances in Pigure 63.',The chemical shifts aisplay no
apparent trend with b;nd;ng :trgngthi hgﬂeveﬂ_ the range

of value: is very small.
€. Discussion

It was noted in Chapter III that values of log Kee
(cand;tianal faragtian.canltant) at pH 7. 4 aid nnt ::nctly
match the order of efficigncy of various thlals as CH. Hg(II)
poi-aning antidotes faund by pharmacological studies (133,
134, 170 171). It is therefore of some interest to see haw-
the present order of efficiency matches that of the lag
Sfe§valﬁesi Figure 64 shows the gl/ergo and gl/cre in-
tensity ratios, plotted as a function of lag'xfc (see
Table 16, Chapter 1IV). ‘Within experimental error (g:—

timated from the scatter in the ergo/cre ratio in Figure 64)
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Table 33.. Chemical shifts and intensities of CH,Hg(II)

- , :gthyl:reiﬁﬁ;ngeg.ablér?ed in antidote théia-_
Inténiity

“hiol . o & (ppm vs. gssyff
— — <

3

‘oMsA : © 0.719 - Medium weak
wa _0.709° . Medium
MsA . 7. - e.m7 - > Strong -
CSH e T 0.724 o Weak _
PSH : - | - 0.729 _ o Very weak
NAPSH . G.?IS | | Very weak

0 | Extremely weak




'th: increase is rgi-anably -nnptnnie. Simidar behaviour-

is Dbsgrved for the plot of 5 versus log ;, (Pigu:e 55);
thus, it appehrl that the diitributian of CE Eg(iI) in
the erythrocyte, and ies :n!gvgl, are gavgrned_by the'
relative affinities afxthé'vériaug ligands for CE;HQ(Ii)i
.mm:mm-_ma;cnngun :ntg;
prntan resonances is irniteresting. The wide variations in -
intgn:ity gpgear to be related to the amount of CHzﬂg(Ii)
bﬁﬁnd to the "antidote" molecule. For instance, DMSa,

'highgst log Kf value. 1It. ﬁay adlso be that }inetic effgi:ts
play a part. It was concluded in chapte; V that sulfhydryl

ligand gxehangg prqca-sas involving multiply charged
sulfhydryl -al-culi- (such as MAA, MSA and DMSA) would be

'slow compared to those invclvipg less highly charged

Bpecies (such as the thiol amino acids). In line with
this, only ﬁegk‘far no) CEZEg(Iii':gthyl proton resonances

were gbseréed for the thiol amino-acid experiments. The

! MSA resonance, the strongest observed, is also slightly

narrower than the weaker resonances.

The factors determining distribution and removal 951.5?

lEHBHg(iI) from the!iﬁt:gcellular thiﬁlveangpgfnt: of the

erythrocyte are the same as those previously observed in
Lo

the aquecws solution studies described in Part 1. Further -

N
evidence is also obtained for the slowness of kingtieq of
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displacement iﬁvalviﬁg species such as MAA, MSA or DMSA.

It was éuggg;tga in Chapter V, on the basis of aqueous

solution studies, that thi: slowness night partially account

for the success of DHSA as a thgrapeutiﬁ agent (134). The.

—;,ab-i:vntian af similar bshaviour in ;y;;::i more closely .
agprgxi:at;ng the in vivo situnation lends additional

support to this hypothesis.

Again, it has been shown that NMR spectroscopy can be

gsedzgs a precise, ungmbigﬁaug, gigple and rapié tool for
inﬁitiggt;ng these delicately poised egu;.libria in a non-
invasive manner. The use as g:'le:aen;ng method far
possible antidaté,nplecules éatenﬁiglly applicable to many
chéf,lygtéﬂi_i!~ﬁi‘§éilli§ significant; it i:';n;ieigatid
that suchriéthadg should find wide use in the future, and
 contribyte to our knowledge (both qualitative and quant-
itative) of the i;;tle interplay of intgractinn: between

- metals and 11gands which occur in bialagical :y:tgms.
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